Anchorages and Laps in Reinforced Concrete Members under Monotonic Loading

Von der Fakultat fir Bauingenieurwesen
der Rheinisch-Westfélischen Technischen Hochschule Aachen
zur Erlangung des akademischen Grades einer Doktorin der Ingenieurwissenschaften

genehmigte Dissertation

vorgelegt von

Janna Caroline Schoening

Berichter: Univ.-Prof. Dr.-Ing. Josef Hegger
Prof. Dr.-Ing. Rolf Eligehausen
Prof. Dr. John Cairns

Tag der mundlichen Prufung: 21.06.2018

Diese Dissertation ist auf den Internetseiten der Hochschulbibliothek online verfligbar.






Kurzfassung

Der Verbund zwischen Stahlbetonbewehrung und umgebendem Beton wird durch
hohe einzuleitende Zug- oder Druckkréfte stark beansprucht. Bewehrungsstabe mit
groBen Stabdurchmessern, die hohe Langskrafte aufnehmen konnen, aber auch eng
angeordnete Bewehrung mit geringer Betondeckung fiihren zu einer hohen
Ausnutzung von Verbundbereichen in Stahlbetonbauteilen. Die Tragfahigkeit der
Verbundbereiche wird dabei durch werkstofftechnische, groftenteils aber
geometrische Parameter beeinflusst.

Fur die zweite Generation des Eurocode 2 wurde eine neue Bemessungsgleichung fir
die Berechnung erforderlicher Verankerungs- und  Ubergreifungslangen
vorgeschlagen. Dieser Ansatz basiert auf einer Bemessungsgleichung auf
Mittelwertniveau, die bei der Erstellung des Model Codes 2010 aus einer
umfangreichen Datenbank abgleitet wurde. Eine Uberfiihrung des vorgeschlagenen
Bemessungsansatzes vom gegebenen Mittelwertniveau auf das Bemessungsniveau, das
dem Sicherheitskonzept des Eurocode 0 entspricht, steht bisher noch aus.

Wahrend der aktuelle Eurocode 2 und insbesondere der Nationale Anhang fur
Deutschland zahlreiche Zusatzregeln zum Einsatz grof3er Stabdurchmesser > @ 32 mm
enthalten, enthalt der Neuvorschlag keine dieser Regeln mehr. Dies wurde zum Anlass
genommen, die Notwendigkeit der Zusatzregeln grundlegend zu untersuchen.

Zur Bestimmung des Verbundtragverhaltens von Stahlbetonbauteilen mit grofRRen
Stabdurchmessern wurden Beam-End Versuche, Vierpunkt-Biegeversuche mit
UbergreifungsstoRen und Verankerungsversuche an direkten Auflagern durchgefiihrt.
Dabei stand neben der Untersuchung der Verbundtragféhigkeit insbesondere auch die
Rissentwicklung im Fokus. Wahrend Eurocode 2 verschiedene Mdoglichkeiten zur
Rissbreitenreduktion von Querrissen in kontinuierlich bewehrten Stahlbetonbauteilen
definiert, sind bisher fir Querrissbreiten an Stofenden und fir L&ngsrisse in
Verbundbereichen keine konkreten Angaben enthalten.

Aullerdem werden die Parametereinfliisse anhand einer umfassenden Datenbank mit
Verankerungs- und StoRversuchen bestimmt. Diese dient ebenfalls zur Ableitung von
Kalibrierwerten fur die Bemessungsgleichungen der mittleren Bewehrungsspannung
in Verbundbereichen. Bemessungswerte der erforderlichen Verbundldnge werden auf
Grundlage einer statistischen Auswertung der Verbunddatenbank und einer
anschlielenden Anwendung des Verfahrens in Eurocode O ermittelt. Neben
erforderlichen Kalibrierwerten werden Bewehrungsregeln fur hoch ausgenutzte
Verankerungen und Ubergreifungen vorgeschlagen. Fir die Empfehlung
praxisgerechter  Konstruktionsregeln ~ werden sowohl die Ergebnisse der
Tragféhigkeitsuntersuchung als auch der Rissbreitenauswertung herangezogen.



Abstract

In structural concrete members with reinforcing bars subjected to high longitudinal
forces, bond zones are highly utilised. The bond strength between reinforcement and
surrounding concrete depends on material and geometric parameters. Reinforcement
with large-diameter bars bearing high longitudinal forces as well as dense
reinforcement positioning further increase the utilisation of bond zones.

For the second generation of Eurocode 2, a new design equation for the calculation of
necessary anchorage and lap lengths was proposed. This equation is based on a model
for the calculation of mean strength that was derived for Model Code 2010 on the
basis of a comprehensive bond database. A transfer of the given design model from
mean to design level corresponding with the safety concept of Eurocode O is not
conducted, yet. While Eurocode 2 and the German National Annex comprise
numerous additional rules for the application of large diameter bars @ > 32 mm, the
proposal for the next generation of Eurocode 2 does not include any rules for large
diameter bars. For this reason, the necessity of additional rules for large diameter bars
1s closely investigated in this thesis.

For the determination of the bond behaviour of structural elements with large diameter
bars, beam-end tests, four-point bending tests with laps as well as anchorage tests at
direct supports were conducted. The fundamental bond behaviour of large-diameter
bars was investigated in beam-end tests. Since the additional rules for large-diameter
bars are most restrictive for laps, the necessity of these rules were analysed on the
basis of four-point bending tests with laps. The actual structural behaviour of end
anchorages was tested in anchorages in simply supported beams to account for
transverse pressure and densely positioned bars.

While Eurocode 2 defines several possibilities for transverse crack width reduction in
continuously reinforced structural elements, specifications for transverse cracks at lap
ends and longitudinal cracks are not given. Hence, the key objectives of this thesis are
the investigation of developable bar stress in bond zones and the crack development.

Calibration factors for the transfer of mean values to design values are derived from
the bond database. Initially, characteristic values of bar stress in bond zones and
corresponding model uncertainties are obtained by a statistical evaluation of the test
results given in the database. Subsequently, the design value for anchorage and lap
lengths is obtained by applying the method according to Eurocode 0. The resulting
calibration factor is verified by a level II reliability analysis. Besides the necessary
calibration factor, detailing rules for highly utilised anchorages and laps are proposed.
The detailing recommendations for practical application are based on the results of
experimental load and crack width investigations.
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Notation

Units

Strain:
Force:
Stress:

%0
kN, MN
MPa

Distance: mm, cm, m

Capital Latin Letters

As
As,calc
As prov
Ast
Cov
Ec

Eqd

Ex

Es

F

Fs
Fsplitting

Fstirrup
K

Kir
M
Ps
Ps
Q
R

cross-sectional area of one bar of the longitudinal reinforcement
calculated cross-sectional area of longitudinal reinforcement
cross-sectional area of longitudinal reinforcement provided
cross-sectional area of one leg of transverse reinforcement
coefficient of variation

Young’s Modulus of concrete

design value of action effects

characteristic value of action effects

Young’s Modulus of reinforcing bar

force

reinforcing bar force

splitting resistance by concrete cover along the lap length
splitting resistance by transverse reinforcement

coefficient for efficiency of transverse reinforcement defined in
EUROCODE 2

transverse reinforcement index defined in ACI

moment

failure probability for a certain time period
reliability of a structure
standard deviation defined in EUROCODE 0

design value of structural resistance

characteristic value of structural resistance

p-quantile of structural resistance

shear force

coefficient of variation of the errors ;i defined in EUROCODE 0
coefficient of variation of concrete strength

coefficient of variation

coefficient of variation of model uncertainty

coefficient of variation of concrete strength

coefficient of variation of the design model



V1p
Vis

VR

VR
Vx
in
Xdi

coefficient of variation of the test to prediction ratio

coefficient of variation of uncertainties in the measured loads and
differences in the actual material and geometric properties

coefficient of variation for unknown relative rib areas

defined by DARWIN

coefficient of variation of resistance

coefficient of variation of a model defined in EUROCODE 0

coefficient of variation of stochastically independent random variables
material properties (stochastically independent random variables)

Lowercase Latin Letters

adi
deff

b

b

Cb
Cd
Cmin
Cmax

Cx
Cs

fbm

fc

fe’

fc, cube
fck
fem
fet
fctd
fetk0.05
fetm
fr
fstd
fstm
fy

fyk
fyd

Vi

design value of a geometrical property

shear span
width

slope of the least-squares best fit line
minimum concrete cover as defined in ACI

smallest value of cs/2, cx and cy

minimum concrete cover

maximum concrete cover

side concrete cover

bottom concrete cover

anchored or lapped bar spacing

effective depth

mean bond strength

concrete compressive strength

concrete compressive strength as defined in ACI
concrete cube strength (200 mm cubes)
characteristic concrete compressive strength
mean concrete compressive strength

tensile strength of concrete

design tensile strength of concrete
characteristic tensile strength of concrete defined as 5%-quantile value
mean tensile strength of concrete

relative rib area

design longitudinal bar stress in bond zones
mean longitudinal bar stress in bond zones
yield strength of reinforcing bars
characteristic yield strength of reinforcing bars
design yield strength of reinforcing bars



g limit state function

Ort limit state function

h height

Keont  effectiveness factor for confinement

Kd coefficient for efficiency of transverse reinforcement

Kd coefficient for the effect of bar diameter

Kd.n factor for quantile values taking the index of reliability into account
Km coefficient for efficiency of transverse reinforcement

Kp coefficient for reinforcing bar surface

Kq coefficient for the effect of different steel stress at the lap ends
Kr coefficient for statistical distribution of resistance

Kv coefficient for bond conditions

lo lap length

Ip bond or anchorage length

It development length

Ix distance from centre of support

Np number of anchored bars or pairs of lapped bars

n number of legs of confining reinforcement defined in FIB BULLETIN 72
Nst number of items of confining reinforcement within bond length
Nt number of legs of confining reinforcement

Ptr compression stress perpendicular to the potential splitting plane
Fei experimental value of a resistance

Mk characteristic value of resistance defined in EUROCODE 0

It theoretical resistance defined in EUROCODE 0

I'ti theoretical value of a resistance

Sa standard deviation of logarithm of error terms &;

Sst longitudinal spacing of confining reinforcement

Srmax ~ Maximum possible crack spacing

tq coefficient for the effect of bar diameter

tr coefficient for the effect of rib geometry

Wk crack width
WE crack width at lap ends
Wiim crack width limit

X Position in the lap commencing from the lap end
Xit Position between the cracks commencing from the crack
z lever arm of internal forces

Greek Letters and Symbols

%) bar diameter
Deq equivalent bar diameter

VIl
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OR
Ot
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di
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Esm
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Esr2
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ns
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Nd

VIl

lap factor defined in EUROCODE 2

confinement contribution provided by concrete cover
weighting factor for action effects E

reduction factors defined in EUROCODE 2

coefficient for calibration

weighting factor for resistance R

coefficient for the bar diameter

confinement contribution provided by transverse pressure
confinement contribution provided by transverse reinforcement
index of reliability

coefficient for strain function

error term which defines the model uncertainty defined in EUROCODE 0
logarithm of error terms 5

steel strain between the cracks at crack formation

steel strain in the crack at crack formation

reinforcement strain at the lap end

strength reduction factor defined in ACI CoDE 318

reduction factor for bond

cumulative distribution function of the standardised normal distribution
partial safety factor for concrete

safety factor for action effects

global safety factor

partial safety factor for uncertainties in material properties

partial safety factor for uncertainties in material properties and model
uncertainties

partial safety factor for structural resistance

partial safety factor for model uncertainties in structural resistance
conversion factor defined in EUROCODE 0

coefficient for reinforcement surface

coefficient for bond conditions

coefficient for the effect of bar diameter

coefficient for the characteristic strength of steel reinforcement
design value of a conversion factor for volume and scale effects
coefficient for light-weight concrete (1.0 for normal concrete)
coefficient for contribution of transverse reinforcement defined in
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HMx
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Gy
OR
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Gy, test

Gs,calc

Gsc

GsSt

EUROCODE 2

mean value of action effects

mean value

mean value of model uncertainty

mean value of resistance

mean value of a model defined in EUROCODE 0
inclination of struts

model uncertainty

model uncertainties within a model with several stochastically
independent random variables

coefficient for bond (1.0 for good bond conditions)
coefficient for coated reinforcement

coefficient for bar diameter

ratio of the reinforcement providing confinement

design value of the mean compression stress perpendicular to the
potential splitting plane

standard deviation of action effects

standard deviation of concrete strength

standard deviation

standard deviation of resistance
reinforcing bar stress
calculated or observed maximum reinforcing bar stress

reinforcing bar stress obtained in tests

reinforcing bar stress calculated according to design models
concrete contribution

transverse reinforcement contribution






1 Introduction

1.1 Background and Motivation

There is international consensus on many design models for structural concrete
elements. However, the harmonisation of code provisions reveals that the structural
analysis of some details was conducted very differently in single national codes in the
past. The omnipresent anchorage of reinforcing bars is one of the issues still unsolved.
At supports of beams and slabs, at curtailed reinforcement and in laps, the question
arises, what development length safely anchors the reinforcing bar in the surrounding
concrete.

The equations for lap and anchorage length in MoDEL Cobe 2010 [MC2010] differs
from EUROCODE 2 [EC2]. While the equation according to [EC2] is based on MODEL
CoDE 1990 [MC90], the equation in [MC2010] was derived by a regression analysis
described in the Model Code background document on bond [FIB14]. The recently
discussed proposal for the next generation of EUROCODE 2 [PT18] contains an
equation also based on [FIB14] with a coefficient still under discussion. The resulting
lap and anchorage lengths calculated with the equations given in [EC2] and the new
proposal [PT18] differ depending on the coefficient used. The design equation for the
mean stress in anchorages or laps given in [FIB14] was calibrated with a lap database
compiled by the American Concrete Institute and the Institute of Construction
Materials at the University of Stuttgart and verified by anchorage tests conducted by
AMIN [AMI09]. The influencing parameters for laps and anchorages have been
investigated comprehensively in the past, but the design model for lap and anchorage
lengths in [MC2010] and the PT1 WORKING DRAFT for the next generation of
EUROCODE 2 [PT18] lacks a well-founded derivation of design values. The question
arises which coefficient needs to be applied in the equation according to FIB BULLETIN
72 [FIB14] elaborated by fib task group 2.5 for anchorages and laps to safely
determine the necessary bond length.

The design model for laps according to the German code for structural concrete
published in 1988, DIN 1045 [DEUS88] was based on investigations at the Technical
University of Munich and at the University of Stuttgart in the 1970s and 1980s. The
findings from these investigations were taken into account in the following German
codes [DEUO8] and [EC2/NA]. The resulting lap lengths were rather long compared to
other European codes. The necessity of such lengths was justified by increasing crack
widths at lap ends for cyclic loading depending on the lap length. Current
investigations by CAIRNS AND ELIGEHAUSEN [CAI14b] showed that the lap design
according to EUROCODE 2 [EC2] is partly unsafe. Despite many previous national
codes providing shorter lap and anchorage lengths, no major lap or anchorage failure is
known.

Bond zones with anchorages and laps are highly utilised, where reinforcing bars are
densely positioned and where large diameter bars are used. The necessary bar number
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in structural members can be reduced by using large diameter bars. The smaller bar or
layer number simplifies the placing and compaction of concrete and concurrently
enhances the bond quality and durability. During a research project on the
investigation of reinforced concrete members with large diameter bars, several issues
on laps and anchorages in general arose [HEG15], [HEG18]. The original aim of the
conducted research project was the investigation of the numerous additional rules for
large diameter bars in EUROCODE 2 [EC2] and its GERMAN NATIONAL ANNEX
[EC2/NA]. [EC2] allows for the use of bar diameters up to @ 40 mm in structural
elements without further approval. Depending on the concerned National Annex, bar
diameters above a certain limit — the recommended value is @ 32 mm - underlie
additional detailing rules.

Within the research project, the bond behaviour of large diameter bars was
investigated by beam-end tests, four-point bending tests with laps and anchorages at
direct supports. The replacement of the common pull-out tests by beam-end tests for
reinforcement approvals is currently under discussion. Recent investigation showed
less scatter in beam-end tests than in pull-out tests [WIL13], but the effort and
expenses for beam-end test are higher compared to pull-out test. While the pull-out test
is well-suited for the comparison of the bond behaviour of different reinforcement
types, it does not reflect real bond zones in structural elements. The question is,
whether the beam-end test that rather represents a direct support of a beam, reflects the
effects of bond length and confinement in anchorages applied in practice better.

It is known from many lap tests in reinforced concrete members that cracks forming at
the lap ends are much wider than cracks in the undisturbed element. [EC2] comprises
crack width control for undisturbed structural concrete elements but does not define
how to address large crack widths at lap ends. For the bond stress, additional
longitudinal cracks can occur in laps and anchorages at high loads and little
confinement. [EC2] only states that reinforcing bars shall be anchored so that the bond
forces are safely transmitted to the concrete avoiding longitudinal cracking or spalling
and that transverse reinforcement shall be provided if necessary. The crack formation
both in the transverse and the longitudinal directions does not play a major role for
laps with small bar diameters, but for highly utilised cross-sections and large diameter
bars, the crack formation becomes increasingly important.

1.2 Aim and Applied Methodology

The aim of this thesis is to investigate the necessity of additional rules for large
diameter bars. Furthermore, the thesis aims at the validation of the design model for
the bar stress in anchorages and laps according to [FIB14] and the derivation of design
values for anchorage and lap lengths.

Chapter 2 presents the basic principles of bond between concrete and ribbed
reinforcing bars, as well as the principles of anchorages and lapped splices in
reinforced concrete elements. The essential parameters influencing the bond behaviour
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are described to provide a background for the conducted experimental programme.
Since various test specimens for the investigation of bond between concrete and
reinforcing bars exist, chapter 2 includes a brief comparison of bond testing methods.
Design equations and rules for anchorages and laps including the ultimate and
serviceability limit states are given. The current European design code for reinforced
concrete structures includes additional rules for large diameter bars described in this
chapter. Furthermore, the explanation of the statistical model for the derivation of
mean and characteristic crack widths from test specimens is given.

In chapter 3, the beam-end tests, lap and anchorage tests conducted at RWTH Aachen
University are documented. The test-specimen design and experimental setup as well
as the investigated parameters are described. This chapter presents the applied
materials, manufacturing, instrumentation and loading rate of the test specimens. The
test results for varying concrete strength, bar diameter, bond length and confinement
are given. The test results are compared to the calculated strength and crack widths
according to the design models given in Chapter 2. An assessment whether the
characteristic crack widths defined in [EC2] covers the large crack widths at the lap
ends is given.

Chapter 4 gives a comparison between beam-end tests and beam tests with anchorages
and laps. The chapter describes the influences by various parameters observed in the
different bond tests. For this purpose, bond strengths obtained in beam-end tests are
compared to maximum local bond strengths and bond strengths averaged over the
bond length in anchorage and lap tests. The juxtaposition shall clarify whether beam-
end tests are suitable for the prediction of bond behaviour in actual structural elements
such as in beams with anchorages and laps.

In Chapter 5, a description and analysis of the bond database is shown that provides
the basis of the MoDEL CobDE 2010 [MC2010] formulation for the required anchorage
length as described in the fib background document [FIB14]. An adoption of this
anchorage design formulation is currently planned for the new EUROCODE 2 generation
[PT18]. The database was extended by anchorage tests mostly compiled by AMIN
[AMI09] and the own tests described in chapter 3. Since the database evaluation
particularly depends on the test results considered, the applied filters and the statistical
models are defined. By means of the database, the parameter effects on lap and
anchorage strength are analysed. Chapter 5 presents the statistical distribution of the
ratio of the test results to the calculated bar stresses according to the design models for
anchorages and laps described in chapter 2. Furthermore, a modified design model for
mean anchorage and lap strengths is derived.

The database did not include any information on crack width along lapped splices in
reinforced concrete elements. Therefore, chapter 6 presents the database extension by
information on crack width. The crack width database shows the effects of bond
length, bar diameter, reinforcement ratio, confinement and continuous bars on the
crack widths at lap ends.
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In Chapter 7, the consistent design equation for the mean strength of anchorages and
laps for all bar diameters is transferred to design values for anchorage and lap lengths.
Previous evaluations of reliability and design values for bond and bar stress in
anchorages are presented. Design values for the own model and the model according
to [PT18] with own calibration factors derived in chapter 5 are obtained by application
of the procedure given in annex D in [ECO]. A level Il reliability analysis with
COMREL verifies the achievement of the desired index of reliability with the proposed
calibration factor.

Chapter 8 illustrates the relation between the design equation and detailing rules for
anchorages and laps of straight bars under tension. The detailing includes the
percentage of bars anchored or lapped at a section, minimum anchorage lengths, laps
of bars with different bar diameters, transverse reinforcement and robustness.

Chapter 9 provides a summary and conclusion of the conducted research on anchorage
and lap lengths, a summary on the necessity of additional rules for large diameter bars
as well as suggestions for further research.



2 State of the Art on Bond in Concrete

2.1 Bond in Concrete

As a composite material, the structural behaviour of reinforced concrete strongly
depends on the bond behaviour between reinforcement and concrete (cf. Figure 2-1,
left). In case of deformed reinforcing bars with ribs, the bond is based on contributions
by adhesion, shear interlock between the bar deformations (ribs) and the surrounding
concrete as well as by friction (cf. Figure 2-1, right). While adhesion contributes to the
load transfer at small loads only, the interlock between ribs and concrete lugs becomes
activated as soon as a certain slip between reinforcing bar and concrete occurs. The
failure of concrete lugs and the following slip increase mobilise friction between
reinforcing bar and concrete. Friction does not only result from external transverse
pressure acting upon the structural member, but also from concrete shrinkage.
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Figure 2-1 Photograph of rib interlock (left) and bond strength t, contributions by adhesion,
interlock and friction (right)

Tensile forces in reinforcing bars generate local compression cones starting from each
rib. For equilibrium, these compression struts lead to tensile cylinder stress (hoop
stress) in the surrounding concrete cross-section (cf. Figure 2-2).

tensile stress trajectories

compressive stress trajectories
Figure 2-2 Compression struts and cylinder stress (left) and stress trajectories (right) for activated
bond between reinforcing bar and surrounding concrete

The bond strength between concrete and reinforcement is usually described by the
bond stress 1, which constitutes an auxiliary unit rather than an actual stress.
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Where

Fs reinforcing bar force

U,  bond circumference (= circumference of the reinforcing bar)
Ip bond length Iy

As  cross-sectional area of the reinforcing bar area

Os reinforcing bar stress

%) reinforcing bar diameter

Although equation (2-1) suggests that the bond stress 1, is a force per area, the
longitudinal bar force is actually transferred by adhesion, rib interlock as well as
friction and does not directly describe force acting upon the area Uy, - Ib.

High tensile forces in the reinforcing bar lead to either concrete-cone failure or bond
failure. Bond failure can be distinguished in pull-out failure and splitting failure. In
case the reinforcing bar has sufficient confinement by surrounding concrete, transverse
reinforcement or transverse pressure, the concrete lugs between the ribs fail and the
reinforcing bar is pulled out of the structural element. If the confinement of the bond
zone is not sufficient, the tensile stress of the concrete around the reinforcing bar
exceeds the tensile strength of concrete and splitting cracks occur. These cracks lead to
a sudden failure where no transverse pressure or reinforcement is present. Transverse
reinforcement in the bond zone, e.g. stirrups, does not prevent splitting, but effectively
reduces the longitudinal crack widths and can change the failure type from a sudden
splitting failure to a pull-out failure at high slip values.

2.2 Slip and Crack Development

The slip between concrete and reinforcing bar s equals the difference between concrete
and steel deformation at the same cross-section Als - Al¢ (cf. Figure 2-3).
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Figure 2-3  Slip s as the difference between steel deformation Als and concrete deformation Al (left)
and relation of slip s and crack width w (right)

Besides the bond strength, the reinforcing bar slip at the end of the bond length is
another characteristic of the bond behaviour. The bond stiffness is visualised in bond-
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strength slip curves (cf. Figure 2-1, right). This ratio of bond stress to slip t / s varies
for different reinforcement surfaces and concrete types. The reinforcing bar slip also
corresponds with half the crack width in structural elements subjected to bending or
tensile loads (cf. Figure 2-3, right). Thus, the bond behaviour does not only determine
the necessary design of anchorages and laps, but also the crack development of
reinforced concrete elements. Both the crack spacing and the crack width depend on
bond characteristics.

The maximum bond strength is important for the ultimate limit state design
independent from the crack width. For the serviceability limit state, crack control
matters and small slip between concrete and reinforcement is necessary. Therefore,
different methods for the measurement and evaluation of bond strength can be applied.
For crack and deflection control, high bond stiffness at low slip is beneficial. In
contrast, the rotation capacity of members under bending increases where bond in the
vicinity of flexural cracks disappears after yielding and high steel strain develops
[CAIO3].

2.3 Differential Equation for Bond

Equation (2-1) is a simplification presuming constant bond stress 1, along the bond
length Iy, while bond strength actually describes the stress differences Acs and Acc
within an infinitesimal element dx with

Ao, - A
dx-U, -t.(X)=Ac.-A. = 1, (X)=——2 -
b l-b( ) s Ts b( ) dX-Ub (2-2)
Ac.-A
dx-U, -t.(X)=-Ac,. A =1, (X)=——"Z51-L—FC -
b l-b( ) c "l b( ) dX-Ub (2-3)
The slip at between reinforcing bar and concrete equals
S:AIS_AIC (2-4)
For a linear-elastic material, the differentiations are
ds _Al, Al _ . _% S
dx dx dx ° ° E  E, (2-5)
d?s A A
— GS cSC (2'6)

d’x dx-E, dx-E,



Introducing equations (2-2) and (2-3) gives

d’s U, U, 4-1,(x)
= — . = * 1 * -
d?x (AS.ES AC-EJ % (%) @ E, (1+a.-p) (2-7)
With
OLe:Es/Ec
p:As/Ac

The second order differential equation (2-7) can be solved by applying the boundary
conditions for reinforcing anchorages or laps. For this purpose, bond strength-slip
relations t(S) must be introduced. Such relations were given in several publications
such as [MC2010], [MAR73], [KOE96], [SCH14].

2.4 Influencing Parameters on Bond

2.4.1 Bond Length

The bond stress distribution along reinforcing bars in bond is non-linear. In case the
bond length is small, the bond stress decreases rapidly towards the loaded end (cf.
Figure 2-4, top left). If the bond length is large, the bond stress drops steadily towards
an asymptote (cf. Figure 2-4, bottom left) [WIL13]. The beginning failure of concrete
lugs between the ribs towards the loaded end activates lugs at the rear end of the bond
length [MAR73].

The non-linear behaviour depends on the softening of the concrete that surrounds the
reinforcing bar depending on the crack formation around the tips of the lugs, local
crushing of concrete, successive development of radial and longitudinal splitting
cracks and formation of cracked shear planes [FIB10].
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Figure 2-4 Bond stress over bond length for different bond lengths (left) and increasing bond-stress
slip curves along the bond length (reproduced from [KRE89]) (right)

Different stress states result at different positions along the bond length (cf. Figure 2-4,
left). In the vicinity of cracks, the bond between reinforcement and concrete is
deteriorated and the full bond strength is only present at a certain distance of the crack
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(cf. Figure 2-4, right) [KRE89]. Rear locations along the bond length do not develop
the full bond strength where loads are low. As soon as the maximum bond strength is
exceeded at the loaded end, the bond between reinforcement and concrete at rear
positions of the bond length is activated.

2.4.2 Concrete Strength

Since bond action results from the localised pressure underneath the ribs, it is directly
related to the shear component of the interface forces. Additionally, the disseminating
compressive struts result in tensile cylinder stress. Bond performance thus depends on
both the concrete multi-axial behaviour in compression and on the tensile strength of
concrete [FIB10].

For the concrete covers used in practice, bond zones usually fail by splitting and
— if confined with transverse reinforcement — by a secondary bar pull-out. Therefore,
splitting forces are usually decisive and bond strength is described by the tensile
strength of concrete [FIB14].

Both, the bond stiffness At / As (cf. Figure 2-1, right) and the bond strength increase
by concrete strength are non-linear. Codes usually define bond strength for small slip
values to prevent the development of large crack widths. Hence, the bond strength
given as the relation of w ~ f* is usually defined for the initial stiffness with an
exponent x between 1/4 and 2/3.

The bond strength of short bond lengths increases with f:%3, while the increase in bond
strength is much smaller for larger bond lengths, since the distribution of the bond
strength varies along the bond length. For short bond length and low concrete strength,
the bond strength is approximately constant. For high concrete strength and large bond
lengths, the bond stress distribution is increasingly non-linear [ELI79].

2.4.3 Bar Diameter

The maximum bar force Fs depends on the cross-sectional area of a reinforcing bar As,
while the bond strength 1y is related to the reinforcing-bar circumference Us. Since the
ratio of circumference per cross-sectional area Uy / As decreases with increasing bar
diameter, large diameter bars presumably offer less bond strength [MAR73]. For a safe
transfer of bar force, large diameter bars have higher relative rib areas fr [DEU09].

For the evaluation of the bar diameter effect, the bond length, the concrete cover and
the relative rib area have to be taken into account. The findings in literature on the
effect of bar diameter are contradictory. While some authors did not find any effect
(e.g. [REH68], [STEO7]), others found a slight impairment in bond strength with
increasing bar diameter (e.g. [VIW79], [ELI79], [ELI83], [REY82]). Where the cross-
sectional dimensions and the bond length are multiples of the bar diameter, the effect
of bar diameter is small [EL183].



TEPFERS [TEP73] conducted a comprehensive test programme on laps and found a
decrease in developable bar stress for increasing bar diameters at constant bond length.
Considering the ratio of bond length to bar diameter lo/ @ in the test results conducted
by [TEP73], an effect of bar diameter is not visible.

For increasing bar diameter, the bond stiffness decreases, leading to a softer bond
behaviour [VIW79], [UED86], [SCH98b]. This effect results from a smaller available
area of concrete lugs for large bar diameters [SCH98Db].

2.4.4  Confinement by Concrete Cover

Reinforcing bars with large bar diameters transfer higher loads and lead to increasing
tensile stress around the bars. Hence, the concrete cover should increase with
increasing bar diameter. The cylinder stress decreases with increasing concrete cover
[MART73]. From a certain multiple of the cover to bar-diameter ratio ¢ / @, a concrete
cover failure is not decisive, but pull-out failure occurs [MAR73]. The theoretical
boundary is the concrete cover that can resist the splitting forces [MAR73]. The
transition between splitting and pull-out failure was often found to occur at a concrete
coverof3-@to5- @ [FIB14].

Concrete cover dimensions determine the splitting planes described in [FERG69],
[FER71], [TEP73], [ORAT77], [ELI79]. The failure types describe the potential
splitting planes that must be taken into account for evaluation of the effectivity of
transverse reinforcement (cf. Figure 2-5).

chysz.S@
failure type A failure type B failure type C
(side split) (face and side split) (V-Type Failure)
¢,=0.85¢ and c/2<1.7c, 0.85-C < ¢, < 4.0-G 4.0-c <c,
or ¢<0.85c, and ¢,<1.7c, c,2¢cJ/220.85¢ c/224.0-g

Figure 2-5 Splitting failure modes (reproduced from [EL179] based on [FER6G9])

The bar spacing equivalently contributes to the cylinder stress resistance. SCHMIDT-
THRO [SCH88] conducted pull-out tests with one and two reinforcing bars. The
smaller the bar spacing, the larger the irregularities in load application and the larger
the difference between the bond behaviour of the two reinforcing bars. The
impairment in bond strength increased with smaller bar spacing. Where two bars with
wide spacing were tested, the higher bond strength exceeded the bond strength in tests
with one bar only. In pull-out tests with two bars and small spacing, the higher bond
strength of the two bars equalled the bond strength in one-bar tests [SCH88].

The increase in bond strength by bar spacing has an upper limit [ELI79]. FERGUSON
[FER54] found that the bond strength increase of adjacent bars was linear for bar
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spacing between 1-@ to 4-@. For larger bar spacing, the bond strength increase was
less than proportional.

2.4.5 Confinement by Transverse Reinforcement

Transverse reinforcement prevents sudden splitting failure and reduces the splitting
crack width considerably. To adequately reduce longitudinal crack widths, transverse
bars must have a reasonable spacing. All reinforcing bars only reduce crack widths
effectively within their vicinity. Therefore, the transverse bar spacing must not be too
wide. On the other hand, the spacing must be wide enough to allow for a good
compaction of concrete between the transverse bars. Since the bond stress distribution
is non-linear along the bond length, transverse reinforcement is most effective in the
highly utilised section of the bond length.

Although transverse reinforcing bars are capable of a longitudinal crack width
reduction, they do not yield (e.g. [BUROO], [HEG15]; [ELI79]). Still, some authors
found an effect of transverse bar diameter on the obtainable bond strength. In
anchorage tests with long bond lengths, the longitudinal crack widths decreased with
increasing transverse bar diameter. A linear correlation between transverse bar
diameter and bond strength was found [PL198].

The transverse reinforcement position within the cross-section strongly influences the
bond strength increase. While straight bars inside the reinforcing bars do not cross any
potential splitting plane, transverse bars positioned within the concrete cover do cross
splitting planes and can accordingly contribute to bond strength (cf. Figure 2-5). Since
the splitting planes depend on the concrete cover and bar spacing, the effect of
transverse reinforcement also depends on the cover dimensions. If the splitting plain is
strictly horizontal, only vertical legs lead to a bond strength increase (cf. Figure 2-6).
Where splitting cracks develop in the bottom cover, e.g. in slabs with large bar
spacing, straight transverse bars are capable of a crack width reduction as well
[ORAT7T7]; [CANO5], [ZUOO00].

An evaluation of the effectiveness of transverse reinforcement is given in [CAIO3] for
different positions in the cross-section, different geometric boundary conditions and
failure types. Figure 2-6 shows corner and side split failures with effective vertical
stirrup legs and face split failure where the horizontal transverse bar crosses the cracks.

corner split failure mode side split failure mode face split failure mode

[ = ——

Figure 2-6  Split failure modes (reproduced from [FIB14]) and resisting reinforcement

Besides the crack control, transverse reinforcement also leads to a multi-axial concrete
compression at anchored or lapped bars in structural elements under bending. The
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concrete cover in such elements is subject to additional tensile stress by bursting forces
of the longitudinal bars at the lap ends. In this case, transverse reinforcement confines
the lap ends and leads to an increase in stress developed by bond. The positive effect
of transverse reinforcement equally applies to direct tension members and beams
[BUROO].

2.4.6 Confinement by Transverse Pressure

The maximum bond strength is increased by transverse pressure if present. For smooth
bars, the bond strength increases linearly with increasing transverse pressure [SCH88],
whereas the bond strength increase for deformed bars is non-linear [ROB82],
[SCH88], [FIB14]. The effect of transverse pressure increases with increasing slip for
deformed bars [UNT65], [SCH88].

SCHMIDT-THRO [SCH88] conducted anchorage tests with transverse pressure p
varying from p = 0 to p = 20 N/mmz2. The transverse pressure increased with increasing
bar force and was therefore comparable to beam supports. The bond strength increase
by transverse pressure was more than 100 % for some test configurations. At high
transverse pressure, the longitudinal splitting cracks were controlled by transverse
pressure and concrete pry-out was observed. In tests without or small transverse
pressure, longitudinal cracks developed above the anchored bars. The transverse
pressure perpendicular to the splitting plane reduced the mutual influence of adjacent
bars [SCH88].

2.4.7 Further Influencing Parameters

Besides the described bond parameters, several additional parameters influence the
bond behaviour. These parameters will be described briefly, but will not be evaluated
in detail in this thesis.

For the effect of reinforcing bar position during casting, different bond zones are
distinguished [EC2]. The best bond conditions for horizontal bars are close to the
bottom of the formwork and for vertical bars when loaded against the casting
direction. In both cases the ribs induce compression struts against a less porous mortar
[FIB10]. Most codes include a factor for good and poor bond conditions (e.g. [EC2],
[MC2010], [ACI14]). If the bond strength is impaired by consolidation of the fluid
concrete under the bar, poor bond conditions are presumed [REH61], [MC2010].

In addition to the concrete strength, the aggregate distribution [MARB81], the strength
of the aggregate [ZUOOO] and the concrete consistency [MART73] influence the
maximum bond strength.

The bond-strength slip relationship is strongly affected by rib geometry that
determines the bond stiffness and the splitting tendency. Reinforcing bar ribs are
described by the relative rib area fr. This value is only one reference for the quality of
reinforcing bar surfaces, since bond behaviour also depends on the rib angle and the
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rib filleting. The differences between North American and European rib patterns are
not visible in statistical evaluation of bond strength [FIB14].

Reinforced concrete is also influenced by corrosion of the composite materials. Both a
deterioration of concrete cover and corrosion of the steel surface influence the bond
strength. Corrosion increases the bar diameter and friction, but also leads to the
development of longitudinal cracks [FIB10]. A firmly adherent layer of rust before
casting is insignificant [MAS90], [FIB10] or even enhances the bond strength at early
stages of corrosion [AL-90]. Only at more advanced stages of corrosion, weak material
between bar and concrete will reduce the bond strength [CAB94]. Small or
delaminated covers increase the tensile cylinder stress and impair the bond strength
[COR12], [FIB10].

Furthermore, bond characteristics depend on the loading type. The bearing of the ends
of compression bars provides an additional contribution to load transfer [FIB14].
Secondly, the bond stresses in the vicinity of transverse cracks do not occur in
compression zones as transverse cracks do not develop. In tension laps, each lapped
bar carries half the force of a single bar outside the lap. This is not the case in laps in
compression where concrete contributes to the load transfer [FIB14].

Cyclic loads usually do not reduce the developable stress in laps, but increase the slip
at the lap ends [REH77]. The slip is significantly influenced by the load history
[FIB10]. The deterioration of bond under repeated loading primarily depends on the
peak slip [ELI83]. The bond deterioration is not only due to the repeated loading, but
also to long term effects [FIB10]. Bond zones under long-term loads corresponding to
the serviceability load have the same bond strength as bond zones under a constant
load increase until failure [REH77].

2.5 Differences between Anchorages and Laps

Whether design models for necessary bond lengths are equally applicable to both
lapped joints and anchorages is an issue that has not been resolved despite many years
of effort [FIB14], [REY82]. Compression struts mutually stabilise in the direction of
the second bar. Three theories on the inequality of lapped joints and anchorages are
distinguished:

e Hydraulic pressure theory by [FER65a] and [TEP73]
¢ Rib interference by adjacent bars (shielded ribs between the bars)
e Strut-and-tie model with considerable transverse strain at lap ends [BUROO]

The hydraulic pressure theory assumes that the splitting forces generated by a lap are
twice those developed in an end anchorage situation and thus lap lengths should be
twice the anchorage length [TEP73] (cf. Figure 2-7, left). The slip between the bars is
twice the slip between the bars and the concrete, since the bond stress component
between the bars is strongly impaired by the slip.

13



While anchored bars are entirely surrounded by concrete, ribs of lapped bars are
impaired, where bars are positioned directly side-by-side. If the ribs towards the
second lapped bar do not participate in the load transfer, not the entire circumference
contributes to resistance (cf. Figure 2-7, right). In contrast, CAIRNS [CAI96] describes
that the distance between lapped bars does not influence the lap strength until the bar
strength decreases for spacings between lapped bars of more than 4 - @.

” U "

Figure 2-7 Hydraulic pressure theory by [FER65a] and [TEP73] (left) and shielded ribs minimising
the bond circumference Uy, (right)
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BURKHARDT [BUROO] explains the load transfer mechanism with one global and two
local strut-and-tie models. All models have ties perpendicular to the lapped bar. Their
tensile stresses superimpose and lead to longitudinal cracks (cf. Figure 2-8).
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Figure 2-8 Local strut-and-tie-model with cylinder stress (left) and second local strut and tie model
with tensile force Fs/ (@ + a) / lo between lapped bars (reproduced from [BURO0O]) (right)

In contrast, several authors give design equations that are equally applicable to both
lapped joints and anchorages [FIB14]. In the test series described in [CANO5];
[ZUO00]; [ORAT7] and [REY82], differences between laps and anchorages were not
found.

The fact that the current European [EC2] and American [ACI14] codes for structural
concrete include a lap factor defining the lap length as a multiple of the anchorage
length, while [MC2010] does not include such a factor, demonstrates that this issue
was not resolved in the past.
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2.6 Test Setups for Bond Investigation

For the investigation of bond in concrete, various test specimens and test-setups exist.
RILEM RECOMMENDATION RC5 [RIL82], [RIL83], [AST15] provide standard tests for
bond of reinforcing bars in concrete. CAIRNS [CAIO2] distinguishes transfer type bond
tests and anchorage- or development-type bond tests. The RILEM Pull-Out [RIL83],
the RILEM Beam Test [RIL82] and the ASTM Beam-End Test [AST15] are
anchorage types (cf. Figure 2-9). Transfer tests with reinforcement stressed in tension
at both ends of the bar are used for crack observation mainly [CAI02]. The bond zones
in the various test specimens differ by development length and confinement. For the
evaluation of bond test results, the afore mentioned influencing parameters must be
taken into account.

Most pull-out test specimens have much shorter bond lengths than the required
anchorage length for the development of yield strength. Thus, there is usually
measurable slip at the unloaded end of the bar and the bond stress is very high.

Besides scientific investigation on bond behaviour, many bond tests are conducted in
reinforcing steel industry for technical approvals and regular quality control. For these
cases, simple test specimens with little manufacturing complexity and effort are
desired.

Pull-Out Test

The most common bond test for reinforced concrete is the pull-out test according to
RILEM RECOMMENDATION RC6 [RIL83]. The test specimen is a concrete cube with a
height of 10 - @ and a bond length of 5 - @. The bond zone is confined by a cover of
c=45-@. This test specimen is very simple in fabrication and testing, but it
generates unrealistically high bond strengths not comparable to structural elements in
practice. The concrete cover is rather large and the planar support generates friction
that additionally resists the splitting forces. The test setup according to [RIL83] results
in a compression arc (cf. Figure 2-9) that confines the bond zone and leads to
increasing bond strength.

50 , 50
]
reinf. bar — Q
Lo
compressive
stress trajectories S
plastic tube —| o

Fd

Figure 2-9 Pull-out test according to [RIL83] and resulting compression struts
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Beam-End Test

For the investigation of the bond behaviour at the ends of simply supported beams, the
beam-end test was developed. This test specimen is standardised in the United States
by the American Society for Testing and Materials in ASTM 944-10 [AST15] for the
comparison of bond strength of reinforcing bars. This test specimen (cf. Figure 2-10)
is also a pull-out test type.

specimen ond length lead
W tie down embedment |length
L length, L

cover, C

K

—— shear
reinforcement

&

Figure 2-10 Beam-End test with supports (adapted from ASTM 944-10 [AST15])

For the eccentric loading, a bending moment is generated and the test specimen has a
compression and tension zone comparable to a simply supported beam (cf. Figure
2-11). In this case, the concrete surrounding the pulled reinforcing bar is also subjected

to tension.
—» ———-
( ) J\ bond length
<
F,
longitudinal reinforcement support

Figure 2-11 Strut-and-tie-model at beam end to visualise the principle of the beam-end test

The length of the standardised test specimen according to [AST15] is 610 mm, while
depth and width depend on the bar diameter investigated. The concrete cover and bond
length may be varied. The unbonded length at the front of the test specimen is 130 mm
to 200 mm. ASTM 944-10 [AST15] defines transverse reinforcement that prevents
shear failure, but does not confine the bond zone.

Wildermuth [WIL13] conducted broad investigations on bond test types and concluded
that the beam-end test according to [AST15] was more appropriate to test the bond
behaviour than the pull-out test according to [RIL83].

In the test setup according to [AST15], the bond zone is not subjected to transverse
pressure, while other authors (e.g. [GHA90]) have conducted beam-end tests with
transverse pressure as shown in Figure 2-12.
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Figure 2-12 Beam-End Test with transverse pressure in the bond zone provided by the support
[GHA90], [KEMT9], [RAT72]

Beam Test

RILEM RECOMMENDATION RC 5 [RIL82] defines a beam test for the investigation of
bond in structural elements under bending. The test specimen consists of two
reinforced concrete members linked by a steel hinge. The anchorage length in the
tension zone is Ipb = 10 - @. The reinforcing bars are non-bonded at the support; hence,
the positive effect of transverse pressure is eliminated. Two test specimen sizes are
defined for different reinforcing bar diameters. The concrete cover is50 mm—-@/ 2 in
all tests. Stirrups are positioned for the confinement of the bond zone and for the shear
load.

The fabrication and execution of this test specimen is costly and time-consuming. The
shear reinforcement ratio is high and a splitting failure of the bond zone is therefore
precluded [CAIO3]. Additionally, the test type overestimates the bond strength of
small diameter bars, since the concrete cover is only partly adjusted for different bar
diameters.

Anchorage Tests at Direct Supports

Since bond investigations on the basis of pull-out and beam-end tests are much
simpler, entire beam tests with anchorages tested at the support or at curtailed
reinforcement were conducted in much smaller numbers. CHAMBERLIN [CHA56] (one
bar only), MATHEY [MAT61] (one bar only), RICHTER [RIC84], SCHMIDT-THRO
[SCH88] and AMIN [AMI09] conducted anchorage tests with simply supported beams.
These test specimens include both the positive effect of transverse pressure and
—where two or more bars are positioned — the negative effect of densely positioned
reinforcement.

Lap Tests in Constant Moment Zone

Besides anchorages at supports and curtailed reinforcement, reinforcing bars are often
anchored in laps. The bond behaviour of lapped reinforcing bars is usually tested in
four-point bending tests or direct tension members. BETZLE [BET80] described that
laps in bending elements are subject to an unfavourable reinforcement bursting (cf.
Figure 2-13).
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Figure 2-13 Bursting effect in four-point bending test with lapped reinforcement

Figure 2-14 shows the deformation of a four-point bending test with a lap described in
chapter 3. The beam end has a deformation of 40 mm at its free end. The deformation
at the lap end is 5 mm only. For geometry, the reinforcing bar would have a 55 mm
displacement at free deformability of its right-hand side. Thus, the displacement
deviation is 50 mm. This deviation equals the impeded deformation of the @ 40 mm
bar. The impeded displacement by 50 mm generates bursting forces within the
concrete cover of the beam.
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Figure 2-14 Dimensions of bending tests with lapped splices as described in chapter 3

In Figure 2-15, the results of a cantilever with distributed loading and 50 mm
displacement is shown.

50 mm

o]
4
l—]
—
l—]
l—

displacement)

f
(impeded

Figure 2-15 Constraint member analogue to reinforcing bar in four-point bending test

The necessary uniformly distributed load to evoke a 50 mm displacement f in a 2.5 m
long @ 40 mm reinforcing bar and a moment of inertia lg=s0mm = 125664 mm?*, is
calculated as follows:

— . 2, 4 2-8
f:isz.M_)qZSOmm 200000N / mm 125664mm” _ ;) o, 1\ / (2-8)
E-l 2.058-10"mm

The distributed load q acts upon the splitting plane in the concrete cover. Depending
on the cover dimensions, different splitting types occur. The left hand side of Figure
2-16 gives the additional load from bursting forces acting upon the surrounding
concrete cover for side splitting. Face splitting is shown on the right hand side of
Figure 2-16. The figures also give the resulting additional concrete stress Acct. At side
splitting, the line load acts upon the horizontal splitting plane. For face splitting, the
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assumption was made, that the uniformly distributed load acts upon the vertical cracks

in the bottom cover only.
g El

0.6 KN/ 0.6 KN/ 0.6 KN/ 0.6 KN/ 0.6 kN/ 0.6 KN/
| 60)*80 | :snoﬁso | r(?oﬂﬁso | rgoﬂL ) 60)*80 ] '80 ﬂLfso ) 80 ALfso | 60]
o, = 3:06N/mm _ 750 pa Ao, = 06N/mMm _ 5 1075 MPa
4.60 mm 80 mm

f (C30/37)=2.9 MPa<0.0075 MPa Vg, (C30/37)=05-2.9 MPa >0.01 MPa

Figure 2-16 Additional tensile stress around lapped reinforcing bars for side splitting (left) and face
splitting (right) and resulting additional stress in the concrete cover compared to tensile
strength fctm and shear resistance Vermi

Compared to the mean tensile strength of concrete fcim of 2.9 MPa and compared to the
mean shear resistance at the interface vrmi of 1.45 MPa for class C30/37 concrete
according to [EC2], this additional bursting effect is less than 1 % and therefore
negligible.

Lap Tests with Shear

If shear is present within a lap, the moment and consequently the bar stress is not
constant along the lap length. Therefore, parts of the lap are less utilised. For the
investigation of considerable shear forces within laps, tests with setups other than the
four-point bending test were conducted. FERGUSON [FERG69]; [FER71] tested
specimens conforming to retaining walls with different reinforcement stress at lap ends
and introduced a factor increasing the maximum load for laps under non-constant
moment that was also applied by [ELI79].

ZEKANY [ZEKS81] conducted lap tests with shear and observed little effect of shear on
stress developed by bond. Even considerable shear had a small effect on the bond
behaviour. In contrast, investigations by REYNOLDS & BEEBY [REY82], LUKOSE ET
AL. [LUK82] and Zuo & DARWIN [ZUQO98] showed that laps reached higher ultimate
loads where shear forces were present.

[FIB14] concludes that the measured differences are too small for consideration in
design models. All design models, except [ELI79], neglect the effect of shear.

Further Bond Test Setups

The bond behaviour of reinforcing bars has been investigated for many decades and
besides the more common bond tests described before, several further bond test setups
such as pull-out tests without transverse pressure [JAN86], anchorage tests in
cantilevers [GIL12], column-beam connections [UED86] and at indirect supports
[LUN15] have been conducted.

19



2.7 Large Diameter Bars

2.7.1 Definition of Large Diameter Bars

[EC2] allows for the application of reinforcing bar diameters up to @ 40 mm and
comprises several additional detailing rules for the use of large diameter bars. The
definition of the term “large diameter” is a Nationally Determined Parameter (NDP).
Large diameters according to [EC2] are greater than the defined value @arge. Table 2-1
exemplarily shows the definition of @iarge for different countries. The additional rules
for large diameter bars do not apply in France and in the UK, since [EC2] is valid for
bars up to 40 mm only.

Table 2-1  Nationally Determined Parameters [NDP] for large diameter @aqe, bar spacing ¢; and lap
factor as for selected countries

Country Darge greater than | kg forcs=ki - @ o6
Austria 32 mm 1.4 [EC2]

Denmark 32 mm 1.0 [EC2]
France 40 mm 1.0 [EC2]

Non-contradictory complementary

Germany 32 mm 10 information (NCI)
Netherlands 32 mm 1.0 [EC2]
Spain 32 mm 1.0 [EC2]
United Kingdom 40 mm 1.0 [EC2]

The American Standard [ACI14] allows for the use of bar diameters up to @ 57 mm
without providing additional rules for large diameter bars.

The detailing provisions in [MC2010] apply to reinforcing bar diameters up to
@ 40 mm. Bar diameters above @ 32 mm shall only be used in exceptional cases and
the principles of detailing shall be adapted if necessary [MC2010]. Besides a definition
for minimum transverse reinforcement in bond zones, neither the adaptation nor
additional rules for large diameter bars are specified. For the increased brittleness of
bond behaviour of anchorages and laps with large diameter bars, it is considered
prudent to provide double minimum confining reinforcement for bars of size @ 50 mm
[FIB14]. MopDeEL CobDe 2010 [MC2010] thus requires an area of transverse
reinforcement equal to that of the total cross sectional area of the bonded bars allowing
for a linear increase from size @ 25 mm to size @ 50 mm bars.

2.7.2  Origin of Additional Rules for Large Diameter Bars

Structural members reinforced with threaded bars @ 50 mm, St 420/500 were
evaluated by REHM [REH75b]. The conducted survey for a specific approval for a
power plant in an earthquake zone was based on tests with T-beams with one or two
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@50 mm bars conducted at the universities in Munich [REH75a] and Tokyo
[KOK72]. From this survey, the additional rules for @ 50 mm bars were later derived
for a general technical approval. The rules were subsequently softened for the approval
of @ 40 mm bars and were also adopted in DIN 1045 [DEU88], EUROCODE 2 [EC2]
and its GERMAN NATIONAL ANNEX [EC2/NA].

REHM [REH75b] recommends several rules for the use of @ 50 mm bars additionally
to the code approved at that time. These additional rules included minimum
dimensions of the reinforced concrete elements, surface reinforcement for crack width
control, reduction of shear capacity, additional reinforcement for compression
members and rules for bond zones. The unfavourable slip behaviour of large diameter
bars was incorporated by a bond strength reduction factor of 0.8. For anchorages,
increased transverse reinforcement was defined to allow for the risk of cover-splitting.
Anchorages with straight ends or mechanical devices were only allowed fulfilling
increased requirements for the positioning of reinforcement in the longitudinal and
transverse directions. The percentage of bars lapped at a section was limited. Since the
survey was conducted for an earthquake zone, the fatigue strength of the bars and
corresponding fasteners was defined [REH75b].

JUNGWIRTH [JUNT77] introduces a model for the design of surface reinforcement. The
concrete cover in the tension zone is defined for a direct tension member and the
residual member depth for a member under bending.

2.7.3 Additional Rules for Large Diameter Bars

EUROCODE 2 [EC2] defines additional rules for large diameter bars concerning bond
strength, crack control, shear, laps and anchorages. Crack control in reinforced
concrete members with large diameter bars may be achieved either by using surface
reinforcement or by calculation. The area of surface reinforcement Assurf IS defined as
a multiple of the area of the tensile concrete external to the links Actext (cf. Figure
2-17).

ct,ext

d-x

s,surf

Figure 2-17 Surface reinforcement Assur @s @ multiple of the cross-section under tension external to
the links Acext TOr crack control according to [EC2]

Reinforcing bars should be anchored with mechanical devices or if anchored as
straight bars, links should be provided as confining reinforcement. Laps are
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permissible for limited bar stress and minimum dimensions of the structural element
only. Transverse reinforcement additional to that for shear should be provided in the
anchorage zones where transverse compression is not present [EC2].

The GERMAN NATIONAL ANNEX [EC2/NA] appends further additional rules for large
diameter bars incorporating the findings from the described survey [REH75D].
Minimum dimensions, concrete strength limits, a shear capacity reduction, higher
values for the cross-sectional area of surface reinforcement and minimum mandrel
diameters. Additionally, further rules for bond zones were defined. Bars may be
lapped in members subjected to bending only and the permissible percentage of lapped
bars is limited. All members must have direct supports and the longitudinal
reinforcement for beams at intermediate supports must be anchored in compression
zones. Curtailed bars must exceed the zero-crossing of the envelope of the acting
tensile force by the effective depth. Curtailed bars are allowed for members with
h > 800 mm, only [EC2/NA].

Table 2-2 shows an overview of the additional rules defined in [REH75b], [EC2/NA]
and [EC2]. The rules given in the column for [EC2] are also valid for the application
of [EC2/NA].
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Table 2-2

Additional rules for large diameter bars according to [REH75b], [EC2] and [EC2/NA]

[REH75b] [EC2/NA] [EC2]
Darge 50 mm 40 mm 40 mm
Concrete class - C20/25 to C80/95 -
Minimum i 15. @ .
dimensions
Reduction for perm. to,50mm =
’ 0.9 - VRq, -
shear strength 0.8 - Perm. Tv,oin 1045 ¢
Surface Crack control by Crack control by
reinforcement for surface reinforcement or|surface reinforcement or
crack width by calculation by calculation
control

2 cm2/m

Act,surf > 0-02'Act,ext
(perpendicular to the
large diameter bars),

Act,surf > 0-02'Act,ext

(parallel to those bars)

Act,surf > O-Ol'Act,ext
(perpendicular to the
large diameter bars),
Act,surf > 0-02'Act,ext
(parallel to those bars)

Compression
members

Longitudinal bars shall
be located in the corner
of a stirrup

Minimum stirrup
diameter: 12 mm
Stirrup spacing Sst <
{bcotumn/2; 350 mm}
Minimum concrete
coverCmin=1-@

Stirrup spacing Sst <
{bcoumn/2; 300 mm}
Compression members
permissible for
dimensions smaller than
15 - @ and concrete
classes above C80/95 in
case detailed according
to [EC2/NA]

Minimum mandrel
diameter

1.0m

Bond strength
reduction

perm. th,somm =

0.8 - v, DIN 1045

fbd,@large = (132—®)/100

Laps

Couplers and
compression laps are
permissible.

In deep members,
tensile laps with
mechanical devices are
permissible.

Laps staggered where:
Longitudinal spacing of
lap centres v > 1.3 - lo

Laps only permissible
in members subjected to
bending.

Maximum percentage of
lapped bars: 50 %.

Laps staggered where:
Longitudinal spacing of
lap centres>1p- 1.3

Only in sections with a
minimum dimension of
1.0 m or where

Cs < 0.8- fyd
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[REH75b] [EC2/NA] [EC2]

Anchorages Direct supports are Members must have Anchorages with

recommended. direct supports. mechanical devices or

Curtailed bars shall Longitudinal straight bars with

exceed the zero- reinforcement for beams|additional confining

crossing of the envelope |at intermediate supports [reinforcement

of the acting tensile must be anchored in

force by the effective  [compression zones.

depth. Anchorages of straight

Curtailed reinforcement |bars must be designed

and tensile for the transfer of

reinforcement for Osd = fya.

negative moment ends | cyrtailed reinforcement

in tension zone shall for members with

only be permitted in h > 800 mm, only.

deep members. Curtailed bars must

Cross the zero-crossing | crossing of the envelope

of the moment. of tensile force by the

Bars with at least effective depth.

=13 'd|0 are Bars staggered where:

staggered. Long. Spacing > b rqd
Increased Additional transverse  |Bond securing Transverse
transverse reinforcement reinforcement over the |reinforcement

reinforcement

Ay > 2 cm?/m (for bond,
not only in anchorages),
At anchorages:

25— 30 % of the
anchored force, spacing
not wider than 200 mm.

entire length, only three
bars may be confined by
one stirrup.

Stirrup cross-section:
Asw = 0.1-As (cm?/m).
Spacing: s <200 mm.
Where shear
reinforcement is present
and 50 % is provided by
stirrups, this additional
reinforcement is not
necessary.

For multi-layer
reinforcement, spalling
must be secured by edge
reinforcement with

0.18 cm?/m

additionally to that for
shear provided in the
anchorage zones where
transverse compression
IS not present
(uniformly distributed
in the anchorage zone)

Spacing s <5- @
For straight anchorages:
Parallel to the tension
face: Asn=0.25- As- g
Perpendicular to the
tension face:
Asy = 0.25 - As- npwith

s = Cross sectional area
of one anchored bar

n1 = number of layers
with bars anchored at
the same cross-section
in the member

n2 = number of bars
anchored in each layer
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2.8 State of Standardisation of Bond Zones

Codes for the design of structural members account for the stress developed in bond
zones by design models for required anchorage and lap length. The design models
have been continuously revised with each new code reissue. [EC2], which is valid
since 2004 comprises an anchorage design model previously given in [MC90]. The
EC2 Project Team elaborated a new proposal [PT18] for the next generation of [EC2].
Its design model for anchorages and laps was taken from [FIB14], which is the
background document on bond for [MC2010]. The Project Team removed the
additional provisions regarding large diameter bars according to [EC2] on the basis
that size effect is accounted for systematically [PT18]. For laps, [PT18] recommends
additional verification of cracking at serviceability limit states in the lap region,
particularly for large diameter bars. According to the [PT18] working draft comment,
the avoidance of spalling for large diameter bars is a very specific case for structures
normally designed according to specific recommendations. For the design model for
anchorages and laps, the EC2 Project Team gives provisional calibration factors for
the conversion from mean values given in [FIB14] to design values that are still to be
validated [PT18].

Code provisions for anchorages and laps can be distinguished between models with
bond strength definition and without bond strength. Previous codes gave anchorage
and lap lengths depending on a certain bond strength for different concrete classes (cf.
[DEUS8S], [MC90], [EC2]). In contrast, the models according to [ACI14] and [FIB14]
were derived from statistical evaluations of test results accounting for the maximum
bar strength in anchorages and laps without defining bond strength. For [MC2010], the
bond strength was derived from the [FIB14] design model. Bond strength is an
auxiliary value that simplifies the design or the comprehension of the design, while it
is ultimately not necessary for anchorage and lap design.

As described above, the maximum transferrable bar stress in anchorages and laps
depends on many influencing parameters. A preferably simple equation is still desired
for structural design. Therefore, the most important influencing parameters must be
identified and calibration factors have to be found, which are in agreement with the
defined level of safety according to [ECO].

2.9 Design Models for Anchorages and Laps

29.1 General

In this section, the design equations for anchorages and laps according to [EC2],
[EC2/NA] and [ACI14] are presented. The derivation of the design equations in
MoDEL CoDE 2010 [MC2010] and in the proposal for the next generation of
EUROCODE 2 [PT18] from [FIB14] is explained and the design models elaborated by
ELIGEHAUSEN [ELI79], BURKHARDT [BUROO], LETTOW [LETO06a], ZUuo / DARWIN
[ZUO00] and CANBAY / FRoscH [CANO06] are shown. For comparability and
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readability, the symbols of the different models have been changed to the [MC2010]
notation, where

Iy anchorage length

lo lap length

fon  fo + 8 MPa

Cy bottom concrete cover

Cx  side concrete cover

Cs anchored or lapped bar spacing

Cd min{cy; Cx; Cs/ 2}

Ast  cross-sectional area of one leg of a confining transverse bar

nst  number of items of confining reinforcement within bond length (e.g. stirrups)

n number of legs of confining reinforcement crossing a potential splitting failure
surface at a section

Sst longitudinal spacing of confining reinforcement

Np number of anchored bars or pairs of lapped bars in the potential splitting failure
surface

The models to determine stresses developable in anchorages or laps are based on
experimental and partly on numerical investigations with finite element analysis. The
composition of equations, the influencing parameters and the processes for the finding
of calibration factors differ. For all models, lap length and concrete strength are the
main influencing factors, while their exponents vary among the models. Some models
consider the transverse reinforcement contribution by a coefficient; others introduce a
summand for transverse reinforcement contribution. All models consider the effect of
concrete cover by a cover to bar-diameter ratio. When comparing design models for
anchorages and laps, it has to be taken into account that not all influencing parameters
are independent of each other.

The models consider the transverse reinforcement contribution quite differently. Some
models comprise the number of transverse bars ns, while others comprise the
transverse bar spacing ss.. The correlation is given by equation (2-9).

EAst:nst'Ast:(l_O"'lj'Astzﬂ (2-9)
SSt Sst

For side splitting, the horizontal cracking plane is crossed by the number of stirrup
legs. Hence, the design models for anchorages include the stirrup leg number n; if
presuming side splitting. In the design models for face splitting, the stirrup cross-
section is only considered once as it provides tensile resistance in one face crack only.
In this case, the number of stirrup legs is not taken into account (cf. Figure 2-5).
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2.9.2 EUROCODE 2
Bond Strength

The design model according to EUROCODE 2 [EC2] for anchorages and laps is based
on MoDEL CoDE 1990 [MC90]. The anchorage length shall be calculated from the
bond strength fyq following from

fod =2.25 M1 M2 - foa (2-10)

The coefficient 2.25 describes the relation of bond strength to the tensile concrete
strength. The coefficients 1 and n2 take the bond conditions (n: = 1.0 for good bond
conditions) and the bar diameter into account with

n2 = (132 - @) / 100 (2-11)

The design concrete strength feq is calculated from feuco.05 / ye, where feu:o,05 is limited
to the value for C60/75. The design tensile strength of concrete fcq shall be calculated
from the 5%-fractile of the tensile strength of concrete with

foa = fctk;0,05 / Ye = Olct * 0.7-0.3: fck2/3 / Ye (2'12)

The coefficient o taking long term and loading effects on the tensile strength into
account is a nationally determined parameter (NDP), the recommended value is 1.0.
The safety considered in the [EC2] anchorage design model is given in equation (2-12)
calculating the bond strength with a 5%-fractile of the tensile strength of concrete
divided by the partial safety factor for concrete yc being 1.5. The mean bond strength
fom Necessary for a comparison of test results is therefore

fom = 2.25 11 12 - 0.3 - fud® (2-13)

Anchorage Length

The value of the basic required anchorage length lp rqa IS
|b,rqd = (@ / 4) ' (Gsd / fbd) (2'14)

The design stress of the bar osq IS the stress at the cross-section where the anchorage
length commences. The design anchorage length lyg is

lpg = Ql1,EC * O2,EC * O3,EC * Ol4,EC * O5EC * |b,rqd > |b,min (2'15)

With

ou, ec coefficient for bar shape (ou1,ec = 1.0 for straight bars)

oz, ec coefficient for concrete cover with 0.7 <oec=1-0.15: (Cmin- @) / @ < 1.0
for straight bars with cmin = {Cs/ 2; Cy; Cx}

the minimum bar spacing cs is a NDP that equals ¢s = 1.0 - @ in most European
countries, an overview is given in Table 2-1

oz ec coefficient for transverse reinforcement if present, with
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0.7<03ec=1-K:-A=1-K: (ZAst — ZAstmin ) / As< 1.0 (2-16)

K takes the efficiency of the transverse reinforcement depending on its location
in the section into account (cf. Figure 2-6 and Figure 2-18).

The coefficient A describes the difference between the cross-sectional area of
the transverse reinforcement provided along the anchorage length and the cross-
sectional area of the minimum transverse reinforcement XAstmin With

ZAstmin = 0.25 - As (@anchorages)

2Astmin = 1.0 - As - (0sa / fya) > 1.0 - As (laps)

‘l./AS 3 : Q/AS 3 | I ‘AS A

K=0.1 K=0.05 K=0

Figure 2-18 Efficiency factor K depending on the positioning of transverse reinforcement (adapted
from [EC2])

ou, ec coefficient for welded transverse bars along the anchorage length where present
(otherwise ouec = 1.0)

as, ec  coefficient for transverse pressure p in the plane of splitting. Where present, the
anchorage length may be reduced by 0.7 < asec=1-0.04 - p <1.0.

Lap Length

Laps should be staggered and not located in areas of high moments. The clear spacing
between lapped bars should not be greater than 4 - @ or 50 mm. The permissible
percentage of lapped bars in tension may be 100 % if all bars are in one layer. For
lapped bars in several layers, the percentage should not exceed 50 % [EC2].

The design lap length Ibrqa comprises the basic required anchorage length and
coefficients taking the main influencing parameters into account.

lo = a,ec - a2EC OBEC * O5EC * O6,EC * lbrgd > lo,min (2-17)

The coefficients au,ec t0 asec are given above. The coefficient ae ec for the percentage
of bars lapped at a section is determined as follows:

1.0 > asec = (pi/ 25)°° < 1.5 (2-18)

With
o] percentage of bars lapped at a section

For the concentration of splitting forces at lap ends, [EC2] requires the positioning of
transverse reinforcement at the outer sections of the lap length. If the bar diameter of
the lapped bars is less than @ 20 mm or the percentage of lapped bars amounts to less
than 25 %, the transverse reinforcement necessary for other reasons may be assumed
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sufficient. For laps of bars with a diameter greater than or equal to @ 20 mm, the
cross-sectional area of the transverse reinforcement must not be smaller than the cross-
sectional area of one lapped bar. For lapped bars with bar diameters larger than
@ 32 mm, the additional rules mentioned in 2.7.1 apply.

Rearrangement for Anchorage and Lap Strength

To calculate the developable steel stress, equation (2-17) must be rearranged. This
allows for calculation of test results and comparison of different design models.

I 4.-f,,

(e} d = — -
Y2 Oy ec " O ec " Oz ec " U5 ec * Og EC (2-19)
For good bond conditions and straight bars without transverse pressure, the mean steel
stress can be calculated as follows:

- _I_O. 2.7-ffk/3-n2
g SA, —3A i _
O ec .(1_ K.ASt’ASASLj'a‘G,EC (2-20)

2.9.3 GERMAN NATIONAL ANNEX

The NDPs for anchorage and lap length calculation in EUROCODE 2 [EC2] are the
coefficient ot for the tensile strength and the minimum permissible bar spacing cs (cf.
Table 2-1). [EC2/NA] defines ot = 1.0 for bond strength calculation and ¢s = 1.0 - @.

At direct supports, the anchorage length may be calculated with asnap = 2/3 taking the
transverse pressure into account. [EC2/NA] recommends a simplified cover coefficient
oz,nap = 1.0 for anchorages.

For lapped bars with straight ends, the concrete cover orthogonal to the lap plane cy
shall not be taken into account according to [EC2/NA]. The cover used for the
calculation of the cover coefficient ozec is therefore cmin = min {cs/ 2; cx} for laps.
The lap factor asnap depends on the percentage of bars lapped at a section and the bar
diameter. Table 2-3 gives the recommended values for o naD.

Table 2-3  Coefficient asnap for the percentage of lapped bars under tension according to [EC2/NA]

Percentage of bars lapped at a section in one layer

Bar diameter @ <33 % >33 %
<16 mm 1.2(1.0) 1.4(1.0)
>16 mm 1.4(1.0) 2.0(1.4)

Values in brackets are valid wherecs>8 - @andcx>4 - @

According to [EC2], the transverse reinforcement in laps should be formed by links or
U-bars if more than 50 % of the reinforcement is lapped at one section. [EC2/NA]
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softens this rule defining that transverse reinforcement does not have to consist of
links where the distance between adjacent laps cs is greater than 10 - @ and where the

longitudinal spacing of the lap centres of adjacent laps is approximately 0.5 - lo.
2.9.4 ACI CoDE

The design model given in ACI CoDe [ACI14] is based on the design model
developed by Orangun et al. [ORA77]. The design anchorage length is

o3 v g
40 k\/_ c, + Ky (2-21)
)

With

A coefficient for light-weight concrete (1.0 for normal concrete)

fc’  cylinder concrete strength limited to 69 MPa

vt  coefficient for bond (1.0 for good bond conditions)

ye  coefficient for coated reinforcement (1.0 for uncoated bars)

ys  coefficient for bar diameter (1.0 for bars >22 mm, otherwise 0.8)

Cb min {(cs + @)/2; cy + @ | 2; cx + @ | 2}, the values @ / 2 have to be added to
comply with the chosen notation, since the cover values are related to the bar
centres in [ACI14]

Ky transverse reinforcement index

40-A[in2]
K =2 Dl ] )
" gfin]-n, (2-22)
Sthe (o5 22
@ (2-23)

With

Ast  cross-sectional area of all transverse reinforcement within the spacing Sst
crossing a potential splitting plane [in.?]

S transverse bar spacing [in.]

Np number of anchored or lapped bars

For confinement ratios (cy, + Ky) / @ above 2.5, pull-out failure becomes more likely
and an increase in cover or transverse reinforcement does not lead to increased bond
capacity. [DAR95b] found that the bond capacity did not increase for
(cv + Ky) / @ > 3.75, therefore the limit 2.5 gives additional safety [ACIO3].

For good bond conditions, uncoated reinforcement and normal-weight concrete,
equation (2-21) can be simplified to
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3 f \} .
[, =— —F—- . @ |in.
" 40 L K, in] (2-24)
1)

Rearranging for the anchorage strength gives

c,+K, 1 .
= . b Jfr. b T Ins)
=g T [psi] (2-25)
The development length may be reduced by approximately 30 % if confinement by a
compressive reaction is present at simple supports (cf. chapter 9.7.3.8.3 [ACI14])

It must be noted that [ACI14] allows for bar diameters up to 57 mm. The minimum
permissible concrete cover is 38 mm in beams and 19 mm in slabs (for @ 43 mm and
@ 57 mm reinforcing bars: 38 mm). The minimum clear bar spacing is the smaller
value of 25 mm or the bar diameter. For large diameter bars, these values are smaller
than the [EC2] values that defines minimum bottom and side covers of 1.0 - @.

[ACI14] does not permit laps of @ 43 mm and @ 57 mm bars for lack of adequate
experimental data.

A coefficient for the percentage of bars lapped and the relation between provided and
required reinforcement according to [ACI14] is shown in Table 2-4. The coefficient
1.3 is not based on investigations of bond stress, but shall encourage the positioning of
laps away from regions of high tensile stress to locations where the cross-sectional
area of reinforcement provided is at least twice that required by analysis. Therefore,
this coefficient includes a certain safety as well [ACIO3].

Table 2-4  Lap length coefficient for the provided reinforcement and the percentage of lapped bars

[ACI14]
As,prov/ A required Percentage of As Sp"CGd Lap Iength
50 max {1.0 - Ir; 305 mm}
>2.0
100
max {1.3 - Ip; 305 mm}
<2.0 All cases

The design model was validated with tests of small bar diameters with short anchorage
and lap lengths, most of which were less than 12 in. (300 mm). Therefore, a factor for
bar size y with y = 0.8 for @ 22 mm and smaller bars and 1.0 for larger bar diameters
was introduced. AClI COMMITTEE 408 recommends not to use a factor for size effect
v smaller than 1.0 [ACIO03].

295 FIBBULLETIN72

The background of the bond strength defined in [MC2010] is described in FIB
BULLETIN 72 [FIB14]. A semi-empirical design equation for the mean steel stress in
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lapped bars under tension was derived from 800 tests conducted in Europe, the United
States and Asia. The equation for mean anchorage and lap strength representing the
validated influencing parameters is given in equation (2-26).

f 0.25 25 0.2 I 0.55 c 0.25 c 0.1
f = 54 .| LM o — . b . ~min_ . max + k . K S f _
stm ( 25} ( @ j (gj [( @ j (Cmin-j m tr] y (2-26)

Where
Cmin MINiMum concrete cover: Cmin = Min {Cx; Cy; Cs/2}
Cmax Maximum concrete cover: Cmax = max {Cx; Cs/2}
km  coefficient for efficiency of transverse reinforcement
Ky density of transverse reinforcement

Ke=ni-nst-Ast/ (No- D - Ip) <0.05
n number of legs of a link which crosses the potential splitting failure plane
nst  number of transverse links within the lap or anchorage length
Np number of anchored or lapped bars at the same section
A transverse reinforcement ratio Ky above 0.05 does not increase the bond strength.
The factor km accounts for the efficiency of transverse reinforcement depending on its
position and possible split failure planes according to Figure 2-19. If an anchored bar
or lap has a small distance a, to the next vertical stirrup leg crossing a splitting crack,
the transverse reinforcement is most effective. The efficiency decreases by 50 % for
horizontal distances a: larger than 125 mm or five times the bar diameter. If the
transverse reinforcement does not intersect the splitting crack, there is zero effect on
bond strength [FIB14].

o & o =

| | c, : | !
a<125 mm/as5@: k =12 Ia>125 mm / a>50 | k,=0
a>125 mm/a>5@: k,=6 and c<4c,k =0

Figure 2-19 Coefficient kn, for efficiency of transverse reinforcement (adapted from [FIB14])

Equation (2-26) is limited to the following boundary conditions, since experimental
data outside these boundaries hardly exist.

— 05<cmin/@<35

— Cmax/ Cmin <5

- 25/@<2

— 15 MPa <fem <110 MPa
- lo/@>10

— good bond conditions

Where transverse pressure is present, the stress developed by bond increases to
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fstm’tr =f,, +6- (%’j Py < 1.75-fst’0 +0.8- [%j Py <8.0- (%’j . fco,;f (2-27)

Where
pr  mean compression stress perpendicular to the potential splitting failure surface
fso0  mean stress developed by bond for the base conditions of confinement with

f 0.25 I 0.55 25 0.2
f —54.| <m .| b S22 2-28
" (25) (@j (@j (229

2.9.6 MOoDEL CoDE 2010
Bond Strength for Anchorage and Lap Design

The design bond strength fug given in MoDEL CobDE 2010 [MC2010] was derived by
rearranging equation (2-26) with a lead coefficient of 41 to allow for the development
of the design reinforcement strength fyq = 435 MPa.

To introduce a certain safety margin, two independent models were used to derive
design values in [FIB14]. In the first model, the characteristic strength as a 5%-fractile
was divided by the partial safety factor for concrete yc = 1.5. The characteristic
strength was taken as 76 % (54 - 0.76 = 41) of the mean strength. The second model
was a statistical analysis with a target probability of failure pr below 10° for brittle
concrete failure. The statistical model confirmed the simpler model reducing the
concrete strength. For the calculation of characteristic bar stress instead of mean stress,
the lead coefficient in equation (2-22) was therefore altered from 54 to 41 [FIB14].

The basic bond strength fuk,o in [MC2010] was derived by rearrangement of equation
(2-22) with a coefficient of 41. The transverse reinforcement stress fs was set to
500/ 1.5 = 435 MPa and

1.82 _ _ _ _
Ib_'o — fyk (fc_mj v (%) o — 73_5.(h) v (éj " (2_29)
@ |y, -41 25 @ 25 @

f @ f 0.45 25 0.36
f, o= " _15.|m |2 -
v o) (5 (250

The values for cover and confining reinforcement corresponding to minimum detailing
requirements were introduced and the indices as well as coefficients were rounded to
more convenient values. For the calculation of the basic bond strength foa0 without
transverse reinforcement, the coefficient 1.5 was changed to the coefficient n1 = 1.6.
To make allowance for the enhancement in bond strength if minimum confining
reinforcement is provided, the value of basic bond strength was increased by 10% and
the coefficient n1 was changed to 1.75 [FIB14]. Equation (2-31) gives the resulting
design bond strength fyq.
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04-p, _15-\ff,

2-p
foq = (az,Mc + a3,MC)'fbd,0 - £<2.0-f0— (2-31)
Yeb Yeb Yeb
Where
pr  mean compression stress perpendicular to the potential splitting failure surface

With
Ycb
ni
M2
ns
N4

Cmin

Cmax

Kq
Kir
ni

Np

Olt

at ultimate limit state

0.5
fago ="M M My (fz—gj e (2-32)
0.5 0.15
Oy mc = (C??mj (ch;?mj (2-33)
O amc =Kq - (Ky — 0 /50) (2-34)

partial safety coefficient for bond ye = 1.5

coefficient taken as 1.75 for ribbed bars

coefficient taken as 1.0 for good bond conditions

coefficient for the effect of bar diameter ns = (25 / @)°3 for @ > 25 mm
coefficient for the characteristic strength of steel reinforcement being anchored
or lapped, taken as 1.0 for fyx = 500 MPa

minimum concrete cover: Cmin = Min {Cx; Cy; Cs/ 2}

maximum concrete cover: Cmax = max {Cx; Cs/ 2}

0.5<cCmin/ @<35

1.0 < Cmax / Cmin <5.0

coefficient for efficiency of transverse reinforcement (cf. Figure 2-20)

N Ast/ (- D - Sst)

number of legs of confining reinforcement crossing a potential splitting failure
surface at a section (denominated n; in [MC2010])

number of anchored bars or pairs of lapped bars in the potential splitting failure
surface

coefficient for the bar diameter

ot = 0.5 for @ <25 mm

ot = 1.0 for @ =50 mm

The factor kq defined in [MC2010] was derived from kn in [FIB14] (cf. Figure 2-19)
and additionally accounts for the nonlinear relationship between anchorage or lap
length and the stress developed in the bar.

T

bal ° .g>CS ° :

: : [C i

a<125 mm / as<5d: c.> 8¢, k, =10 k,=0
k, =20 c<8c:.k,=0

Figure 2-20 Coefficient kq for efficiency of transverse reinforcement (adapted from [MC2010])
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In case the diameter of the anchored bars is smaller than 20 mm and the concrete class
is of grade C60 or below, the transverse reinforcement provided for other reasons may
be assumed sufficient to satisfy minimum requirements for confining reinforcement
without further justification [MC2010]. Otherwise minimum transverse reinforcement
has to be positioned with

ZAst = Nst - N Ast > ot - Aseal./ Asprov. Nb - As (2-35)

Where

nst  number of items of confining reinforcement within the bond length
(denominated ng in [MC2010])

n number of legs of links crossing a potential splitting failure surface at a section
(denominated n¢ in [MC2010])

ot coefficient for the bar diameter
ot = 0.5 for @ <25 mm
ot = 1.0 for @ =50 mm

Asca. calculated area of reinforcement required by design

As prov. area of reinforcement provided

Anchorage and Lap Length
According to [MC2010], the anchorage length is

|, =25 (2-36)
4.-f,
and the lap length is
a-f
ly :a4,MC'4.fbi? (2-37)

If the calculated reinforcement stress at the ultimate limit state does not exceed 50 %
of the characteristic strength of the reinforcement, or no more than 34 % of bars are
lapped at the section, the coefficient as,mc = 0.7 may be used; otherwise ausmc = 1.0.

The stress developed in a lap according to [MC2010] may therefore be taken as

l, 4

sd
@ Oy mc

9503 f, 0.5
'[(az,Mc+a3,Mc)'1-75' 2 |28 —2:p ]/ Ve (2-38)

Local Bond-Slip Relationship

Additionally to the design model for anchorage and lap lengths, [MC2010] gives local
bond stress-slip relationships. Figure 2-21 gives the values for good bond conditions
and bar strain below yield strain.
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“op Pull- splitting
Tb,max Out - .
Tzu'ipm | with Unconfined stirrups
Ty i \\(snrrups Trmax 2.5\/fcm 7'(fcm/25)0'25 8'(fcm/25)0'25
\
\ \\ S1 1 mm S(Tmax) S(Tmax)
]\ \j”ioﬁnf_ N s | 2mm s1 51
S]\ iy . gip S3 Cclear 125 0.5 - Cclear
o 0.4 0.4 0.4
Tf 0.4'Tmax 0 0.4'Tmax

Figure 2-21 Local bond-slip relationship according to [MC2010]

Where
T0 = Tmax * (S/S1)* for0<s<s:
T0 = Tmax forsi<s<s

T0 = Tmax— (Tmax — Tf) - (S—52) / (S3—S2) forsy <s<sz
T0 = Tf forss<s
Caear Clear distance between ribs

Pull-out failure is expected for well confined concrete (concrete cover > 5 - @, clear spacing
between bars > 10 - @) or suitable confining reinforcement. The values for splitting failure are
derived from equation (2-26) with | / @ =5, @ < 25 mm, Cmax/Cmin = 2.0, Cmin = Cmax and
Ky = 0.02 and

£ 0.25 o5 0.2 c 0.33 o 0.1
=652 () | (S (S +km-KU] 2-39)

This splitting bond strength was derived from equation (2-26) with

Q t Q 1 f 0.25 (25)02 ( I )0.55
= .sm 2~ 54| em 122 e 2-40
Tu,spllt Ib 4 Ib 4 ( 25) Q Q [ ] ( )

Sie(B) B e (] (5] 1

Furthermore, [MC2010] gives coefficients for the effects of transverse cracking, yielding,
transverse stress, longitudinal cracking and cyclic loading.

Tom = To - Qy 'Qp,tr 'ch ) Qcyc (2-41)

Where

Qy influence of yielding

Qpr influence of transverse pressure, for compression: Qp = 1 —tanh (0.2 - py /(0.1 - fem)
Q¢ influence of longitudinal cracking: Q¢ =1 - 1.2 - Wer

Q¢ influence of cyclic loading
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For transverse cracking, the bond stress 7 is to be reduced by the factor A =05-x/@<1lata
distance x <2 - @ from the crack.

2.9.7 PT1WORKING DRAFT

For the next generation of EUROCODE 2, the PT1 WORKING DRAFT [PT18] proposes a
modified design model on the basis of [FIB14]. The exponents are simplified for ease
of use. For good bond conditions, the necessary bond length follows from

| 1/2 312 @ /3 15.0 2
wrea _ 0. 29MPAYT [ oy v | (15 <l (-42)
1) f, 435 MPa 1.5 20 mm Ca conf i

Cacont =Cqg + (30- Koot -%+ 8-y /\[Fuc j-@ <3.75-@ (2-43)
b

st
With
Keont  effectiveness factor
Keonf = 1.0 for confinement reinforcement crossing the potential splitting
plane (maximum distance from leg to anchored bar <5 - @)
Keont = 0.25  for transverse reinforcement within the cover cy with (¢cs > 8 - @)
Keont =0 in other circumstances

ocad design value of the mean compression stress perpendicular to the potential
splitting plane

lhmin 15 - @ for anchorages and 20 - @ for laps

If tension laps are positioned in zones where the yield strength shall be exceeded, the

laps are to be designed for 1.2 - osa. Alternatively, confining reinforcement or a
reduction of lapped bars to a percentage of 50 % or smaller is required.

The coefficients 40, 30 and 8 in equations (2-42) and (2-43) are still to be validated
with a reliability analysis [PT18]. Rearranging for the developable stress in anchorages

gives
1 2 2 1
3 9 2 c 3
fyor =435 22 [ Tu .(@jg.( , T. Cagont (2-44)
’ Y. \ 25MPa ] 40-9 15-@

2.9.8 ELIGEHAUSEN

ELIGEHAUSEN [ELI79] developed a design model for stress developed in laps based on
550 tests from several publications, including 325 tests with ineffective or no inner
transverse reinforcement. The design model distinguishes between beam type
members (split failure type A and B) and slab type members (split failure type C). For
split failure modes, [ELI79] provides an model adding the concrete and transverse
reinforcement contributions. The bar stress developed os is defined as

o, =G. + 57 (2-45)
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With
o  concrete contribution
ot transverse reinforcement contribution

If the relation of horizontal concrete cover to vertical concrete cover is small
(cx<0.85:c¢cy), failure type A (cf. Figure 2-5) occurs. Cracks parallel to the
longitudinal reinforcement originate in the horizontal lap plane. The concrete
contribution may be taken as

05-c.+c, \*° |
02:5.3(#j -fc(f'fube-(%j -k (2-46)

With

kzkd'kq'kv'kp

ke  coefficient for the effect of bar diameter: 0.75<k, =+10/@ <12

ke  coefficient for the effect of different steel stress at the lap ends: kg = 2 / (1+ka)

mino,
and k; = £>0.6
maxo,

ky  coefficient taken as 1.0 for good and 0.8 for poor bond conditions
ke  coefficient taken as 1.0 for conventionally ribbed bars
fecue CONcrete compressive strength obtained from 200 mm cubes

Failure type B (face-and-side split, cf. Figure 2-5) occurs in laps with large horizontal
concrete cover (0.85 - ¢y < cx < 4.0 - ¢y) and small clear spacing between laps

(1.7 - cy < s < 2.0 - cx). In this case, the concrete contribution os° to the steel stress is

1/4 12 2/3
c 2-C C 12 I
o, =5.8- o X . Ey FC e * 6 -k (2-47)

y

Failure type C (V-type failure) is expected in laps in slab type elements with small side
effect (cx > 4.0 - ¢y) and clear bar spacing ¢s > 8.0 - ¢y. The concrete contribution to the
developable reinforcing bar stress os° is given as:

c 1/2 | 2/3
Gg =0 - (ay] ’ fcl,{:ﬁbe ’ (60) -K (2'48)

Where

oc  coefficient for calibration:
oac=9.75forcy <25 - @
oc=12.27forcy>25 @

The increase in bar stress in laps by transverse reinforcement is taken into account
independent from the failure type. The calibration coefficient o In equation (2-49)
was obtained by finite element analysis.
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Oy =0 - ZAG A - K, (2-49)
With

aq  coefficient for calibration:

ao = 6.0 - V2 for stirrups around one bar
og = 6.0 for stirrups around two bars
oq = 1.8 for straight transverse reinforcement outside the lap
aq = 0 for transverse reinforcement inside the lap
fyt  transverse-reinforcement stress limited to 300 MPa
Kq see above

The design model according to [ELI79] includes a safety factor v = 2.1, since lap
failure is usually brittle. This factor is included in the calibration factors given in
equations (2-46) to (2-48). The value 2.1 was defined in [DEU88] and corresponds to
an averaged load safety factor of approximately (yg +vq) /2 =(1.35+1.5)/2=14
and a partial safety factor for concrete of 1.5 according to the [EC2] safety concept
(14 -15=21).

2.9.9 BURKHARDT

BURKHARDT [BUROO] extended the [ELI79] design model for high strength concrete.
538 tests were analysed including 191 tests with concrete cube strength above 50 MPa
and the reinforcing bar stresses in laps limited to 1.2 times the yield strength.

o, =0, +0oy <1.2-f, (2-50)

For the 5%-fractile of the concrete contribution o, BURKHARDT [BUROO] obtained a
calibration factor o = 28.5 by a regression analysis of 233 beam tests (59 with high
strength concrete). This design model is limited to laps with good bond conditions. For
the calculation of the mean reinforcing stress, the coefficient as = 28.5 is replaced by
38.

| 1/2 c 1/5
¢ =285.f4 (—Oj (—dj -k 2-51
c53,0,05 c Q Q ( )

Where
Cd minimum concrete cover: cq = min {cx; Cy; Cs/ 2}
k = kq - Kp (see ELIGEHAUSEN [ELI79]), with 0.75<k, =+10/@ <1.0

The positive effect of confinement by transverse reinforcement increases for higher
concrete strength [BUROO]. Accordingly, the transverse reinforcement contribution
includes the concrete strength. The calibration factor a. = 3.2 for the 5%-fractile given
in equation (2-52) was obtained by a regression analysis of 224 tests (124 with high
strength concrete). The mean transverse reinforcement contribution to the reinforcing
bar stress, can be obtained by replacing the coefficient 3.2 by 4.2.

39



l,-n, -A, - f
Gl os =3.2- T /%% . ;3.2-fc”4-\/°S 'n StA 1 (2-52)
b s st "o MY

The design reinforcing bar stress given in equation (2-53) was obtained by considering
the safety factors for concrete yc = 1.5, high strength concrete y.’ =1/ (1.1 - fex/ 500)
and steel ys = 1.15.

12 1/5
. l,-n A, -f
G, =28.5-fV*. Vsl (C—dj k+32.fV4. [T v (2-53)
YC'YCI'Q @ Sst'nb'As

2.9.10 LETTOW

LETTOW [LETO64a] analysed laps with finite element models and compared the results
to test results from literature and existing design models. He derived a new design
model for the mean steel stress in laps, whereas the same failure types as
ELIGEHAUSEN [ELI79] were distinguished. The calibration factor aas=11.1 was
found from a regression analysis of 67 beam tests. The model presumes a simplified
relation between clear lap spacing and horizontal concrete cover cs / cx= 2.0. Equation
(2-54) gives the mean reinforcement stress in beam-type members with side effect

(cx/cy<4).
| \Y5 1/4 c 1/2
csm=11.1-f§n’f-(é] [z—] (Ey] -k, -k, (2-54)

y

The mean reinforcement stress in slab-type members without side effect (cx/ cy > 4) is
given by equation (2-55).

| 3/5 c 1/2
o, =13.9-f§n§5-(60j [(ay] }-ku-kv (2-55)
Where

Ky coefficient for confinement
1.1 (lo/ sst)¥20
1.0 where stirrups are not present
kv coefficient for bond
0.95 for bond with increased splitting tendency (high ribs, large fr values)
1.0 for all other cases and for a concrete cover ¢y < 1.2 - Cx

In contrast to ELIGEHAUSEN [ELI79] and BURKHARDT [BUROO], LETTOW [LETO064a]
chose a coefficient ky to consider the effect of transverse reinforcement. Conforming
with BURKHARDT [BUROO], [LET06a] considered tests with stirrups only. The design
model established in [LETO6a] does not include any safety factors, since it was
derived to recalculate test results and finite element results on mean level.
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2.9.11 Zuo AND DARWIN

The design model by Zuo AND DARWIN [ZUOOQO] is based on experimental
investigations including 64 lap tests with different concrete strengths and relative rib
areas. In addition to the experiments, a regression analysis was conducted for 367 tests
with and without transverse reinforcement. Conforming with [EL179], the lap strength
consists of a concrete and a transverse reinforcement contribution with

o, =G, + G} (2-56)

The concrete contribution os° is given by

Crin 70.5-0 _
ol = 59.8-IO-( ""”;\ )+2350}-(O.l-?‘—fx+0.9j-fj’4[p3|] (2-57)

S min

With

Cmax = Max {Cmin,zD; Cy}

Cmin = Min {Czp; Cy}

Cmin,zp = Min {Cs/2; 6.4 mm; Cx}
Cmax / Cmin < 3.5

Zuo and Darwin [ZUOOQ00] found that the concrete strength has a different effect on the
transverse reinforcement contribution than on the concrete contribution. The transverse
reinforcement contribution o™ may be calculated as follows

A, 3.99 .
131,14t D Ry £3/4psi ]
Osm ( nb 'AS AS ] c [p ] (2 58)

Where

t=tog-tr

tq coefficient for the effect of bar diameter: t4 =0.78 - @ + 0.22 [in.]
tr coefficient for the effect of rib geometry: t: = 9.6 - fr + 0.28

The relative rib area fr ranges from 0.056 to 0.086, leading to values for t. between
0.82 to 1.11 with an average value of 0.98 [DAR95b]. For simplicity, the coefficient t;
is taken as 1.0 in the comparison of design models in chapter 5.

Equations (2-57) and (2-58) were derived from test results and thus give mean values.
The equations for design values given in [ZUOQO0] include calibration factors with a
strength reduction factor ¢z of 0.9.

2.9.12 CANBAY AND FROSCH

CANBAY AND FROSCH [CANO5] verified their model for the ultimate lap load by 480
lap tests with and without transverse reinforcement. The maximum lap strength at
splitting failure including the contribution by transverse reinforcement is defined as
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Where

Fspiit  Splitting resistance by concrete cover along the lap length [kip]

Fst  splitting resistance by transverse reinforcement [Kip]

0 inclination of struts initiating at the rib flanks (20 ° provided optimal results)

Canbay and Frosch [CANO06] distinguish side (cf. Figure 2-22, left) and face splitting

_______ sidesplitng [ [ facesplttng |

splitting F

A

Cx } Y CS L
) b 1 /] 7
¥ wivy )
A OAA < \ 0 F\ong

Figure 2-22 Side splitting (left), face splitting (centre) and force distribution at bond forces (right)
(adapted from [CANO6])

The tensile concrete stress around the bars is presumed to be linear along the lap
length. The non-linearity of the bond strength along the lap length is considered by
introducing an efficient lap length lo*. The side-splitting force Fspiit, side IS

F

split, side

= IB'[Z'CX*+2'CS*(nb —1):|6f(:1/2 [klp] (2'60)

For face-splitting, the splitting force Fspiit, face IS

Fsplit,face = IS |:2 ) Cy* ) (Oli_x +0-9J+Z'Cy*(nb _1) (O]_C—ZS i+09j:| 61:ij2 (2'61)

y Cy

With
cy*, &, (cs/ 2)*  coefficients for the efficiency of concrete cover at linear stress

distribution

CI*:CI' Ol77 SCI

\JC: | D

lo™* coefficient for the efficiency of lap length at linear stress

distribution

* 9.51

l, =l ——+<I

0 0 \/W'fclm 0
Transverse reinforcement generates additional resistance in the failure plane of
splitting. Equation (2-62) gives the splitting force Fs,sice provided by transverse

reinforcement. This equation includes the leg number n; crossing the splitting plane for
side splitting (cf. Figure 2-22).

42



I:st,side =Ng -N 'Ast 'fyt |: : :| [klp] (2-62)
For face split failures, the transverse reinforcement crosses the splitting plane at each
bar, therefore equation (2-63) defining the splitting force Fst, face includes the bar
number ny instead of the leg number n.

12
nb 'fc

Fst,face =Ng-Ny 'Ast 'fyt ) {W} [klp] (2'63)

The recommended transverse bar yield strength fy: is 62 MPa.

In the development of the design equation (2-59), a safety factor of 1.2 was used.
Without the safety factor, 50 % of the calculated strengths were unsafe. By using the
factor 1.2, only 10 % of the unconfined and 16 % of the confined tests did not reach
their yield strength. This accounts for a nominal yield strength equal to 414 MPa and
lap lengths designed according to the proposed model [CANO5].

2.9.13 Summary

Table 2-5 compares the considered effects of concrete strength, bar diameter and bond
length for anchorages and laps in good bond conditions of uncoated reinforcement. A
more detailed table on the considered design models is given in appendix A. The
design equations for the necessary anchorage and lap length in [EC2] and [MC2010]
include the characteristic concrete cylinder strength. The design models given in
[ACI14], [FIB14], [BUROO], [LETO06a], [ZUOO00] and [CANO6] comprise a mean
concrete cylinder strength. Only the design model established by ELIGEHAUSEN
[EL179] is based on the mean concrete cube strength.

Table 2-5 Comparison of consideration of parameters in design models for anchorages and laps

Design Model Bond length Concrete strength Bar diameter Lap factor
[EC2] lo*© fa2® (132 - @) / 100 1.0-15
[EC2/NA] lo*© fa2® (132 - @) / 100 1.5-2.0
[ACI14] lp'© fom!/2 0.8orl(@>22mm)| 1.0-1.3
[FIB14] [p-° fom™ (25 / @)°2 1.0
[MC2010] 1605 focl/? (25 | @)°3 0.7-1.0
[PT18] 1,7 fo!’? (20 / @)% 1.0
[ELI79] 1,067 fom,cube™’2 (10 / @)°° 1.0
[BUROO] 15050 fom®/® (10 / @)°° 1.0
[LETO6a] |60 fem?/® - 1.0
[ZU000] Ip1-0 fom®/4 0.78 - @ + 0.22 [in.] 1.0
[CANO6] 15050 fom!/2 - 1.0
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2.10 Limit State of Cracking

2.10.1 Definition of Crack Width

The bearing behaviour of structural concrete elements under bending and tension is
characterised by the development of cracks. Cracks impair the structural elements’
aesthetics, but contribute to the utilisation of the material properties of concrete and
reinforcing steel. Only in case the crack widths exceed certain limiting values, the
cracks impair the durability and bond strength of structural concrete elements. [EC2]
provides values for the calculated crack widths wy that depend on exposure classes.
The limiting value should be established accounting for the proposed application and
type of the structure as well as for the costs of crack limitation [EC2].

Even satisfying the detailing rules according to [EC2] cannot prevent single cracks that
exceed the calculated crack width. The rules for crack control shall not guarantee the
explicit compliance of a defined crack width, but avoid the occurrence of single large
cracks [EC2]. The exact crack width can hardly be calculated, since the existing crack
models include simplifications, loads as well as materials are not perfectly distributed
and the execution quality is not constant [DEU12].

For the evaluation of crack widths, the distribution of crack widths along the crack
length as well as along the structural element length has to be considered. While the
reinforcement reduces the crack width in its vicinity, the crack width increases at
increasing distance from the reinforcement. According to the GUIDE TO GOOD
PRACTICE FOR CRACK MEASUREMENTS published by the German Society for Concrete
and Construction Technology [DEUO06], the value wy calculated according to [EC2]
equations does not correspond to the crack width at the concrete surface, but conforms
with a mean crack width over the effective depth of the reinforcement. Therefore, the
crack control procedure can only control the crack width in the vicinity of the
reinforcement in bond [EC2] (cf. Figure 2-23, left).

x

E local course: 602 / /
ey : 7
@ | to reinforcemen y orthogonal tc
Q _ o | | course
<« + >w, I——F global course: 90> c?fct?le o
3 T  toreinforcement | parallefto
A reinforcement

- I

Figure 2-23 Calculated crack width wi (left) and crack measurement parallel to reinforcement versus
orthogonal to crack course (right)

The GUIDE TO GOOD PRACTICE [DEUO06] defines the crack width weest as the distance
between the two edges of the crack measured orthogonally to the course of the crack at
the concrete surface. It is not clear whether the local or the global course of the crack
is meant (cf. Figure 2-23, right). The direction of the measurement however influences
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the resulting value of the crack width. Measuring cracks orthogonally to the locally
inclined crack gives a smaller crack width than measuring parallel to the tensile
reinforcement (cf. Figure 2-23, right).

Since the crack width is not constant over the crack length, the crack width shall be
measured at several locations. According to [DEUO6], the recommended spacing for
the measurement should not exceed the mean stirrup spacing in the structural element
and all visible cracks exceeding 0.05 mm shall be measured.

Bending crack widths are not constant over the crack depth but decrease in the
direction of the compression zone (cf. Figure 2-24). In structural elements under
bending, the crack width should therefore be measured at several locations along the
perimeter of the effective area of the reinforcement. When calculating characteristic
values from the crack measurements, the number of measurements affects the results.
The smaller the number of measurements, the larger the characteristic crack width.
MARTIN ET AL. [MARS8OQ] found that the statistical distribution of bending cracks is
wider than the distribution of direct cracks.

%%/ ) .E. ®
F 3= F ° 5
R o —> 5 g
o|T & <
SR, %
continuous cracks crack length = bending cracks
perimeter crack length

Figure 2-24 Front view and cross-section with crack formation in structural members subjected to
direct tension (left) and bending (right)

[MC2010] defines the calculated crack width wyq as the crack width at the height of the
reinforcement. The crack width in the extreme fibre wqex may be calculated from:

h—X (2-64)

Wi ex = Wy 'd—X

With
X height of the compression zone

Because [EC2] considers the crack width wx as a mean value over the effective depth,
crack width measurements at the extreme fibre, at the height of the reinforcement and
at the effective height hcefr are reasonable. The location of the crack measurement has
to be considered in the crack width evaluation (cf. Figure 2-25, right). Measuring crack
widths at a distance corresponding to the stirrup spacing (in accordance with
[DEUO06]) in wide elements under bending, results in large crack widths, since several
cracks are measured in the extreme fibre of the cross section (cf. Figure 2-25, left).
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Figure 2-25 Crack measurement locations according to [DEUOQ6] (left)) and [DEU12] (right)

2.10.2 Crack Phases in Structural Concrete

Cracking of structural concrete elements can be distinguished in two phases: the crack
formation phase and the stabilised cracking phase. Crack formation starts as soon as
the tensile strength of the concrete is reached. With increasing load, the stiffness of the
structural element decreases and the number of cracks stabilises. Figure 2-26 shows
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the strain state in both phases of reinforcement and surrounding concrete.
j : j
| | |
| | I
| : I
I I l I
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______________________________ - €y
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Figure 2-26 Crack formation phase (left) and stabilised cracking phase (right) (reproduced from
[zIL10])

Where

It development length

Srmax Maximum possible crack spacing

€m  Mean concrete strain along crack spacing

esm  Mmean steel strain along crack spacing

€t  concrete strain

esr1  Steel strain halfway between the cracks in the crack formation phase

esr2  Steel strain at the location of the crack in the crack formation phase

Aesr  difference between steel strain at the crack and halfway between the cracks in
the crack formation phase (Agsr = &sr2 — €sr1)

€2 steel strain at the location of the crack in the stabilised cracking phase

Bt coefficient for strain function
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The crack width can be calculated from the crack spacing and the difference in steel
and concrete strain. At the crack formation phase, the concrete and steel strain between
the cracks have the same value. The crack spacing is greater than twice the
development length Ix.

o, D
21

22 = (2-65)

sm

Where o5 is the steel stress after cracking. The steel stress os> cannot exceed
fct * Es/ Ec.

The difference in steel and concrete strains during the crack formation phase is:

Gsz

E

S

€m ~€cm :<1_Bt)'

(2-66)

Where B is 0.6 for short-term loading and 0.4 for long-term loading.

At the stabilised cracking phase, the concrete stress oc between the cracks remains
below the tensile strength of concrete f... The crack spacing varies between |t and 2 - I..
A new crack occurs, when the cracking force F: is transferred over ..

e . O

S =2-1.=2- &~ 2-67
e t Tsm - Us 2- Tsm “Pseff ( )
The difference in steel and concrete strain at the stabilised cracking phase is:
c f
€m ~€cm :ELZ_Bt';tE'(1+a'ps,eﬁ) (2-68)

s seff " s

2.10.3 Models for the Calculation of Characteristic Crack Spacing

Models for the calculation of crack width can be distinguished in classical and
continuous models. While classical crack models consider the stabilised cracking
phase only, continuous crack models consider both the crack formation and the
stabilised cracking phases. The crack theory given in DIN 1045-1 [DEUO0S8], [EUR91]
and [EC2] belongs to the classical crack theory that has been described by REHM AND
MARTIN [REH68], ScHIERL [SCH98a] and MARTIN ET AL. [MARS80] in German
literature. The continuous crack theory given in DIN 1045 [DEUS88], [MC90] and
[EC2/NA] was also described by KONIG AND TUE [KOE96].

The tensile stresses have to be transferred from the reinforcing bar into the concrete.
Close to the crack location, the bond between reinforcement and concrete is disrupted
over a length depending on the concrete cover. The crack spacing depends on the
length of the disrupted bond commencing from the crack and accordingly on the
concrete cover (cf. Figure 2-27).
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Figure 2-27 Disrupted bond length at cracks in elements under tension or bending (adapted from
[zIL10])

Several authors (e.g. [REH68], [MARS80]) and [EC2] consider the concrete cover by
an addend to equation (2-67):

1]

ps,ef‘f

=k, -c+Ky Ky (2-69)

Sr,max

Where kj is a factor for the disrupted length, ko is a factor for the bond strength and ks
a factor for the strain distribution.

2.10.4 Characteristic Values of Crack Spacing and Crack Width

For the largest possible crack spacing in the stabilised cracking phase, denoted S max,
mean and characteristic values have to be distinguished. The characteristic crack
spacing can be calculated by multiplying the mean crack spacing with a certain
conversion factor or by introducing mean and characteristic values for bond strength.
The crack spacing equations in [EUR91], [EC2] and [MC2010] are based on [REH68]
with

s, =k, s =k, .(50 +0.25-k, -k, -ﬂj (2-70)

pef‘f

Where the factor ki is 0.8 for ribbed bars and k> is 0.5 for bending. The conversion
factor ks is 1.7, which corresponds with a coefficient of variation (COV) Vy of 40 %
with

Stk = Sg506 = Srm '(1"' Kosos - V,

X

)=Sy-(1+1.645-04)=s, -1.7 (2-71)

The original EUROCODE 2 published in 1991 [EUR91] comprises the same conversion
factor designated 3. For load induced cracking, B equals 1.7. The characteristic crack
spacing is given by
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%)
Srk,ENV :B'Srm :B'(50+0.25'k1'k2'p ] (2-72)
eff

The crack spacing according to [EC2] follows from
Sy ey =34-C K, k,-0.425. 2 (2-73)
Pett

This equation also corresponds with the formulation according to [REH68] with a
conversion factor of 1.7 for the transformation from mean to characteristic crack
spacing when a concrete cover ¢ =25 mm is assumed (3.4 - ¢ =85 mm = 1.7 - 50):

SikEC2 =1.7-(50+0.25-k1-k2 2] (2-74)

peff

The [EC2] crack spacing is thus a characteristic crack spacing derived from the mean
crack spacing and the conversion factor 1.7. According to equation (2-71), this factor
corresponds with a 95% quantile and a COV of 40%.

A conversion factor for the calculation of characteristic values can also be found in
[MC90] and [EC2/NA]. The following crack spacing equation for stabilised cracking
is given in [MC90] and [EC2/NA].

fct -0

Stmcoo = Sienap =271 = ﬁ (2-75)
sm s,eff

Applying the bond strength tsm = 2.25 - fet results in the mean crack width, while a
bond strength wsm = 1.8 - fet represents the characteristic value of the crack width as
75% quantile [MC90]. Thus, the relation between mean and characteristic value is
2.25 /1.8 =1.25. Accordingly, the crack spacing defined in [EC2/NA] and [MC90] is
a characteristic value calculated from the mean value multiplied with a conversion
factor of 1.25 instead of 1.7. The factor 1.25 approximately corresponds with a COV
Vx of 40 % with

Stk = S759 = Srm '<1+ K7so6 - V,

) =Sm - (1+0.675-0.4) =s, -1.27 (2-76)
The procedure for statistical analysis of crack width measurements is not clearly
defined in codes or guidelines. From the literature review, the following coherence
was identified:

— The crack spacing si according to [EC2] is a characteristic crack spacing equal
to 1.7 - sim. The factor 1.7 corresponds with a 95%-fractile value and a COV of
40%.

— The crack spacing s according to [EC2/NA] and [MC90] is a characteristic
crack spacing derived from 1.25 - sim. The value 1.25 corresponds with a
75%-fractile value and a COV of 40 %.
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2.10.5 Statistical Distribution of Crack Widths

For a statistic evaluation, the probability distribution of the sample and the desired
confidence level have to be defined. The quantiles can be obtained with equation
(2-77) for a normal distribution or with equation (2-78) for a log-normal distribution.

Xk =My - (1 +kn - Vx) (2-77)
Xk=my-exp (u+ kn - 0) (2-78)

The symbols are given below. The kn-factors depend on the required quantile, the
number of measurements, the probability distribution of the population and the desired
confidence level.

Quantile values of crack measurements can be calculated from those tabulated
kn-factors given in DIN ISO 16269 [DEU14]. These tables are valid for the normal and
log-normal distributions. BERGMEISTER [BER99] found in a y2-test that the crack
spacing has a log-normal distribution, while the crack width has a gamma distribution.
The tables given in [ECO] for the calculation of characteristic values were derived
from Bayesian procedures with vague prior distributions [ECO] and can therefore not
be compared exactly to the classic statistical analysis. For simplification, the
evaluation of crack measurements in chapter 3 was accomplished with log-normal
distributions for crack spacing and crack width. When presuming a log-normal
distribution, the logarithmised crack widths have a normal distribution. The mean
value my, the standard deviation sy, the COV Vi and the quantile values X« of the
crack width can be calculated with equations (2-78) to (2-81).

2
m, =exp (M + %] (2-79)

s, = exp(p+%2j-,/exp(cz)—l (2-80)
V, () =7 = Jexp(o”) -1 (2-81)

X

Where p and o are the mean value and the standard deviation of the logarithmised
measured crack widths In(Wiest).

2.10.6 Evaluation of Crack Width Measurements in Literature

In the numerous published crack investigations, the crack width has certainly been
measured in different locations (extreme fibre or at the height of the reinforcement)
and in different directions (orthogonally to the local course of the crack or parallel to
the reinforcement under tension). Besides different methods for practical crack
measurements, two different definitions of 95% quantile values have been found in
literature.
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Some authors define the 95%-quantile of a measurement as the crack width that only
5% of the measurements exceed [DEUO6], [EMP16]. This definition disrespects the
number of measurements, the statistical distribution of the sample and the COV. Other
authors use a statistical analysis as described above to calculate the 95%-quantile from
the crack width sample. [MARS80], [REH68], [EC2], [MC2010] and their preceding
documents are based on such statistical analyses. The two definitions of quantile
values may lead to the same results depending on the number of measurements, the
statistical distribution and the COV V.

KONIG AND TUE [KOE96] directly compare mean crack widths instead of 95%-
guantiles. Since many test reports give mean values only, they determine the mean
calculated crack width of their crack model from the maximum crack width. The
conversion is done based on the mechanical crack model rather than on a statistical
analysis.

Since the crack width wg according to [EC2] is calculated from a 95% quantile for
crack spacing, the crack width is larger than the crack width wg according to
[EC2/NA], which is calculated from a 75% quantile for the maximum crack spacing.

2.10.7 Acceptance Criteria for Measured Crack Widths

For the evaluation of mean and quantile values from crack width samples, acceptance
criteria have to be applied. The GUIDE TO GOOD PRACTICE [DEUO06] defines
permissible percentages of exceedance of the allowable crack width. The evaluation of
maximum exceedances of single measurements should be done with engineering
expertise. For the durability of the structure, single crack widths shall not exceed
0.4 mm to 0.5 mm [DEU12]. Based on the capability of the crack width equation
[DEUO0G] gives the following permissible percentages of exceedance:

o Wik =0.4 mm (maximum 5 % exceedance)
e Wi = 0.3 mm (maximum 10 % exceedance)
o Wik =0.2 mm (maximum 20 % exceedance)

In this case, the 95%-quantile of the crack width sample is defined as the crack width
that only 5% of the measurements exceed disrespecting the number of measurements,
the statistical distribution and the COV.

SCHIERL [SCH98a] recommends that mean values of the data set of crack
measurements must fall below the defined limiting value wmax and that the largest
crack width, defined as the 95%-quantile of the sample may not exceed the limiting
value by more than 30 % (Wiest,95% < 1.3+ Wmax). The 95% quantiles are determined by a
classic statistical analysis.
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2.10.8 Crack width for Different Bar Diameters

Where a combination of bar diameters is used in a section, the different bond
behaviour of the bar diameters must be taken into account. According to [EC2], an
equivalent bar diameter @eq should be used in this case. For a section with n; bars of
diameter @; and ny bars of diameter @, the following expression shall be used in
equation (2-69)

_n-@+n,-&
@, +n,-O,
The same equivalent bar diameter @eq shall be used according to [MC2010].

]

(2-82)

2.10.9 Crack Width in Reinforcement Laps

Besides considering the maximum reinforcing bar stress, laps should be evaluated
concerning the crack formation. Transverse cracks develop due to tensile loads and
longitudinal cracks develop due to bond forces in the lap zone. Transverse crack
widths at lap ends are always larger than in the undisturbed zone. The crack widths in
the lap are smaller than the crack widths in the undisturbed member, since the
reinforcement ratio is higher in laps. While the crack control for structural concrete
elements is regulated in [EC2], detailed information on the permissible crack width at
lap ends is not given. The cracks at lap ends develop due to the stiffness change and
the slip of the tensile reinforcement in the lap. At high forces and small concrete cover,
longitudinal cracks occur, which commence from the highly utilised lap ends. The
longitudinal crack width can be controlled effectively by transverse reinforcement, but
not prevented.

T
& | lap length | A | | lap length

Figure 2-28 Typical crack formation between the supports in four-point bending tests with laps at
steel stress between service loads and ultimate loads

Many reports on laps in reinforced concrete elements have been published, but little
test numbers with measured or documented crack widths at lap ends are known.

BETzLE [BET81] conducted four-point bending tests with laps and documented the
crack width at the lap ends. Up to the allowable bending moment Mai, BETZLE
observed bending cracks only. Longitudinal cracks developed at loads above Maii.. The
crack width at the lap ends was 30 % to 50 % above the undisturbed bending zone for
16 mm and 28 mm bars. For large bar spacing and small bar diameters, the crack width
at the lap end corresponded with the crack width in the undisturbed bending zone. Test
specimens with increased lap length had larger crack widths at the lap ends than
shorter laps [BET81].
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ELIGEHAUSEN [ELI79] gives a model for the calculation of crack width at lap ends
based on the crack width in the undisturbed element and the reinforcement slip in the
lap.

The crack width we at the lap end is the sum of the slip of the reinforcement in the lap
and the steel deformation outside the lap [ELI79]. The slip at the lap end can be
calculated from the slip at the lap centre plus the slip of the bar and the surrounding
concrete. At the lap end, the slip of the bar sie and the surrounding concrete equals half
the mean crack width wm in the undisturbed element. The crack width at the lap end is

Wie = S1e + 0.5 - W, (2-83)

The slip is the difference between steel and concrete deformation and can be
calculated from

s(x)=s, +Ts$ ~dx—TsC -dx (2-84)
0 0

ELIGEHAUSEN [ELI79] solved the differential equation numerically with a linear
multistep method. The step length was Ax < 0.1- @. The unknown boundary conditions
(steel stress, deformations and crack width if cracks are located in the lap) and the
crack width w were varied until the difference of the steel stresses fell below a defined
limit. In long laps and for small steel strain, only the outer parts of the lap length
contribute to the load transfer, while the lap centre acts like a beam with doubled
reinforcement ratio.

ELIGEHAUSEN [ELI79] recommends accepting crack widths at lap ends that are 25%
larger than the crack width limits wiim for the 95%-quantiles. The derived acceptable
crack widths at lap ends are

e We <0.25 mm for wiim = 0.2 mm

e We <0.38 mm for wiim = 0.3 mm

e We <0.50 mm for wiim = 0.4 mm

The crack widths in structural concrete members with laps can therefore be evaluated
by the general crack width acceptance criteria defined in codes (e.g. [EC2], [EC2/NA],
[MC2010]) by the criteria defined in the guide to good practice [DEU06] and in
[SCH98a] and by the explicit crack width acceptance criteria for laps defined by
[ELI79].

Strain in Reinforcement Laps

The reinforcement strain in laps comprises both the strain decrease by the load transfer
from one bar to the other and the strain development between transverse cracks. The
strain at a crack &crack Within the lap is

e e X - & (2'85)

crack — ©s2,end _I_ s2,end
0

53



With
€s2.end Reinforcement strain at the lap end
X Position in the lap starting from the lap end

Test results have shown that the reinforcement strain is rather constant in the inner
third of the lap length. The load transfer takes place at the lap ends while the inner
length does not contribute to the load transfer. This changes as soon as the lap length is
very short or in case the bond has been deteriorated at the lap length and the inner part
of the lap is activated. While the real strain distribution in the lap is non-linear
[BUROO], the function can be approximated with a linear decrease having a plateau at
the lap centre, with tri-linear or non-linear functions.

Ssa

/3 21,3

Figure 2-29 Tri-linear strain function in a lap considering cracks

In the stabilised crack phase, the structural concrete member remains uncracked
between the cracks. The strain between the cracks reaches the values of the cracked
state in the cracks only (cf. Figure 2-29, right). The strain in the lap between the cracks
can be calculated with equation (2-86).

X X
€ = €spend ~ I_ "€s2end ~ 0.6- (Ssrz - Ssrl) ) I_It (2-86)
0 t
With
esr1 Steel strain between the cracks at crack formation
8srl :Sct (2-87)
esr2  Steel strain in the crack at crack formation
Ac eff 'fct
gy =— " -
sr2 As . ES (2 88)

Xt position between the cracks commencing from the crack
It transfer length or half the crack spacing

The bond strength in the lap can be derived from the strain difference as follows

T, = Q- Es '(ss,i _Ss,ifl)
4.1,

(2-89)
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3 Bond tests

3.1 General

The bond behaviour of reinforcing bars with large diameters was investigated by
means of 44 beam-end tests, twelve anchorage tests at simply supported beams and 17
four-point bending tests with lapped bars. The bond stress-slip relationships of the
reinforcing bars and the crack formation in the bond zone were determined in beam-
end tests. Six test specimens were cast to test the anchorage at each side resulting in
twelve anchorage tests. Lapped splices were investigated by three reinforcing bars
lapped in the constant bending moment zone of four-point flexural tests. Besides the
determination of the bond stress, crack widths and deformations were measured. The
test programmes conducted during the AiF projects 16992 N and 18821 N funded by
the German Federation of Industrial Research Associations are described in more
detail in [HEG15] and [HEG18]. Drawings of all test specimens are provided in the
annex A.2.

3.2 Materials

For the specimens of tests under bending and most beam-end tests, ready-mixed
concrete was used. For some beam-end tests, the concrete was mixed in the laboratory,
while the same concrete mixture was used in both cases (Table 3-1). The mean
concrete properties are given in the appendix.

Table 3-1  Concrete Mixture
Cement |Water Supe_r-_ Aggregate Aggregate Aggregate Aggregate
[ka/m? |[kg/md] plasticiser |(sum) 0-2 2-8 8-16
[kg/m3] [kg/m3] [kg/m3] [kg/m3] [kg/m3]
285 180 1.0 1869 748 467 654

In the beam-end and lap test specimens, the lapped longitudinal reinforcement was
located at the bottom of the formwork to generate good bond properties. During
testing, all test specimens were placed upside-down for a simpler crack observation.

All reinforcing bars were customary reinforcement of class B5S00B. In [DEUQ9], the
relative rib area fr is defined as 0.052 for @ 10 mm reinforcing bars and as 0.056 for
reinforcing bars of @ 20 mm and larger. These values are usually exceeded due to the
manufacturing process. The relative rib areas of the large diameter bars was between
0.06 and 0.08. The appendix gives an overview of the measured relative rib areas and
mean steel properties.
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3.3 Beam-End Tests

3.3.1 Test-Specimen Dimensioning and Test-Setup

The bond strength of large diameter bars was investigated by 22 beam-end test series
with two tests each. The effects of bar diameter, concrete strength, bond length and
confinement were tested.

The specimens were tested according to [AST15], but modified by choosing all
dimensions depending on the investigated reinforcing bar diameter. For comparability,
the angle of the strut in the test specimen was kept constant for all bar diameters. The
test specimen height was h = 14 - @, the length | = 20 - @ and the width b =8 - @ (cf.
Figure 3-1).
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Figure 3-1 Beam-end test specimen dimensions, typical front and top view (left) and cross-sections
for BET-1 to BET-22 (right)

For comparability with pull-out specimens from literature, the bond length was
lb=5-@. The chosen bond length is sufficiently short to presume a constant bond
strength over the bond length and sufficiently long to avoid large scatter in test results.
To preclude cone type concrete failure at the load application, the unbonded length
lub =5 - @ was chosen in accordance with [WIL13].

The test specimens contained additional reinforcement for the load transfer from the
bond zone to the support at the rear part of the test specimen. This reinforcement was
adopted from [AST15]. Most beam-end test specimens contained stirrups in the bond
zone also used as shear reinforcement. To provide shear reinforcement in the test
specimens without transverse reinforcement in the bond zone according to [AST15],
the stirrups were turned by 90°. The stirrup spacing in the bond zone conformed with
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the stirrup spacing in the lapped splices in the four-point bending tests.

For the eccentric loading of the beam-end test specimen in this test setup, a vertical
support is necessary to carry arising forces from the generated bending moment. The
test specimen has a planar support on the lab floor and a reaction plate on the rear top
(cf. Figure 3-2). This reaction plate was supported by a cross-beam anchored with
threaded bars in the floor. A compression reaction plate was positioned at the bottom
of the test-specimen front. The dimensions of the front and top reaction plates were
determined in dependence on the investigated bar diameter.

l reaction plate 50

|

reaction
plate

39,

Figure 3-2 Photograph of beam-end test setup (left) and test specimen drawing with reaction plate
dimensions (right)

3.3.2 Test Parameter

Table 3-2 gives an overview of the conducted test-series with two tests per series.
BET-1 was the reference test specimen with 30 MPa concrete strength, bar diameter
40 mm, 60 mm concrete cover (1.5 - @) and a bond length of 5 - @. The test series
BET-2 and BET-3 were conducted with increased concrete strength. Different bar
diameters were tested in the test series BET-4 (10 mm) to BET-6 (50 mm) and
BET-22 (28 mm). For test BET-7, the concrete cover was decreased from 1.5 - @ to
1.0 - @. Test series BET-9, BET-20 and BET-21 were conducted to investigate the
effect of transverse pressure on the bond behaviour. The effect of bar spacing was
tested in BET-10 and BET-11 with two reinforcing bars tested in one test specimen
with a bar spacing of 2 - @ and 4 - @, respectively. The width of the test specimens
was 12 - @ and 14 - @, respectively. Test series BET-12 was conducted with bent
reinforcing bars. The bar distance was 4 - @ and thus corresponds with BET-11. To
investigate the effect of different bond lengths in BET-17, the bond length was
increased from 200 mm (5 - @) to 400 mm (10 - @).

For the large number of transverse reinforcement rules in [EC2], the effect of
transverse reinforcement was investigated by several beam-end tests. The reference
test specimens BET-1 and BET-13 had two 14 mm stirrups with a 140 mm spacing in
the bond zone. During the conducted beam-end tests, the effects of stirrup diameter
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(BET-8, BET-16 and BET-18), stirrup spacing (BET-14 and BET-19) and surface
reinforcement (BET-15) were investigated.

Beam-end tests BET-1 to BET-12 were conducted with reinforcing bars from the
rolling mill Annahiitte while tests BET-13 to BET-22 were conducted with reinforcing
bars from the rolling mill Badische Stahlwerke. For a comparison, BET-13 was tested

with the same parameters as BET-1.

Table 3-2 Test parameter of the beam-end tests

Test @ fem Ast Ast/As c Bar number

[mm] [MPa] [mm] [-] [-] [-]
BET-1 40 mm 36.5/29.3 | @14/140 1.0 15 @ 1
BET-2 40 mm 55.4 @ 16 /150 1.0 1.5 @ 1
BET-3 40 mm 104.0 @16/120 1.0 15 @ 1
BET-4 10 mm 34.0/39.6 @6/40 1.0 1.5 @ 1
BET-5 20 mm 35.7/36.5 @8/90 1.0 1.5 @ 1
BET-6 50 mm 29.9 @16 /130 1.0 1.5 @ 1
BET-7 40 mm 32.0 @ 141140 1.0 1.0-9 1
BET-8 40 mm 34.3 @10/ 140 0.5 1.5 @ 1
BET-9Y 40 mm 38.2 @ 14/ 140 1.0 15 @ 1
BET-10 40 mm 36.4/41.8 | @14/140 1.0 15 @ 2
BET-11 40 mm 37.3 @ 141140 1.0 1.5 @ 2

BET-12 40 mm 29.5 @ 141140 1.0 1.5 @ 2 (bend)
BET-13 40 mm 30.5 @ 141140 1.0 15 @ 1
BET-14 40 mm 50.5 0 15 @ 1
BET-15 40 mm 50.4 surf 150 1
BET-16 40 mm 31.1 |@16/140surf| 1.0 15 @ 1
BET-17? 40 mm 31.1 @ 141140 1.0 1.0- @ 1
BET-18 40 mm 505 |@10/140surf| 05 1.5 @ 1
BET-19 40 mm 50.5 @8/80 0.5 1.5 @ 1
BET-20Y 40 mm 37.7 |@14/140surf| 1.0 15 @ 1
BET-21Y 40 mm 37.7 surf 0 15 @ 1
BET-22 28 mm 51.0 @8 /80 1.0 1.5 @ 1

U transverse pressure
% pond length I, =10 - @
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3.3.3 Measurements and Test Procedure

The pull-out force generated by the hydraulic cylinder, the slip between the concrete
and the reinforcing bar at the loaded and unloaded sides as well as the crack formation
in the transverse and longitudinal directions on the test-specimen top were
continuously recorded with displacement transducers (cf. Figure 3-3). During the tests
with two reinforcing bars (BET-10 to BET-12), the steel strain of both bars was
measured with additional displacement transducers. In tests BET-8 to BET-12, the
stirrup strain was measured with strain gauges.

LVDT for transverse crack
4.5.

LVDT unloaded
end

LVDT loaded
end

LVDT for longi-
tudinal crack

Figure 3-3 Drawing of displacement-transducer (DT) position (left) and photograph of DTs in test
BET-13-2 (right)

The reinforcing bars were pulled load-controlled with hydraulic cylinders until the slip
at the unloaded side of the bond zone reached 5 mm. The loading rate of the beam-end
tests was Ac = 40 MPa/min. This rate correlates with [RIL83] and [AST15] as
described in [HEG15].

3.3.4 Test Results

The bond strength was proportional to fa?® (cf. Figure 3-5). Since the concrete
strength attains values between 26.4 MPa and 38.2 MPa, the bond strength values are
given normalised with the factor (38 / fom)?°. The bond strength 7o is the bond stress
measured at 0.1 mm slip and tmax iS the maximum bond strength with the
corresponding slip smax. All slip values discussed in this chapter are slip values at the
free end of the bar. Table 3-3 gives the mean bond strength of the beam-end test series.
The following diagrams show comparisons with codes, where the calibration factors
for bar diameter were set to 1.0. All bond strength slip relationships are documented in
[HEG15] and [HEG18].
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Table 3-3  Bond strength at 0.1 mm slip, maximum bond strength, slip values at maximum bond
strength (at free end of reinforcing bar) and corresponding coefficients of variation V;
obtained in two beam-end tests each

7 7
Test Parameter) | T {%} Vi1 | T {éﬁj Vzmax Smax Vsmax
[MPa] [%] [MPa] [%] [mm] [%]

BET-1 |@=40 mm, C30,

(reference) c=15-9@ 9.3 9.3 11.8 10.2 0.61 26.7
BET-2 | fum=55MPa 8.0 1.6 11.1 5.6 0.63 4.5
BET-3 | fm=104 MPa 8.7 2.7 9.4 11.1 0.75 75
BET-4 @ =10 mm 8.7 26.8 14.4 17.0 0.66 42.4
BET-5 @ =20 mm 10.8 23.8 14.6 13.9 2.20 80.9
BET-6 @ =50 mm 9.5 0.1 11.8 1.4 0.56 10.1
BET-7 c=10- @ 8.4 - 9.7 0.0 0.54 -
BET-8 | ZA«WA=0.5 8.8 - 10.3 0.0 0.49 -
BET-9 | pmax=6 MPa 11.0 1.2 16.2 2.8 1.92 86.0
BET-10 | n=2,a=2- @ 5.1 22.4 6.9 15.0 0.53 72.8
BET-11 | n=2,a=4- @ 7.0 4.1 9.2 1.7 0.65 19.0
BET-12 | bend, a=4- @ - - 8.1 7.4 0.54 2.1
BET-13 reference 9.3 6.7 11.5 0.7 0.54 22.5
BET-14 YA/A=0 8.1 0.4 10.2 8.7 0.51 13.9

BET-152 | XIAW/A=0 8.3 75 10.6 0.4 0.40 10.6
BET-162 | ZA4/A=1.3 11.2 4.8 13.8 0.7 0.73 17.4
BET-17 l,=10-@ 7.8 9.7 10.8 1.6 0.73 1.9
BET-18? | ZA«/A~=0.5 8.6 5.4 11.0 9.8 0.49 7.3
BET-19 | XAW/A=05 8.2 5.5 11.7 14.9 0.69 21.7
BET-20? | pmax=10 MPa 17.2 11.9 26.7 0.9 2.60 48.4
BET-21? | pmax=12 MPa 15.6 - 30.7 - 1.54 -

BET-22 | @=28mm 8.5 6.0 12.2 15.8 0.51 26.6

D Unless otherwise stated: @ = 40 mm, ¢ = 1.5 - @, ZAq«/ As= 1.0 if positioned likewise along a lap
according to chapter 3.4 (o = 1.5: lo = 1310 mm with 8 stirrups @ 14 mm positioned at the outer
thirds of the lap with a spacing of 140 mm, 8 - 1.54 cm? / 12.56 cm? = 1.0)

2 With surface reinforcement
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The maximum bond strength was reached in BET-3-1 with tmax = 22.1 MPa at a
cylinder compressive strength of 104 MPa. The corresponding rebar stress was
440 MPa. Hence, the reinforcing bars in the beam-end tests were loaded well below
their yield strength.

Crack Formation

Firstly, a crack at the unloaded end of the bond length I, developed perpendicular to
the reinforcing bar during the beam-end test (cf. Figure 3-4, crack 1). Secondly, a
crack parallel to the reinforcing bar developed from the loaded side of the bar to the
unloaded side (cf. Figure 3-4, crack 2).The transverse crack proceeded on the side of
the test specimen diagonally to the bottom front side of the test specimen (cf. Figure
3-4, crack 3). Moreover, diagonal cracks in the direction of the rear support appeared
on the top side (cf. Figure 3-4, crack 4). Only just before bond failure, radial cracks
were observed at the front side of some test specimens.

Figure 3-4 Top-view of BET-1-1 with scheme of crack formation (left) and 3-D crack scheme (right)

The longitudinal and transverse cracks were smaller than 0.1 mm for a reinforcing bar
stress of 160 MPa. When the maximum reinforcing bar stress (about 200 MPa) was
reached, the longitudinal cracks were 0.2 mm and the transverse cracks about 0.4 mm
wide. The service stress at about 320 MPa, where the crack width was measured
during the four-point bending tests, was only reached in beam-end tests with high
strength concrete (BET-2 and BET-3).

Effect of Compressive Strength

The maximum bond strength was rather proportional to fu?® as proposed in [EC2]
than to fcm®2° as proposed in [MC2010]. In contrast, the bond strength at 0.1 mm slip
corresponds with a lower exponent. Figure 3-5 gives a comparison of tests results with
the bond strength according to equation (2-10) [EC2] and equation (2-39) [MC2010].
The bond strength foe in the model according to [EC2] was calculated for a mean
tensile concrete strength fcim. The coefficients for bar diameter, cover and transverse
reinforcement according to [EC2] and [MC2010] were taken into account in the
equations. The cover ¢y = 1.5 - @ increases the calculated bond strength in comparison
to the minimum concrete cover ¢y = 1.0 - @. To enable the comparison of results for
the evaluation of other influencing parameters, the bond strength was normalised with
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Tinorm. = Titest - (38 / fom )?® corresponding with [EC2]. A bond strength plateau observed
in tests with high strength concrete was described in [HEG15].

25 25 : . . .
20 ¥ with surface reinforcement 20 | ¢with surface reinforcement |
T '
o ~
: I oo
510 el x. _— g 104+ _~x -
pat R / EC 3 .. / EC
e = —
5 = ® 5 ~
0 e . T
0 20 40 60 80 100 0 20 40 60 80 100
concrete strength f_,, [MPa] concrete strength f,,, [MPa]

Figure 3-5 Effect of concrete compressive strength on bond strength at s = 0.1 mm (left) and at Tmax
(right) in comparison with design bond strengths according to [EC2] and [MC2010]

Effect of Bond Length

The bond strength averaged over the bond length decreased with increasing bond
length. The decrease was 16 % for the bond strength at 0.1 mm slip for a bond length
of 10-@ (BET-17) compared to 5-@ (BET-1). The maximum bond strength
decreased by 9 %.

Effect of Bar Diameter

To investigate the effect of bar diameter, beam-end tests with reinforcing bar
diameters of @ 10 mm, @ 20 mm, @ 28 mm, @ 40 mm and @ 50 mm were conducted
with a concrete cover ¢y = cx = 1.5 - @. Beam-end test BET4-1 with a 10 mm
reinforcing bar had a pull-out failure with an intact concrete cover. Beam-end test
BET4-2, also reinforced with one 10 mm bar, had a splitting failure with the described
crack formation, but the crack width was much smaller than for bars with larger
diameters.

The bond strength slightly decreased with increasing bar diameter (cf. Figure 3-6). The
low bond strength of the 10 mm test specimen at 0.1 mm slip was unexpected, Figure
3-6 thus includes the values obtained in [WIL13] as well. The variation of test results
decreased for larger bar diameters.

The relative rib area did not increase with increasing bar diameter. In contrast to
previous findings [REH61], [MAR73], [STEO7], a bar diameter effect was visible. The
slip at maximum bond strength did not increase for large diameter bars.

A comparison of the bond strength reduction by bar diameter obtained from the beam-
end tests shows that the bond stress at 0.1 mm slip is captured well by the [EC2]
equation for decreasing bond strength m2 = (132 - @)/ 100. The maximum bond
strength of the 10 mm bars conforms with [WIL13], while the bond stress at 0.1 mm
slip is unexpectedly low. Figure 3-6 gives the test results in relation to the mean values
of the 20 mm bar (n2(20 mm) = 1.0). For the bond strength obtained in tests conducted
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by WILDERMUTH [WIL13] tw, the effects of concrete strength, concrete cover cw and
bond length were described with

213 V4 213 14
8) (Cam @) . y_. [(38) (152)* _
W(f_J (WJ Cll) =7 (fJ 3og) <t @D

cm cm

Where the coefficient c(lp) takes the bond length into account. The bond length in the
tests described in [WIL13] was 10 - @. The own tests showed a decrease in bond
strength for increasing bond length from 5- @ to 10 - @. The coefficient for the
consideration of bond length c(lp) was 1.19 for the bond strength at 0.1 mm slip and
1.09 for the maximum bond strength (cf. “Effect of Bond Length”).

15 15 . . .
n,=(132-¢)/100 (EC) n,=(132-¢)/100 (EC)
=10 1.0
S 8
£ £
505 - 805 +— Ms=(25/9)° (MC)
e ] ] !
n2=(20/4)°2 (PT) scWildermuth | n2=(20/9)°3 (PT)
0.0 . . ! ! | 0.0 . . | | i
0 10 20 30 40 50 0 10 20 30 40 50
bar diameter [mm] bar diameter [mm]

Figure 3-6 Effect of bar diameter on bond strength at 0.1 mm slip (left) and on maximum bond
strength (right) (values given in relation to the values for the 20 mm bar) and
consideration of bar diameter in [EC2], [MC2010], [PT18]

Effect of Rib Geometry

The bond strength of the 40 mm reinforcing bars from two different rolling mills with
relative rib areas fr1 = 0.064 and fr2 = 0.079 was comparable [HEG15]. The scatter
within the bond strength of one rolling mill (3 %) was about the same as the scatter
between different rolling mills. Hence, the test results are independent from the
manufacturer of the investigated reinforcing bars.

Effect of Concrete Cover and Bar Spacing

The standard concrete cover ¢ = 1.5 - @ = 60 mm was reduced to ¢ = 1.0- @ =40 mm
in test series BET-7. For both covers, a splitting failure was observed. The reduction in
bond strength with smaller concrete cover was 10 % at 0.1 mm slip and 18 % for the
maximum bond strength. The crack formation was comparable for both covers. The
concrete cover cq defined in codes is the smaller value of bottom and side concrete
cover and half the bar spacing. Figure 3-7 illustrates a comparison between tests BET-
1 and BET-2 with different bottom covers as well as tests BET-10 and BET-11 with
different bar spacing in comparison to the reduction factors given in [EC2] and
[MC2010].
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In case larger concrete covers are chosen, the required bond length lyreq may be
reduced by the coefficient oo =1 - 0.15 - (ca- @) / @. The smallest allowable concrete
cover according to [EC2] is the bar diameter. Figure 3-7 shows that the equation
according to [EC2] is a good approximation to account for the improvement in bond
strength by concrete cover.

1.5 1.5
BEV-1 - BEV-115<y -
. |BEV-2 \:t;L _ |eEv-10 VLS
% 1.0 \._‘;.; / ﬂ’ gl.o \\\I—&Pﬂ’
& _ E
\2_ a, =|(c/d)%5 [MC2010] / £ o, = (C/@)°5[MC2010]
£ 05 o, = 1-0/15-(c-8)/? [EC?] 205 a, = 1-0.15-(c-@)/7 [EC2]
0.0 0.0
0.5 1.0 2.0 2.5 0.5 1.0 2.0 2.5

1.5 1.5
c,/ D[] cs/ (29) []

Figure 3-7 Effect of the concrete-cover to bar-diameter ratio on maximum bond strength (left) and

effect of the bar-spacing to bar-diameter ratio on maximum bond strength (right), values
given in relation to the values for c¢i/ @ = 1.0

When two bars were positioned next to each other, one bond zone failed first, while
the second reinforcing bar still transferred load (BET-10 and BET-11). For the
evaluation of bond strength, the smaller bond strength of the bar failing first is
documented here.

The bond strength at 0.1 mm slip was reduced for two bars with a 2 - @ spacing from
9.3 MPa to 5.1 MPa (45 % decrease) and with a 4 - @ spacing to 7.0 MPa (25 %
decrease) (cf. Figure 3-8). The maximum bond strength tmax was reduced for the
allocation of two bars with a 2 - @ spacing from 11.8 MPa to 6.9 MPa (41 % decrease)
and with a 4 - @ spacing to 9.2 MPa (22 % decrease).
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Figure 3-8 Effect of the bar number on bond strength at 0.1 mm slip (left) and on maximum bond
strength (right)

The bond strength of a single bar obtained in beam-end tests is up to 30 % higher than
the mean bond strength calculated from [EC2]. However, the measured bond strength
of two adjacent bars with the smallest allowable spacing (cs = 2 - @) is comparable to
the values calculated according to [EC2].
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213 .132 mm —40 mm
100 mm

=6.5N/mm? (3-2)

1=225.03-(f,,)

Own investigations and test results described in literature show that the bond strengths
obtained in pull-out tests are well above the bond strengths defined in [EC2]. This
finding also applies to the comparison of calculated mean values that were derived
from the calculated design values in [EC2]. The common clustering of several adjacent
bars positioned at small bar spacing justifies the small bond strengths defined in
[EC2]. The beam-end test results show a strong decrease in developable stress of
reinforcing bars if more than one bar is anchored.

The crack formation for beam-end tests with two adjacent bars corresponds to the
crack formation of the beam-end tests with one bar, but with one longitudinal crack
above each loaded bar. The crack width above the reinforcing bar that failed first was
visibly greater.

Effect of Transverse Reinforcement

The positioning of transverse reinforcement did not increase the maximum bond
strength significantly, but the load did not drop as suddenly as for splitting failure
where stirrups are not present. When the concrete tensile strength is reached within the
cover, the stirrups are activated and enable a bar pull-out.

The increase in maximum bond strength by positioning stirrups was 15 % in case
3 @ 8 mm bars were placed in the bond zone with a 80 mm spacing (BET-1, BET-13
and BET-19 with stirrups, BET-14 without). Unexpectedly, test series BET-8 did not
show any increase in bond strength, although two 10 mm bars with a 140 mm spacing
were positioned in the bond zone (cf. Figure 3-9). [EC2] considers the transverse
reinforcement cross-section, only, even though it is known from previous bond tests
that the stirrup spacing has a significant influence.

15 __ 15
o) —
= 12 . ﬁ 13 0 A
S 9 - 3 EC
= © 140 mm spacing 210 %
X 6 080 mm spacing L;
€ . $
e 3 X surface reinforcement g 0.8 ] 140 mm spacing ©80 mm spacing
O without stirrups © X surface reinf. O without stirrups
0 f 0.5 } 1
0.0 0.5 1.0 0.0 0.5 1.0
transverse reinforcement A /A [-] transverse reinforcement A /A, [-]

Figure 3-9 Effect of transverse reinforcement on maximum bond strength (left) and maximum bond
strength in relation to the unconfined test specimen in comparison with [EC2] without
taking XAt min into account (right)

The required bond length according to [EC2] can be reduced where transverse
reinforcement is positioned. A comparison between measured and calculated bond

65



strength according to [EC2] is given in Figure 3-9 (right). The test results are given
related to the mean value tm astas=0 Of the test series where TA«/As = 0 (BET-14).

Effect of Surface Reinforcement

Although providing additional transverse reinforcement in the bond zone, the surface
reinforcement did not lead to increasing bond strength in test specimens BET-15
without stirrups (cf. Figure 3-10, left). The test results of BET-16 and BET-18 with
stirrups and surface reinforcement were contradictory. While the transverse
reinforcement of the surface reinforcement was positioned directly at the stirrups in
BET-16, the transverse legs were positioned between the stirrups in BET-18 (cf.
Figure 3-10, right). Accordingly, an improved bond behaviour was expected for BET-
18. But when normalising the test results, BET-18 only reached 11.0 MPa maximum
bond strength, while BET-16 had a bond strength of 13.8 MPa.

15 A r " - - FS
— 12 y >
©
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— o with stirrups 375 185 115 175
5 6 T| owithout stirrups i @8 mm
o 3 4| Asurf. reinf. at stirrup : @10 mm
x surf. reinf. between stirrups
0 : : : 430 140 230
0 _ X @14 mm—4
surface reinforcement

Figure 3-10 Effect of surface reinforcement on maximum bond strength (left) and positioned surface
reinforcement in BET-18 (right)

Effect of transverse pressure

For beam-end tests BET-9, BET-20 and BET-21, transverse pressure was generated in
the bond zone by locating the vertical support directly over the bond zone (cf. Figure
3-11). The steel sheet for the test specimen tie-down that indirectly provided the
transverse load had dimensions that correspond with the bond length and the width of
the test specimen (320 mm x 200 mm). The transverse pressure was increased
continuously with the reinforcing bar load and therefore corresponds with the stress
state of anchorages of longitudinal reinforcement at beam ends. The loading of the
cross-beam at the vertical support was measured continuously with one load cell each
at the two threaded bars visible in Figure 3-2. The transverse pressure calculated from
the load cells was:

p=(R+F,)/(b-1,) (3-3)

For the geometry of the beam-end test that is given in Figure 3-11 (left), the sum of the
forces measured by the load cells was expected to be about
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(360+60) mm
240 mm

(3-4)

FE+F =F- =F -1.75
In contrast, the test results showed that the sum of the forces measured by the load

cells was rather equal to 1.05-Fs and conformed with a stress distribution shown in
Figure 3-11 (right)

(360+20)mm
F+F,~F-1.05~F- )
1 2 s s 347mm (3 5)
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Figure 3-11 Test-setup (left) of beam-end test BET-9 with transverse pressure and expected ratio of
bar force Fs to sum of load cell forces F1+F; (left) as well as observed ratio of bar force Fs
to sum of load cell forces F1+F> (right)

For the eccentric loading of the test specimen, the reaction-plate loading was not
uniform but eccentric as visible in Figure 3-11. Therefore, not the entire reaction plate
length 1 was activated to transfer the transverse pressure, instead the geometry of the
test specimen resulted in transverse pressure given by

2.1 2-1 2-1
p:(F1+F2)/(b 3bj2105|:s/(b 3bj:10563As/(bTbj (3'6)

All beam-end tests with transverse pressure were tested with a @ 40 mm bar, where
p resulted in 0.06 - os.

For this modified test setup, no transverse crack appeared at the end of the bond
length. The longitudinal crack parallel to the loaded reinforcing bar was more ramified
than in the tests without transverse pressure. At the front side of the test specimens,
two diagonal cracks proceeded from the reinforcing bar to the top side of the test
specimen and one vertical crack in the direction of the compression plate at the test
specimen bottom (cf. Figure 3-12).

67



Figure 3-12 Crack formation at top (left) and front side (right) in beam-end test BET-9-1 with
transverse pressure

Figure 3-13 (left) gives the maximum bond strength in beam-end tests with and
without transverse pressure. The transverse pressure p = 6.3 MPa in BET-9 lead to a
37 % increase in maximum bond strength. Figure 3-13 gives the ratio of maximum
bond strength of tests with transverse pressure to maximum bond strength without
transverse pressure and the consideration in [EC2].
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Figure 3-13 Effect of transverse pressure on maximum bond strength (left) and maximum bond
strength in relation to the test specimen without transverse pressure (right)

The bond strength reduction for transverse pressure in the bond zone by the coefficient
as = 1-0.04 - p according to [EC2] conforms with the test results without surface
reinforcement. According to [EC2], the compression stress in reinforced concrete
members shall not exceed 60 % of the concrete strength (18 MPa for fcm = 30 MPa).

Beam-end Tests with Bends

Test series BET-12 with a 40 mm reinforcement-bar bend was described in [HEG15].
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3.4 Lap Tests

3.4.1 Test Setup and Dimensioning

The performance of reinforcement laps in highly utilised sections was analysed by 17
four-point bending tests. The test specimen dimensions were chosen for three
@ 40 mm reinforcing bars lapped at the same section. The beam was supported
symmetrically by two supports 3.5 m apart. The length of the beam was necessary to
load the three reinforcing bars in the constant moment zone until their yield strength
was reached. The distance between the lap ends and the support was at least twice the
effective depth in all tests (cf. Figure 3-14).

7.6m
3 1.75 3.5m 1.75 0.3

0

|

¢ >2.d . I , 22-d l
1 1

Figure 3-14 Test setup of four-point bending tests with 40 mm reinforcing bars

Q

Figure 3-15 shows the cross-sections of beam T3 with 1.5 - @ concrete cover and a bar
distance of ¢s = 2.0- @, TS5 with ¢ = 1.0- @ and ¢cs = 4.0 - @, and T7 with surface
reinforcement. The test specimen width is the sum of three lapped splices with @ 40
mm reinforcing bars, the concrete cover and the bar distance. The beam depth was
designed for yielding of the reinforcing before failure of the compression zone.
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Figure 3-15 Cross-sections of beam tests T3 (left), T5 (centre) and T7 (right)

The bond length was calculated for a mean bond strength according to [EC2].

a1, a1, (3-7)
= (XG .

lp =0y -0, 0y 050

m m

With
fbm =225- Nni-nz2- fctm =225- fctm
ouw=o2=az=os=mM1=m2=1.0
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The mean concrete strength fcim and the experimentally determined yield strength fym
was used for the calculation.

3.4.2 Test Parameter for the Lap Tests

Table 3-4 contains an overview of the dimensions of beam test specimens. The lap
lengths were dimensioned without consideration of bar diameter (m2 = 1.0). The lap
factors as were chosen according to [EC2] (as = 1.5) and [EC2/NA] respectively
(OLG = 2.0).

Table 3-4  Concrete strength fcm, dimensions (b/h), confinement and lap length of the beam tests

with laps
Cross- '
Test | fem sec?ist;sn Bar-@ Ieﬁa?ar: q Tr(Z"ijlr?fst;/r?:res-e s,Spt;::r::]% Cé%r\llcérre(t:e f;_catgr Lap length o
(b/h) ment Sst o6

[[1 | [[1| [mm] | [mm]| [%] [-] [mm] | [] [-] [-1 | [m]
T1 |40.2|520/600| 40 100 8@ 14 130 | 159 | 15 [33-@| 131
T2 |32.5|500/600| 40 100 8@ 14 130 | 1009 | 15 (33-@| 131
T3 |33.0[520/600| 40 100 8@ 14 180 | 15-@ | 20 |44-@| 1.75
T4 |59.9(500/350| 40 100 8@ 14 130 | 10002 | 15 |23-@| 093
T5 |34.6(660/450| 40 100 8@ 14 180 | 10009 | 15 [33-@| 131
T6 |39.2(520/600| 40 100 | 149014 90 15-@ | 20 [44-@| 175
T7 |34.5|540/600| 40 100 8@14' | 180 | 15-@ | 20 |44-@| 175
T8 |36.8|650/600| 50 100 | 10016 | 160 | 15-@ | 20 |42-@| 2.07
T9 |40.0|540/600| 40 100 8014 | 130 | 15-@ | 15 (33-@| 131
T 10 | 40.5|540/600| 40 100 8014 | 130 | 15-@ | 15 [33-@| 131
T 11 | 37.3|540/600| 40 100 - - 15-@ | 15 [33-@| 131
T 12 | 33.6 | 540/600| 40 33 8@ 14 100 | 15-@ | 1.15 |25-@| 1.00
T 13 | 32.5|540/600| 40 66 8@ 14 130 | 159 | 15 (33-@| 131
T 15 | 38.4 | 540/600 | 28/40 | 100 6212 | 130 | 1.5-@ [1.0/1.5| 22:@ | 0.90
T 16 | 34.4|540/600 | 28/40 | 100 8@ 14 130 | 15-@ |15/21(33-@| 131
T 17 | 38.3|380/400| 28 100 6d 12 140 | 15-@ | 15 |33-@| 0.90
T 18 | 39.6 | 380/400| 28 100 6212 | 140 | 15-@ | 15 |33-@| 0.90

! surface reinforcement
2 additional reinforcement at lap end

Test T1 was conducted with 1.5 - @ = 60 mm concrete cover and a lap factor o = 1.5.
The lap length resulted in 1310 mm or 33 - @. In test T2, the concrete cover was
reduced to 1.0 - @ = 40 mm. The effect of lap length was investigated by test T3. The
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lap length for T3 was calculated with the lap factor as = 2.0 according to [EC2/NA]
and resulted in 1750 mm or lo = 43 - @. Since the yield strength was reached with lo =
43 - @, this length was chosen in tests T6 to T8, too. To investigate the necessary lap
detailing for shorter laps, tests T9 to T18 were tested with lo = 33 - @.

In all tests, a cylinder compressive strength of 30 MPa was aimed for. Only for test T4,
a cylinder compressive strength of 60 MPa was planned. The remaining parameters for
T4 were equal to test T2 (c = 1.0 - @ =40 mm and as = 1.5). Test T5 was conducted
with increased longitudinal bar spacing.

Stirrups were positioned at the outer thirds of the lap length in all tests. The effect of
smaller stirrup spacing was investigated by test T6. Tests T7, T9 and T11 were
conducted with surface reinforcement as shown in Figure 3-16. In test T11, surface
reinforcement according to [EC2] was positioned, but the test specimen did not
contain stirrups along the lap length.

¥ f ‘

v

N

A A

Figure 3-16 Four-point bending test T7 with surface reinforcement

While in most tests 100 % of the bars were lapped, test T12 was a 33 % lap and T13 a
66 % lap both with three bars in total. Tests T15 and T16 were combined laps with 40
mm and 28 mm bars. The effect of bar diameter was investigated in tests T8, T17 and
T18. Test T8 was conducted with three @ 50 mm reinforcing bar diameters and tests
T17 and T18 with three @ 28 mm bars. For these tests, the beam dimensions were
adjusted (cf. Figure 3-17).

5.6m
0.3 1.25 25m 1.25 0.3
J 0.79m | 0.92m , 0.79m

1 1

Figure 3-17 Test setup of four-point bending tests with @ 28 mm reinforcing bars

3.4.3 Measurements and Test Procedure
For the evaluation of stress developed by bond and of crack formation in the lap zone
during the loading, the following values were measured:

— Hydraulic cylinder load
— Beam deflection by displacement transducers (WA) WA D1 to WA D3
underneath the hydraulic cylinders and at the beam centre (u [mm])
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— Reinforcing bar strain by strain gauges (SG) at the longitudinal reinforcement
along the lap length (&s [%o])

— Transverse reinforcing bar strain by strain gauges (SG) at the stirrups (est [%o])

— Concrete strain with strain gauges Bel to Be4 and displacement transducers B1
and B2 at the concrete surface at the lapped splice, at the supports or between
lap and support (ec [%o])

— Transverse concrete strain with an extensometer with a 100 mm base at the
extreme fibre and at the test specimen side at the height of the longitudinal
reinforcement (&c [%o])

— Slip measurement at the end of the lapped splice with steel rods WA S1 and
WA S2 in tests T1 to T8 (cf. [HEG15])

— Beam rotation with displacement transducers at the beam faces WA V1 and
WA V2

— Crack width with a digital crack magnifier at 160 MPa, 320 MPa and 400 MPa
steel stress (w [mm])

— Crack spacing (s [mm])

Figure 3-18 illustrates the measurements for beam T1.
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WAV2 oo o
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WAD1 8 whp2 L wADS3 ||
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Figure 3-18 Measurement instrumentation for lap test specimen T1

The increase in crack width was measured with a PEAK digital crack magnifier WIDE
STAND MiIcRoO (cf. Figure 3-19, (a)). The possible accuracy of the crack width
measurement with the digital crack magnifier was 0.001 mm. This precision not
necessary in structural concrete elements. While crack widths were measured from
0.01 mm, the following statistical evaluation includes crack widths wider than
0.05 mm only. This bottom limit was defined, since the coefficient of variation (COV)
of the measurement was otherwise well above the standard deviation known from
published crack measurements. This conforms with [DEUOG] requiring a measuring
precision of 0.05 to 0.1 mm for crack width meters and 0.05 mm for crack magnifiers.

The crack widths were measured at sharp crack edges at the concrete surface parallel
to the direction of the tensile reinforcement independently from the local crack course.
However, this agreement influences the measured crack widths.

To evaluate the crack width correctly, the crack width measurement had to be
conducted at exactly the same location, since the crack width is not constant over the
crack length (cf. Figure 3-19, (b)). Therefore, five axes (a-e) were marked with a cutter
line before testing (cf. Figure 3-19, (c)). Three axes (c-e) were on the top side of the
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test specimen above the lapped reinforcement to compare the crack width above laps
positioned in the beam corner and cross-sectional beam centre (cf. Figure 3-19, (d)).
Two axes were located at the test specimen’s side, one at the height of the longitudinal
reinforcement and one at the effective height of the longitudinal reinforcement
heerf = 2.5 - (h - d). A digital photograph of the crack was taken at the intersection of a
crack with the axes at each load level. The crack width was determined using the
software METRIC for the evaluation of the photographs.

Compared to measurements with a crack width meter, this procedure offers the
possibility to review the development of the crack width. All flexural cracks between
the supports of the beam were measured.

1 mm/0.1(px = 0.002) [EEE%

(b) (©) (d)

Figure 3-19 Labelled intersection of crack and measuring axis (a); crack magnifier (b); digital
photograph of a crack (c); axis for measurement (d)

The crack measurement at the height of the reinforcement (80 mm) was close to the
centre of the effective depth (100 mm). To compare mean values over hcerr, the
measurements in axes ¢ to e were averaged. The three crack measurements (axis a,
axis b and mean value of axes c to e) were used for a statistical evaluation in tests T1
to T8 (cf. Figure 2-25, c)). The locations for crack measurements were reduced to axes
b, c and d in tests T9 to T18. The statistical evaluation was therefore done with the
averaged crack width in axis ¢ and d multiplied with the factor 0.69. This factor was
derived from a mean crack depth he: = 320 mm as shown in Figure 3-20.

measurement

in tests

T1toT18 h h 12 320100

£ — Mo et _ - _

() _ g —— = oo~ 069
/ g % cr
° /%/ % ‘

160 1607100

Figure 3-20 Crack measurement locations in the conducted tests and crack width over mean crack
depth
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The loading was increased by 80 MPa steps for the longitudinal reinforcement. The
testing speed was 20 MPa/ min. To determine the reinforcement stress, the strain
distribution was calculated with a parabola-rectangle diagram for concrete under
compression according to [EC2]. At first, the specimens were loaded force-controlled
and displacement-controlled after reaching the service load.

3.4.4 General Test Results

In most tests without surface reinforcement lap failure was observed, only tests T6 to
T8 failed in bending. The test specimens with surface reinforcement failed in the
compression zone or were unloaded. Test T11 was an exception, since the lap failed
for the lack of stirrups, although surface reinforcement was present. The failure type
was defined by crack formation during the test and by a comparison of ratios Meest / My
(Table 3-5). My is the moment for which the experimentally determined yield strength
of the longitudinal reinforcement is reached. The tests exceeding the calculated stress
developed by bond (taking mean material properties into account) had a compression
zone failure or were unloaded. In case the lap failed before reaching yield strength,
considerable hoop stress and longitudinal cracks formed in the lap zone and the
concrete cover spalled off (cf. Figure 3-21, left).

40 mm ~

0O 10 20 30 40 50 60
deflection [mm]

Figure 3-21 Crack formation an spalling in T4 (left) and deflection of flexural tests under the load
application (right)

The failure did not occur at three reinforcing bars at a time, but started at one lapped
rebar. The lap initiating the failure was the intermediate lap in some tests and a side
lap in other tests. The yield strength was developed in the lapped splices with a lap
factor o = 2.0.

The beam deflection was largely independent of the test parameters (cf. Figure 3-21,
right). For T4, T5 and T8 the deflections slightly differed from the remaining tests for
changed cross-section dimensions. In tests T1 and T2 with short lap lengths, the
deflections at the load application were smaller than in the tests with large bond
length.
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Table 3-5 Comparison of calculated bending moment M, with maximum bending
moment obtained in tests Miest

Test | Bar-@ |Concrete| Lap |Transverse| Concrete |Max. bar| Mzest My | Miest/ My
cover ¢ | factor |reinf. ratio| strength |stress os
ol As/As fem

[mm] [MPa] | [MPa] | [KNm] | [KNm] [%]
T1 40 1.5-0 1.5 1.0 40.2 495 872 980 89
T2 40 1.0-9 1.5 1.0 32.5 473 834 1000 83
T3 40 159 2.0 1.0 33.0 555 965 964 100
T4 40 1.0-9 15 1.0 59.9 532 505 537 94
T53 40 1.0-9 1.5 1.0 34.6 552 706 735 96
T6 40 159 2.0 1.7 39.2 >580 | 1022 998 102
T7 40 | 15-@ | 20 1.0t 345 | >580 | 1119 | 990 113
T8 50 159 2.0 1.0 36.8 556 1397 1343 104
T9 40 159 15 1.0t 40.0 >580 | 1078 990 109
T10| 40 | 15 @ | 15 1.0 40.5 | >580 | 1000 | 996 100
T11 40 159 1.5 0.0* 37.3 520 903 988 91
T12 40 15-@ | 115 1.0* 33.6 510 884 979 90
T13 40 159 15 1.0° 32.5 945 942 974 97
T15 | 28/40 | 15-@ |1.0/15 1.0 38.4 582 993 991 100
T16 | 28/40 | 15-@ |15/2.1 1.0 34.4 562 968 980 99
T17 28 159 15 1.0 38.3 565 313 315 99
T18 28 159 15 1.0 39.6 > 583 374 315 119

! surface reinforcement
2 additional reinforcement at lap end ° 66 % bars lapped
¥ longitudinal bar spacinga =4 - @

%33 % bars lapped

The longitudinal reinforcement strain was recorded with strain gauges. The largest
strain increase was observed in the first third of the lap from the bar end, while a strain
plateau was located in the central part of the lap (representative illustration for test T3
given in Figure 3-22). In the rear third of the lap length, the steel strain increased
again. The plateau in the centre was more distinct for smaller loads. For higher lap
loads, the central part of the lap contributed more to the load transfer. Meeting the
expectations, half the reinforcing bar load was transferred at the centre of the lap. The
tested variation in lap length and confinement did not result in clear differences in the

reinforcing-bar strain distribution over the lap length.

75



25 T 10.0

------- 400 MPa —-—-320 MPa
2.0 #—-—-320 MPa ] —80 + e
3 ----240 MPa /,/. i NE 240 MPa
=15 4 : s €60 + |—— 160 MPa
5 > M.
21.0 + =40 1\ : - —
) o N;\ arS
05 + £2.0 \( A
0.0 0.0 Sy
0 875 1750 0 875 1750
—
distance from lap end T3 [mm] distance from lap end T3 [mm]

Figure 3-22 Reinforcing bar strain (left) and bond strength (right) in test T3 along the lap length
lo = 1750 mm

The bond strength calculated from the measured reinforcement strain is given in
Figure 3-22. For a longitudinal stress of 320 MPa, the bond stress was up to 6 MPa at
the end of the lap length conforming to the steel strain distribution along the lap
length. All test specimens had significant transverse concrete strain in the first and last
third of the lap length. The intermediate third in the middle of the lap length remained
nearly unstrained.

The stirrup with a 40 mm distance from the lap end had the highest strain in all test
specimens (cf. Figure 3-23). The stirrup strain remained below 1 %o in all tests,
therefore the transverse reinforcement did not yield. In test T3, the stirrups were
located at 4 cm, 22 cm, 40 cm and 58 cm from the lap end.

1.0 1 T 1.0 I

——400MPal I N —4cm
—~ 081 ----320MPa| 't £ 0.8 +1—— 22 cm
-8 - —240MPa| | < -
= 06 / 3 0.6 +1 40 cm
> \ —160 MPa| , / s /
£ : / I 58 cm
504 1 204 //// ;
o >
202 = 0.2 i
0.0 - i Y | e
00 02 04 06 08 10 0 200 400 600

distance from lap end x/l, [-] main reinforcement stress o [MPa]

Figure 3-23 Transverse concrete strain over relative lap length (left); stirrup strain over longitudinal
reinforcement stress at different positions from the lap end (right) in test T3

3.4.5 Maximum Bar Strength in Lap

Influence of Lap Length and Effect of Percentage of Bars Lapped at a Section

The influence of lap length was investigated in tests T1 and T3 with three @ 40 mm
reinforcing bars lapped at the same section and a concrete strength of 30 MPa. The
concrete covers cy and cx were 1.5 - @ (60 mm) and the bar spacing ¢s was 2.0 - @. The
transverse reinforcement was positioned according to [EC2] with 2Ast = 1.0 - As. The
increase in lap factor from o = 1.5 for test T1 (JEC2]) with lp =33 - @ to as = 2.0 for
test T3 ([ELI79]; [EC2/NA]) with lo = 44 - @ led to an increase in maximum bar stress
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os. A positive effect of lap length was not observed in tests T7 and T9 where surface
reinforcement was positioned. Test specimens T7 and T9 were unloaded when the
yield strength of the bars was reached (cf. Figure 3-24).

600 T o olT7] 600 T
X
T g 1 T12(0, =1.15) =
€ 400 = :gg Tlii( 1.5) P20
S 400 1 30T TR
= , , 200 1
b 300 + | Xwithout surface reinforcement
owith surface reinforcement 100 +
200 1 1 1 1 i 0 } } } }
0 0.5 1 1.5 2 2.5 0 25 50 75 100
lap factor ag [-] % of bars lapped at a section

Figure 3-24  Influence of lap factor (left) and influence of percentage of bars lapped at a section
(right) on the maximum steel stress for @ 40 mm, fem~ 30 MPa, cy=cx =15 @, cs =
20-0,ZA¢«=10" A

The percentage of bars lapped at a section p; was reduced in tests T12 and T13 to 33 %
and 66 %, respectively. The lap factors as according to [EC2] were applied. For the
continuous bars, the failure in tests T12 and T13 was less brittle than in tests T1 and
T3 with 100%-Ilaps.

For the 33%-lap (T12), the lap length lo was calculated with as = 1.15 resulting in
lo = 1000 mm. This lap reached the same ultimate steel stress as test T1 with three bars
lapped at a section and a lap factor as = 1.5. The lap length of the 66%-lap (T13) was
calculated with as = 1.5 resulting in lo = 1310 mm. The reinforcing bar stress in test
T13 with ae = 1.5 and pi = 66% reached the same value as test T3 with as = 2.0 and
p1 = 100% (cf. Figure 3-24).

Influence of Concrete Strength

The influence of concrete strength was investigated by tests T2 and T4 with a bar
diameter of @ 40 mm and a lap factor as =1.5. The lap length was 1310 mm
(lo=33- @) intest T2 and 920 mm in test T4 (lo = 23 - @). The concrete cover values
cy and cx were 1.0 - @ (40 mm), the bar spacing cs was 2.0 - @ and the sum of the
transverse reinforcement XAs equalled 1.0 - As. The increase in concrete cylinder
strength from 33 MPa (T2) to 60 MPa (T4) led to an increase in bar stress developed
by 14 % (os7a / os72 = 532 MPa / 473 MPa) at a concrete cover of 1.0 - @ and a
transverse reinforcement ratio As/ As = 1.0.

Figure 3-25 shows the transverse concrete strain ecop,centre In the extreme fibre above
the lap in the centre along its lap length. The strain is small in the lap centre and
increases strongly towards both lap ends in test T2. In contrast to test T2 with normal
strength concrete, very small transverse concrete strain at the lap end was observed in
test T4 with high strength concrete.
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Figure 3-25 Transverse concrete strain in the lap zone with normal (left, T2) and high strength
concrete (right, T4)

Influence of Bar Diameter

The influence of bar diameter was evaluated by tests T3 and T8 with a lap factor
as = 2.0 and by tests T1 and T17 with a lap factor as = 1.5. Both tests were conducted
with concrete covers ¢y = cx=1.5-@, ¢s=2.0 - @ and fem = 30 MPa. The transverse
reinforcement (XAst = 1.0 - As) corresponded with [EC2]. The maximum steel stress in
the lap tests with @ 40 mm (T3) and @ 50 mm (T8) bars was very similar (cf. Figure
3-26). The different yield strengths of the reinforcement bars with @ 40 mm and
@ 50 mm must be taken into account. The @ 50 mm reinforcement bars had a 540 MPa
yield strength and a ratio Mest / My of 1.13 with o5 st > 540 MPa. The yield strength of
the @ 40 mm bar equalled 570 MPa, but the ratio Mt / My was only 1.0, although the
maximum bars stress obtained in the test os st Was 568 MPa.

For the decreased lap length, the maximum stress obtained in test T1 was smaller than
in T3. Unlike the similar behaviour observed in tests T3 (@40 mm) and T8
(@ 50 mm), the steel stress in test T17 with @ 28 mm bars was 14 % = 70 MPa higher
than in the comparable test with @ 40 mm bars (test T1) (cf. Figure 3-26).
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Figure 3-26 Effect of bar diameter on maximum bar stress for o = 2.0, fem = 30 MPa, ¢y = cx = 1.0,
Cs=2.0,ZA4=1.0- A

Calculating the averaged bond strength t= over the lap length, a bond strength decrease
with increasing bar diameter becomes visible (cf. Figure 3-27, left). This effect is
reduced if the non-linear ratio of lap length to bar stress os ~ 1o>%® according to [FIB14]
is taken into account (cf. Figure 3-27, right).
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Figure 3-27  Effect of bar diameter on averaged bond strength t. for as = 2.0, fon =~ 30 MPa, ¢y = ¢«
=1.0,¢6=2.0,ZA«=1.0"As

Influence of Concrete Cover

The influence of concrete cover was investigated by tests T1 and T2 with a concrete
strength of about 30 MPa (@ = 40 mm, as = 1.5, ¢s=2.0- @, ZAst=1.0 - As). The
increase in concrete cover from 1.0 - @ =40 mm in test T2 to 1.0 - @ = 60 mm in test
T1 lead to an increase in maximum bar stress developed by bond by 7 %.

For concrete covers exceeding 1.0 - @ bar diameter, the lap length may be reduced by
the factor ao =1 - 0.15 - (ca — @) / @ according to [EC2]. The effect of concrete cover
on the ultimate bar stress developed in the @ 40 mm laps corresponds with the
formulation for o (cf. Figure 3-28). For the increased concrete cover from 40 mm to
60 mm, the lap length may be reduced by the factor o> =1 — 0.15 (60 mm — 40 mm) =
0.93. This value approximately conforms with the decrease in ultimate bar stress of
test T2 in comparison with test T1 by the factor 83 / 87 = 0.96.
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Figure 3-28 Influence of concrete cover on maximum bar stress for @ 40 mm, os = 1.5,
fem= 30 MPa, ¢s = 2.0, A« = 1.0 - A; compared to the reduction factor a, according to
[EC2]

Test T2 with a concrete cover of 1.0 - @ had higher transverse concrete strain in the lap
centre than test T3 with a concrete cover of 1.5 - @. The transverse strain in test T3
with 1.5 - @ = 60 mm was very small in the central part (cf.Figure 3-29).
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Figure 3-29 Transverse concrete strain for 1.5 - @ (left, T3) and 1.0 - @ (right, T2) concrete cover in
the extreme fibre

Influence of Longitudinal Bar Spacing

By means of tests T2 and T5, the effect of bar spacing was tested with three @ 40 mm
bars lapped at the same section (as = 1.5) and a concrete strength of about 30 MPa.
The bottom and side covers were 1.5 - @ (60 mm) and the transverse reinforcement
YAstwas 1.0 - As. The increase in bar spacing from 2.0 - @ = 80 mm in test T2 to
4.0 - @ =160 mm in test T5 lead to an increase in maximum bar strength by 20 %.

The clear spacing between laps shall be at least 2.0 - @ according to [EC2]. By an
increase of the clear spacing, the required lap length may be multiplied with a
reduction factor oo = 1 — 0.15 - (cq — @) / @ (cf. Figure 3-30). The increase in bar
spacing at constant horizontal and vertical concrete cover is not captured by [EC2],
since the smaller value of half the bar spacing and the concrete cover cq = min {cx, Cy,
cs / 2} is used for the calculation of ow. Figure 3-30 shows a comparison of the test
results with cq = ¢s/ 2.
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Figure 3-30 Effect of bar spacing on maximum bar stress for @ 40 mm, os = 1.5, fon = 30 MPa,
Cy=Cx=1.0,2A¢=1.0- A

For the increased bar spacing from 40 mm to 80 mm, the lap length may be reduced by
o2=1-0.15- (80 mm - 40 mm) / 40 mm = 0.85 according to [EC2]. This value
conforms to the decrease in maximum bar stress with the ratio Gmax, T5/Cmax, T2 =
555 MPa / 473 MPa = 0.85 (cf.Figure 3-30).
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Greater bar spacing led to a decrease in stirrup strain (cf. Figure 3-31). Strain gauges
were located at the horizontal stirrup legs between two lapped splices. By the
increased concrete area between the laps in test T5, the stirrup contribution was
smaller than in test T2.
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Figure 3-31 Steel stress in the longitudinal reinforcement vs. stirrup strain for lap spacingcs =2 - @
(T2, left) and lap spacing ¢cs = 4 - @ (T5, right) for stirrups located at 4 cm, 17 cm, 30 cm
and 43 cm distance from the lap end

Influence of Transverse Reinforcement and Surface Reinforcement

The influence of transverse reinforcement was investigated by tests T3 and T6. Both
tests were conducted with three @ 40 mm bars with a lap factor as = 2.0 and a concrete
strength of about 30 MPa. The bar spacing ¢s was 2.0 - @ and the cover ¢y, was 1.5 - @.
The increase in bar stress developed by bond due to increased transverse reinforcement
from ZAst/ As = 1.0 (T3) to ZAst/ As = 1.7 (T6) was 5 % (cf. Figure 3-32).
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Figure 3-32 Effect of transverse reinforcement ratio A«/As (left) and of surface reinforcement (right)
on maximum bar stress for @ = 40 mm, fem = 30 MPa, ¢y =cx = 1.5, ¢, = 2.0

Intests T7, T9, T11 and T18, the effect of surface reinforcement was investigated. The
cross-sectional area of the surface reinforcement was calculated according to [EC2]
and [EC2/NA], respectively. In test T7, both the longitudinal and the transverse
surface reinforcement was @ 10 mm with a 100 mm spacing. These values conform to
2 % of the cross-sectional beam area under tension outside the stirrups according to
[EC2/NA].
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The cross-sectional area of the surface reinforcement in tests T9, T11 and T18
conforms to [EC2]. In this case, the longitudinal surface reinforcement equals 2 % of
the cross-sectional beam area under tension outside the stirrups, while the transverse
surface reinforcement equals 1 % of this area. These percentages gave @ 10 mm bars
with a 100 mm spacing in the longitudinal direction and @ 8 mm bars with a 125 mm
spacing in the transverse direction for tests T9 and T11. In test T18, the percentages
resulted in @ 8 mm bars with a 90 mm spacing for the longitudinal surface
reinforcement and in @ 8 mm bars with a 200 mm spacing for the transverse surface
reinforcement. All test specimens with surface reinforcement were unloaded once the
yield strength was reached.

In test T11, surface reinforcement was positioned, but no stirrups along the lap length.
The maximum bar stress was slightly higher than in beam T1 with stirrups but without
surface reinforcement (cf. Figure 3-32, right). In contrast to stirrups, the surface
reinforcement in the direction orthogonal to the lapped reinforcement did not confine
the bond zone sufficiently. This behaviour can be explained by insufficient anchorage
of the U-bars of the surface reinforcement in comparison to closed stirrups (cf. Figure
3-15, right).

In test T10, stirrups required according to [EC2] and additional longitudinal
reinforcement of 12 @ 10 mm bars with a length of 60 cm at the lap ends for crack
control were positioned. The cracks were reduced effectively at the lap ends, but wide
cracks occurred at the ends of the additional reinforcement. As a result of this measure,
the ultimate bar force increased by 17 % in comparison to test T1 (osT10 / Os11 =
580 MPa / 495 MPa) and the yield strength of the lapped bars was reached (cf. Figure
3-32).

According to [EC2], the sum of the transverse reinforcement area XAs: shall be larger
than the area of one lapped bar As. The provided transverse reinforcement shall be
positioned at the outer thirds of the lap (cf. Figure 3-33, left). In case more than the
required minimum transverse reinforcement is provided, the required lap length can be
reduced by the factor az=1-Kk - (ZAsi - ZAstmin) / As. The minimum transverse
reinforcement Astmin according to [EC2] is 1.0 - As for lapped bars. The increase in
maximum bar stress in tests T6 and T7 with increased transverse reinforcement
conforms with the formulation according to [EC2] (cf. Figure 3-33, right).

The transverse reinforcement ratio Ast / As in Figure 3-33 (right) was calculated
including the cross-sectional area of the transverse surface reinforcement. According
to [EC2/NA], surface reinforcement may be taken into account for the required
transverse reinforcement large diameter bars.
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Figure 3-33 Typical transverse reinforcement positioning along the lap length according to [EC2]
(left) and effect of transverse reinforcement on maximum bar stress for @ 40 mm,
os = 2.0, ¢y =cx = 1.0, ¢s = 2.0, fem =30 MPa, @ = 14 mm (right)

The redistribution of bond stress over the lap length depends on the concrete strength,
the reinforcing bar surface and the transverse reinforcement. In tests T6 and T7 with
increased transverse reinforcement, only the outer sections of the lap contributed to the
load transfer. With increased loading, the lap centre increasingly contributes to the
load transfer. This behaviour conforms with the observations in test T3 with transverse
reinforcement according to [EC2]. The transverse concrete strain at the lap end was
smaller in test T7 with surface reinforcement than in test T3 (cf. Figure 3-34).

1.0 ‘ \ 1.0 . :
— —400MPa] ! N [ 400 MPa
— 0.8 ----320MPa |1 = 08 1{----320MPa
£ 4 — 240 MPa| | , = 0.6 +| ——240MPa
I \ | |=——160MPa| ; . g " || =—160MPa
504\ vire g 04
f02 + o E A7 o2l
J \ o : / g \~_'_\,_,-’\\ -z ;——.
" 00 SM e e © 0.0 4= S
0.0 02 04 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
[ S—y
distance from lap end x/l, [-] distance from lap end x /|, [-]

Figure 3-34 Transverse concrete strain without (left, T3) and with surface reinforcement (right, T7)
vs. relative distance from lap length x / lo

The surface reinforcement orthogonal to the longitudinal reinforcement contributed to
the transverse load resistance in the lap zone. This lead to a transverse-strain reduction
of the stirrups in test T7 (cf. Figure 3-35).
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Figure 3-35 Steel stress in the longitudinal reinforcement vs. stirrup strain with transverse
reinforcement only (T2, left) and with transverse as well as surface reinforcement (right,
T7) for stirrups located at 4 cm, 17 cm, 30 cm and 43 cm distance from the lap end

Effect of Bar Diameter Combination

The influence of laps with different bar diameters was tested with a combination of
three @ 40 mm bars lapped with six @ 28 mm bars in tests T15 and T16. The total
cross-sectional area of the reinforcement was 37.7 cm? (@ 40 mm bars) and 36.9 cm?
(@ 28 mm bars), respectively. In test T16, the lap length was calculated with a lap
factor ae = 1.5 for the @ 40 mm bar, resulting in a lap length of 1310 mm (lo / @ = 33).
The bar diameter combination led to an increase by 14 % in maximum bar stress in
comparison with a lap with @ 40 mm bars only. In test T15, the possibility of a lap
length reduction by positioning of surface reinforcement was tested. In this case, the
lap length was calculated with a lap factor as = 1.0 for the @ 40 mm bar, resulting in a
lap length of 900 mm (lo / @ = 23). The chosen lap length of 900 mm is very close to
the lap length calculated with the lap factor as = 1.5 for the @ 28 mm bar (Io = 920 mm
and lo / @ = 33). This lap detailing enabled a beam loading up to the yield strength of
the @ 40 mm reinforcing bars (cf. Figure 3-36).
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Figure 3-36 Maximum bar stress vs. bar diameter (left) and lap length lo / @ (right) for @; = 40 mm
and @, = 28 mm, fen =30 MPa, cy=cx=1.5,¢,=2.0, ZAx = 1.0 - As
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3.4.6 Crack Formation in Four-Point Bending Tests

Initially, the dead weight of the test specimens and the applied load led to bending
cracks above the supports. During further loading, bending cracks formed in the entire
zone of constant bending moment between the supports (cf. Figure 3-37, 1). The crack
spacing and the crack widths were visibly smaller in the lap zone than outside (cf.
Figure 3-37, 2). The largest crack width was observed at the ends of the lap (cf. Figure
3-37, 3). Once the service loads were exceeded, longitudinal cracks developed parallel
to the longitudinal reinforcement in the lap region starting from the lap ends (cf.
Figure 3-37, 4). These longitudinal cracks were both visible in the extreme fibre of the
beam and at the beam’s side at the height of the longitudinal reinforcement.

® OO

support T~ support

Figure 3-37 Crack formation of test T2 at the top side of the test specimen

Figure 3-38 shows the crack formation in test T3 with @ 40 mm reinforcement, a lap
factor as = 2.0, concrete cover ¢ = 1.5 - @ and transverse reinforcement according to
[EC2]. Since longitudinal cracks developed in the bottom cover as well as in the side
cover, the splitting type was face-and-side splitting.
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Figure 3-38  Crack development of test T3 (as = 2.0, lo = 1.75 m) without surface reinforcement at
= 320 MPa (left) and at failure (os = 550 MPa) (right)

By the positioning of surface reinforcement according to the additional rules for large
diameter bars in [EC2] (cf. Figure 2-17), the crack widths were reduced effectively.
Figure 3-39 shows the crack formation in test T7 with surface reinforcement. The lap
factor, concrete cover and transverse reinforcement conforms with test T3 in Figure
3-38. The use of surface reinforcement with bars parallel to the longitudinal
reinforcement lead to significant decrease in lap-end crack widths at service stress.
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Figure 3-39  Crack development of test T7 (a6 = 2.0, lo = 1.75 m) with 2 % surface reinforcement
at os = 320 MPa (left) and before unloading ( os > 570 MPa) (right)

An overview of the measured crack widths and crack spacing is given in Table 3-6.

Table 3-6  Mean and characteristic crack widths w for the four-point bending tests at 320 MPa steel
stress with weeam = crack width along the entire beam length, wyq = crack width along the
undisturbed length and weng = crack width at lap end (Wesw = Wi - (1 - 1.645 - Vy))

Test Test parameter Wm,beam | W95%,beam | Wm,ud Wg59%,ud Wm,end Wmax,end

[mm] | [mm] | [mm] | [mm] | [mm] | [mm]
T1 c=1.5-0, 06 =15 0.21 0.59 0.23 0.50 0.36 0.59
T2 c=1.0- G, a6 =15 0.19 0.45 0.19 0.37 0.44 0.68
T3 c=15 9,06 =20 0.18 0.39 0.21 0.46 0.28 0.40
T4 as T2 with 60 MPa 0.16 0.36 0.17 0.37 0.24 0.40
T5 | asT2witha=4- @ 0.23 0.58 0.26 0.60 0.47 0.90
T6 |as T3 with more stirrups| 0.20 0.46 0.21 0.43 0.43 0.75
T7 | as T3 with surf. reinfor. | 0.10 0.17 0.11 0.18 0.18 0.23
T8 | as T3 with @ 50 mm 0.16 0.49 0.24 0.55 0.61 0.70
T9 | as T1 with surf. reinf. 0.11 0.19 0.12 0.21 0.12 0.29
T10 | as T1 with add. reinf. 0.14 0.33 0.18 0.38 0.20 0.24
T11 | As T9 without stirrups 0.09 0.17 0.10 0.18 0.12 0.20
T12 | as T3 with 33 % lap 0.19 0.45 0.18 0.40 0.32 0.48
T13 | as T3 with 66 % lap 0.16 0.37 0.18 0.40 0.24 0.35
T15 | 28/40 mm, surf.reinf. 0.08 0.15 0.09 0.15 0.10 0.16
T16 28/40 mm 0.16 0.37 0.21 0.50 0.24 0.38
T17 as T3 with 28 mm 0.16 0.38 0.17 0.40 0.32 0.49
T18 | as T17 with surf. reinf. 0.08 0.17 0.09 0.18 0.16 0.27
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The crack width in the extreme fibre wm,cqe is considered with an averaged value of the
crack width measurements in axes ¢, d and e (cf. Figure 3-40, left), since the crack
widths at the intermediate lap (measuring axis d), and at the lap in the corner of the
beam did not differ significantly (measuring axis c and e).

measurement
in tests
T1to T18
a E
b 6<g° =
0|
160 | 160 tLoo

Figure 3-40 Crack measurement locations in the conducted lap tests (left) and crack depth (right) at
os= 320 MPa

The vertical position of the reinforcement (axis b) approximately equals half the
effective height hceri/ 2 of the reinforcement according to [EC2]. For a presumed linear
crack width opening, the averaged crack width over the effective height equals the
crack width at the height of the reinforcement. Therefore, the measured crack width w
IS given as an averaged crack width over the effective height hc et by

hc,eff ] — Wa + Wb + Wm,cde (3'8)

w =W
T1-T8 ( 2 3

The crack widths in tests T9 to T18 were measured in axes ¢ and d in the extreme fibre
and in axis b at the height of the reinforcement only. To calculate the averaged crack
widths over the height of hces, the crack widths in the extreme fibre were multiplied
with the factor 0.69 (cf. Figure 3-20).

hc,eff m cd 0 69 + Wb
2 2

Wrg 118 = W( (3-9)

The crack widths in tests with surface reinforcement were measured at the same load
levels as in the tests without surface reinforcement. By the allocation of surface
reinforcement, the reinforcement ratio of the test specimens was increased and the
reinforcement stress was actually decreased by 20 % for the same load levels. Hence,
the crack widths of the test specimens without surface reinforcement were measured at
160 MPa, 320 MPa and 400 MPa, while the crack widths of the test specimens with
surface reinforcement were measured at 130 MPa, 260 MPa and 330 MPa.

Table 3-6 gives an overview of the mean and characteristic crack widths. The crack
width weeam accounts for the entire beam including the lap and the lap ends. The crack
width wyq is the crack width in the undisturbed length of the beam between the lap and
the supports. These crack widths conform to a reinforced concrete element without
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laps and are therefore directly comparable to the crack widths calculated by codes. The
crack width wenq is the crack width at the ends of the lap.

Comparison of Measured Crack Widths in the Undisturbed Beam with Codes

Table 3-7 gives mean and fractile values of the crack widths calculated with the
equations given in [EC2], [EC2/NA] and [MC2010] as well as the test results in the
undisturbed zone of the test specimen. For evaluation, the measured crack widths are
given as 75%-fractiles and 95%-fractiles calculated with a log-normal distribution for
crack width. The 95%-fractiles have to be compared to the [EC2] values and the
75%-fractiles have to be compared to the [EC2/NA] and [MC2010] values
(cf. chapter 2.10).

Table 3-7  Crack widths in the beam tests at 320 MPa rebar stress in the undisturbed length of the
beam and calculated values according to [EC2], [EC2/NA] and [MC2010] under
consideration of surface reinforcement

Test results EC (95%) and EC2/NAD (75%) |MC(75%)

Wm,ud W75%,ud Wos%,ud  |WmEC=WmECINAD| WkEC |WkEC2/NAD | WkMC

[mm] [mm] [mm] [mm] [mm] | [mm] [mm]
T1 0.23 0.28 0.50 0.31 0.52 0.41 0.57
T2 0.19 0.23 0.37 0.22 0.37 0.30 0.41
T3 0.21 0.26 0.46 0.30 0.52 0.41 0.56
T4 0.17 0.21 0.37 0.21 0.36 0.29 0.40
T5 0.26 0.33 0.60 0.25 0.42 0.39 0.50
T6 0.21 0.26 0.43 0.29 0.50 0.39 0.54
T7 0.11 0.13 0.18 0.18 0.30 0.16 0.28
T8 0.24 0.31 0.55 0.37 0.63 0.49 0.69
T9 0.12 0.15 0.21 0.17 0.30 0.16 0.27
T10 0.18 0.22 0.38 0.30 0.50 0.40 0.55
T11 0.10 0.12 0.18 0.18 0.31 0.16 0.29
T12 0.18 0.23 0.40 0.31 0.52 0.42 0.58
T13 0.18 0.22 0.40 0.31 0.53 0.42 0.58
T15 0.09 0.10 0.15 0.18 0.31 0.16 0.29
T16 0.21 0.26 0.50 0.31 0.52 0.42 0.58
T17 0.17 0.22 0.40 0.21 0.36 0.29 0.39
T18 0.09 0.11 0.18 0.13 0.22 0.12 0.21
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The effect of additional surface reinforcement is taken into account by an equivalent
bar diameter @eq = X ni2 - @2/ (Z ni - @i) for the effect of bar diameter combination in
[EC2], [EC2/NA] and [MC2010]. The surface reinforcement influences the equivalent
bar diameter @eq, the reinforcement ratio pserr and the reinforcing bar stress cs. In the
test specimens with surface reinforcement, the concrete cover of the @ 40 mm bar was
taken into account.

The comparison of the characteristic crack widths calculated according to [EC2],
[EC2/NA] and [MC2010] with the 95%- fractile values of the measured crack widths
in the undisturbed beam length is given in Figure 3-41. In this figure, the surface
reinforcement in tests T7, T9, T11, T15 and T18 is not taken into account for a first
comparison.
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Figure 3-41 Characteristic crack widths (95%-fractile values) obtained in the undisturbed length of
tests T1 to T18 and characteristic calculated crack width according to [EC2], [EC2/NA]
and [MC2010] for os = 320 MPa without consideration of surface reinforcement

Considering the effects of surface reinforcement for tests T7, T9, T11, T15 and T18
gives the characteristic crack widths according to [EC2], [EC2/NA] and [MC2010]

that are shown in Figure 3-42.
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Figure 3-42 Characteristic crack widths (95%-fractile values) obtained in the undisturbed length of
tests T1 to T18 and characteristic calculated crack width according to [EC2], [EC2/NA]
and [MC2010] under consideration of surface reinforcement (within os, pserr and @eq)
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Figure 3-43 shows the mean calculated crack widths obtained in the undisturbed length
Was,ud 1IN tests and according to [EC2], [EC2/NA], [MC2010] under consideration of
the surface reinforcement. The mean values wmec were obtained by dividing the
values wy calculated from [EC2] by 1.7. The crack widths calculated from [EC2/NA]
and [MC2010] were divided by 1.25 to obtain the mean values Wmecanap and Wm mc.
These factors are derived in chapter 2.10. Considering the conversion factors, the
crack widths according to [EC2] and [EC2/NA] are very similar. The mean crack
width according to [MC2010] is larger than the other values, since [MC2010] uses a
conversion factor of 1.25 only and includes an addend for the deteriorated bond zone
close to the cracks. This addend leads to larger calculated crack widths. The [EC2]
values are closer to the measured values for lower concrete cover (T2, T4 and T5).
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Figure 3-43 Mean crack widths obtained in the undisturbed length in tests T1 to T18 and mean
calculated crack width according to [EC2], [EC2/NA] and [MC2010] under consideration
of surface reinforcement

Figure 3-44 shows the ratio of the mean measured crack widths wmus Iin the
undisturbed length at the load that conforms to os = 320 MPa (with surface
reinforcement. os = 260 MPa) to the calculated crack widths wmec applying a
conversion factor of 1.7. [EC2] presumes a maximum crack spacing equal to twice the
development length of the reinforcement (cf. Figure 2-26). The real crack spacing in
the stabilised cracking phase in structural elements is a value between one and two
times the development length. Since the crack width is proportional to the crack
spacing, the test results wmua should be in the range of the calculated value wmec and
50 % of this value. Figure 3-44 shows that this requirement is met for all tests except
T5.
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Figure 3-44 Relation of mean crack widths measured in the undisturbed length in tests to mean crack
widths calculated from [EC2] with Wmec = Wkec/ 1.7 at os = 320 MPa (tests with surface
reinforcement os = 260 MPa) under consideration of surface reinforcement

The strain difference esm - ecm for the calculation of crack widths according to [EC2]
equals the strain difference according to [EC2/NA]. The ratios of the mean crack
widths measured in the beam tests wm st to the calculated crack widths according to
[EC2/NA] wmnaD at os = 320 MPa (with surface reinforcement: s = 260 MPa) are
given in Figure 3-45. A conversion factor 1.25 was applied for Wmnap = Winap / 1.25.
In this case, the ratio Wm st/ Wmnap falls below 1.0 in test T5, since the concrete cover
is not taken into account in the crack spacing equation in [EC2/NA] (Sr,max = Deq/ (3.6 -
pseff)). Contrary to the crack spacing equation according to [EC2] (Srmax=ks- ¢ + ki -
Ko - ks - Deq | pserr), the crack spacing according to [EC2/NA] does not consider the
smaller concrete cover in test T5 and the ratio Wmtst/Wmnap 1S Smaller than
Wm,test/ Wm,EC2.

In contrast, the ratios Wm,test / Wm,calc for tests T7, T9, T11, T15 and T18 are higher
when calculated according to [EC2/NA] than according to [EC2]. This effect is also
due to the consideration of concrete cover in the crack spacing equation in [EC2].
When taking the equivalent bar diameter @eq into account, the crack spacing according
to [EC2/NA] decreases stronger than the [EC2] crack spacing. Therefore, the crack
width according to [EC2/NA] also decreases strongly, and the ratio Wmtest / Wm,NnAD
increases.
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Figure 3-45 Relation of mean crack widths measured in the undisturbed length in tests Wmest to mean
crack widths in the undisturbed length wmnap calculated from [EC2/NA] with
Wmnap = Winap / 1.25 at os = 320 MPa (tests with surface reinforcement os= 260 MPa)
under consideration of surface reinforcement
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Figure 3-46 shows the ratio Wmtest / Wmmc Of the mean measured crack widths at the
load that conforms to os = 320 MPa (with surface reinforcement: os = 260 MPa) to the
calculated crack widths according to [MC2010] applying a conversion factor of 1.25.
The test values are approximately half the calculated values instead of expected values
between 0.5 and 1.0.
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Figure 3-46 Relation of mean crack widths wm st measured in the undisturbed length in tests to mean
crack widths calculated from [MC2010] with Wmmc = Wimc / 1.25 at os = 320 MPa (tests
with surface reinforcement os = 260 MPa) under consideration of surface reinforcement

Influence of Concrete Strength

The increase in concrete strength in test T4 (58 MPa instead of 38 MPa) lead to
reduced crack widths in the undisturbed beam length, in the lap and at the ends of the
lap (cf. Figure 3-47, left). The mean crack widths at the lap ends at 320 MPa were
0.66 mm for 38 MPa and 0.48 mm for 58 MPa. The decrease in crack width for higher
concrete strength can be explained by the increasing bond strength and concrete
contribution in tension between cracks for higher concrete strength. Figure 3-47 shows
the crack widths in the lap (“lap”) at the lap ends (“end”) and in the undisturbed beam
(*ud™).
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Figure 3-47  Effect of concrete strength (left) and lap length (right) on mean crack widths wy, in the
lap (lap), at the lap ends (end) and in the undisturbed beam (ud)

Influence of lap length

The mean crack widths of tests T1 with a lap length Io = 33 - @ and T3 with a lap
length lo = 43 - @ are given in Figure 3-47 (right). The lap length in the tested range
under static loading has no effect on the crack width at the lap ends. The mean crack
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width at 320 MPa at the lap ends was 0.66 mm for lp = 33 - @ and 0.61 mm for
lo=43 - @. The mean crack width averaged over the beam length is smaller in the
beam with the longer lap, since a longer part of the beam has the doubled
reinforcement ratio. The mean crack width along the entire beam is 0.21 mm for the
beam with the lap length of 1310 mm (lap proportion 1310 mm / 3500 mm = 37 %).
The mean crack width along the beam with the 1750 mm lap is 0.18 mm (lap
proportion 1750 / 3500 = 50 %).

Influence of Bar Diameter

The bar diameter mainly influences the crack width at the lap ends. In lap tests T1
(2 40 mm), T3 (@ 40 mm), T8 (& 50 mm) and T17 (& 28 mm), the concrete cover
was a multiple of the bar diameter (c = 1.5 - @). For the increasing concrete cover with
increasing bar diameter, the influence of the bar diameter in the tests conducted is
related to the influence of the concrete cover. While the effect of bar diameter is small
when comparing the mean crack width in the undisturbed beam, the mean crack width
at the lap end is significantly higher for the 50 mm reinforcing bar (cf. Figure 3-48,
left). The maximum crack widths at the lap ends show the same effect.

Influence of Surface Reinforcement

Surface reinforcement effectively reduced the crack widths in the undisturbed beam,
within the lap and at the lap ends as shown in Figure 3-48 (right). This effect is even
more pronounced for the fractile values of the crack width and for the maximum
values. The maximum crack widths at the lap ends at 320 MPa are 0.61 mm without
(T3) and 0.26 mm with surface reinforcement (T7).
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Figure 3-48 Effect of bar diameter (left) and surface reinforcement (right) on mean crack widths wp, in
the lap (lap), at the lap ends (end) and in the undisturbed beam (ud)

Test specimen T10 contained additional reinforcement at the lap ends to reduce the
crack width at the lap ends. This additional reinforcement conformed with the
longitudinal surface reinforcement but only had a length of 60 cm. This reinforcement
effectively reduced the crack width at the lap ends, but lead to large crack widths at the
ends of the additional reinforcement. Hence, this additional reinforcement only
transfers the large crack width from the lap end towards the undisturbed beam and the
lap and is therefore not recommended.
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Influence of Cover and Lap Spacing

A reduced concrete cover of 1.0 - @ (T2) instead of 1.5 - @ (T1) led to a slight decrease
in mean crack width in the undisturbed beam and in the lap. This corresponds with the
additional term in crack-spacing equations for bond deterioration determined by the
size of the concrete cover described in chapter 2.10. In contrast, the mean crack width
at the lap ends was higher for the smaller concrete cover (cf. Figure 3-49, left). The
maximum crack widths at the lap ends at 320 MPa were comparable for both covers
(0.68 mmforc=1.0- @ and 0.66 mm for c = 1.5 - @).

In tests T1 and T5, the lap distance was increased fromcs =2 - @tocs =4 - @. This
lead to a decrease in reinforcement ratio (p = 3.6 % for cs =2 - @ and p = 2.8 % for
Cs =4 - @). The mean crack widths at 320 MPa in the undisturbed beam increased with
decreasing reinforcement ratio (cf. Figure 3-49, right). This observation conforms with
the crack width theory, expecting smaller crack width for increasing reinforcement
ratio. The mean crack width at the lap end was about the same size for both
reinforcement ratios, or lap distances respectively. In contrast, the maximum crack
width at 320 MPa was significantly higher for the smaller reinforcement ratio at the
lap ends (T2 (cs=2 - @, p = 3.6%): Wmax=0.68 mm, T5 (cs = 4 - @, p = 2.8%): Wmax
= 0.9 mm).
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Figure 3-49 Effect of concrete cover c¢ (left) and reinforcement ratio p (right) on mean crack widths wm,
in the lap (lap), at the lap ends (end) and in the undisturbed beam (ud)

Effect of Transverse Reinforcement

Tests T3 and T6 were conducted with different stirrup numbers in the laps. The
stirrups were concentrated at the lap ends in all tests. Test T3 had eight stirrups in the
lap, four were positioned at each lap end. Test T6 had seven stirrups at each lap end.
The effect of stirrup number is shown in Figure 3-50 (left). The mean and maximum
crack widths at 320 MPa at the lap ends were higher for more stirrups per lap end. The
crack widths in the undisturbed beam and in the lap were the same in both tests.
Transverse reinforcement is therefore not capable of a crack width reduction at lap
ends.
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Effect of Percentage of Bars Lapped at a Section

Test T12 had one lapped reinforcing bar and a lapped bar proportion of 33 %, only.
Test T13 had a lapped-bar percentage of 66% with two lapped bars. For the smaller
reinforcement ratio within the lap, the 33 % and 66 % laps had larger crack widths
within the lap. When less than 100 % of bars were lapped at a section, the mean crack
width at the lap ends decreased (cf. Figure 3-50, right). The mean crack widths at
320 MPa in the undisturbed beam was the same for the tests with 33 % , 66 % and
100 %.

500
400 +—>¢- .
'E‘ v
& 300 ) ¥ | —o—4st/ud |
= /! ---®-- 4st/lap lap end
~2200 [y, —e— 4st/end ||
© v —s— 7st/ud —eo— 33%
100 --¥-- Tst/lap || 100 --®--66% |
0 —— 7st/end 0 —o— 100%
00 02 04 06 08 10 00 02 04 06 08 10
Wy, over hc,eff [mm] W over hc,eff [mm]

Figure 3-50 Effect of stirrup number (left) and percentage of bars lapped at a section at lap ends (right)
on mean crack widths wy, in the lap (lap), at the lap ends (end) and in the undisturbed beam (ud)

Effect of Bar Diameter Combination

In test T15 and T16, three 40 mm bars were lapped with six 28 mm bars. Test T16
without surface reinforcement is compared to test T3 with @ 40 mm bars and to test
T17 with @ 28 mm bars. The crack widths in the undisturbed beam were smallest for
the 28 mm bars, both in test T17 and in test T16 at the beam side with the 28 mm bars.
Figure 3-51 (left) gives the crack width for the combined beam at the 40 mm bar side
(40/ (28) mm in Figure 3-51, left) and at the 28 mm bar side ((40) / 28 mm in Figure
3-51, left). The mean crack width at the lap ends of the combined lap was even smaller
than at the lap ends of the 28 mm bar (Figure 3-51, right).
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Figure 3-51 Effect of bar diameter combination on mean crack widths in the undisturbed beam (left)
and at the lap ends (right)
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Effect of Loading Type

The effects of long-term and cyclic loads were not investigated within the test
programme described. Cyclic loads and long-term effects deteriorate the bond between
concrete and reinforcing steel and increase the slip at the lap ends [REH77], [FIB10].
While crack widths were independent from the lap length in the described lap tests
under monotonic loading, crack widths at lap ends subjected to cyclic loads do depend
on the lap length [ELI79].

3.4.7 Conclusion on Crack Width in Laps

The crack width evaluation for monotonic loading showed that the crack widths at lap
ends may be reduced by increasing concrete strength, bar diameter reduction and
continuous reinforcing bars. The lap length and the positioning of transverse
reinforcement did not influence the crack widths at lap ends in the conducted lap tests
under monotonic loading. In contrast, the lap length does influence the crack width at
lap ends under sustained or cyclic loading [EL179].

The experimentally determined crack widths are compared to the acceptance criteria
according to EUROCODE 2 [EC2], the GUIDE TO GOOD PRACTICE [DEUOQ6], SCHIERL
[SCH98a] and ELIGEHAUSEN [ELI79] that were described in chapter 2.10.

Table 3-8 gives a comparison of the characteristic crack widths obtained in tests T1 to
T18 and the maximum crack widths at the lap ends with the characteristic crack widths
according to [EC2].
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Table 3-8  Characteristic crack widths measured in the lap tests at os = 320 MPa (Wpeam = crack
width along the entire beam length, wy = crack width along the undisturbed length),
maximum crack width at lap end Wmaxends and according to [EC2] under consideration of
surface reinforcement

Test Test parameter Wos0% beam | W95%,ud 1.25-Woso,ud | Wmaxend | WiEC

[mm] [mm] [mm] [mm] | [mm]
T1 c=15@, as=15 0.59 0.50 0.63 0.59 0.52
T2 c=1.0-F, a6 =15 0.45 0.37 0.46 0.68! 0.37
T3 c=15 9,06 =20 0.39 0.46 0.58 0.40 0.52
T4 as T2 with 60 MPa 0.36 0.37 0.46 0.40 0.36
T5 as T2withcs=4-@ 0.58 0.60 0.75 0.90! 0.42
T6 | as T3 with more stirrups |  0.46 0.43 0.54 0.75! 0.50
T7 | as T3 with surf. reinfor. 0.17 0.18 0.22 0.231 0.30
T8 as T3 with @ 50 mm 0.49 0.55 0.69 0.70! 0.63
T9 as T1 with surf. reinf. 0.19 0.21 0.26 0.29! 0.30
T10 | as T1 with add. reinf. 0.33 0.38 0.47 0.24 0.50
T11 | as T9 without stirrups 0.17 0.18 0.23 0.20 0.31
T12 as T3 with 33 % lap 0.45 0.40 0.50 0.48 0.52
T13 as T3 with 66 % lap 0.37 0.40 0.50 0.35 0.53
T15 | 28/40 mm, surf.reinf. 0.15 0.15 0.19 0.16 0.31
T16 as 28/40 mm 0.37 0.50 0.63 0.38 0.52
T17 as T3 with 28 mm 0.38 0.40 0.50 0.49 0.36
T18 | as T17 with surf. reinf. 0.17 0.18 0.23 0.271 0.22

L value exceeds 1.25-Wgsu ud

Comparison with Acceptance Criteria According to EUROCODE 2 [EC2]

[EC2] does not define maximum crack widths, but gives a design method to calculate
the necessary reinforcement for different acceptable crack widths. The comparison of
the crack widths measured in the tests with the characteristic crack widths according to
[EC2] in Table 3-8 shows that the characteristic crack widths in the tests were smaller
than the calculated crack width in the undisturbed length of the beam, but also along
the entire beam length. The maximum crack widths at the lap ends exceed the
calculated crack widths according to [EC2]. The maximum crack widths at the lap
ends represent single values, while the characteristic values according to [EC2]
represent 95%-fractile values that allow for small crack numbers exceeding this value.
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The crack widths in tests T2 and T5 with a concrete cover of 40 mm (1 - &) exceeded
the characteristic values according to [EC2] when considering the entire beam length.
In both tests, the 95% quantiles wkesw test Were above the calculated crack widths wiec
in all parts of the beam.

In the tests with surface reinforcement (T7, T9, T11, T15, T18), the characteristic
crack widths were smaller than 0.2 mm when considering the entire beam length
(Table 3-6). The measured crack widths were also smaller than the characteristic
values according to [EC2] taking the equivalent bar diameter, the smaller bar stress
and the increased reinforcement ratio into account.

Comparison with Acceptance Criteria According to SCHIERL [SCH98al

SCHIERL [SCH98a] recommends that the mean value of the data set of crack
measurements shall be smaller than the defined limiting value wiim and that the largest
crack width - defined as the 95%-fractile of the sample - may not exceed the limiting
value by more than 30 % (Wiesto5% < 1.3- Wiim). In contrast, the 95%-fractiles are
determined by a classical statistical analysis with Wi gse = Wm - (1+1.645 -Vy).

In the tests without surface reinforcement, the largest 95%-fractile value of the crack
width including the lap end was 0.59 mm in test T1 (cf. Table 3-8). The requirement
Wiest,95% < 1.3 Wim according to SCHIERL [SCH98a] would therefore be met when
defining wiim = 0.45 mm. In the tests with surface reinforcement, the requirement that
the largest crack width falls below 1.3-times the limiting value would be met for

Wiim = 0.15 mm.

Comparison with Acceptance Criteria According to ELIGEHAUSEN [EL179]

ELIGEHAUSEN [ELI79] recommends accepting crack widths at lap ends that are 25%
larger than the crack width limits wim for the 95%-quantiles. The maximum crack
widths at the lap ends exceeding 25 % of the 95%-fractile values along the entire beam
length are indicated in Table 3-8. The maximum crack width at the lap ends in the test
specimens with surface reinforcement T7, T9 and T18 exceed 1.25-times the 95%-
fractile values, but the absolute values are small. For the test specimens without
surface reinforcement, the acceptance criteria is not met in tests with small concrete
cover T2 and T5, but neither in test T6 with increased transverse reinforcement.

Comparison with Acceptance Criteria According to GUIDE TO GOOD PRACTICE
[DEU06]

Single crack widths shall not exceed 0.4 mm to 0.5 mm [DEU12] and the percentages
of exceedance shall not be larger than the following values [DEUQ8], [DEUO06]:

e Wiim. = 0.4 mm (maximum 5 % exceedance)
e Wiim. = 0.3 mm (maximum 10 % exceedance)
o Wiim. = 0.2 mm (maximum 20 % exceedance)

In this case, the number of crack widths above the given limits is counted
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disrespecting the statistical distribution and the COV of the crack width measurement.

Table 3-9 gives a comparison of the percentages of crack widths measured in the tests
below the limits wy im. with the defined crack width limits according to [DEUOQ6]. The
acceptance criteria are described in chapter 2.10.7. For example, where a crack width
limit of 0.3 mm is defined, 90 % of the measured crack widths shall fall below this
value [DEUOG6]. In all test specimens with surface reinforcement, the acceptance
criteria were met. For test specimens without surface reinforcement, the criteria were
not met in many cases.

Table 3-9

Comparison of the percentages of characteristic crack widths below wiim to the limits
according to [DEUO06] (bold values do not comply with the acceptance criteria)

Percentages of crack widths below wijim.

entire beam length

undisturbed length of beam

Wi lim. < Wi lim. < Wi lim. < Wi lim. < Wi lim. < Wi lim. <
0.4 mm 0.3 mm 0.2 mm 0.4 mm 0.3 mm 0.2 mm

[DEUO06] limits 0.95 0.9 0.8 0.95 0.9 0.8
T1 0.91 0.83 0.55 0.90 0.77 0.45
T2 0.94 0.94 0.58 1.00 1.00 0.50
T3 0.97 0.87 0.68 0.97 0.84 0.52
T4 0.71 0.67 0.40 0.98 0.92 0.55
TS5 0.89 0.68 0.53 0.89 0.61 0.39
T6 0.92 0.86 0.63 0.97 0.88 0.50
T7! 1.00 1.00 0.99 1.00 1.00 1.00
T8 0.89 0.83 0.67 0.88 0.75 0.42
T9! 1.00 1.00 0.97 1.00 1.00 0.95
T10 1.00 0.92 0.77 1.00 0.94 0.65
T11t 1.00 1.00 0.98 1.00 1.00 0.98
T12 0.95 0.85 0.68 0.95 0.87 0.68
T13 0.98 0.91 0.72 0.97 0.88 0.64
T15! 1.00 1.00 0.98 1.00 1.00 0.96
T16 0.98 0.94 0.67 1.00 1.00 0.59
T17 0.97 0.86 0.77 1.00 0.86 1.00
T18! 1.00 1.00 0.96 1.00 1.00 0.97

L with surface reinforcement
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Conclusion on Crack Widths in Lap Tests with @ 40 mm Bars

— The mean measured crack widths are smaller than the mean calculated values
according to [EC2], [EC2/NA] and [MC2010].

— The characteristic measured crack widths are not always smaller than the
characteristic values calculated according to [EC2], [EC2/NA] and [MC2010],
since the COV of the crack measurement along the entire beam including the
lap was higher than 0.4.

— The calculated crack widths according to [EC2] and [EC2/NA] meet the test
results better than [MC2010] that gives values well above the measured crack
widths.

— The crack widths for a concrete cover 1.5 - @ = 60 mm obtained in tests were
similar to the calculated values, while the crack widths for a concrete cover
1.0 - @ =40 mm were larger than the calculated values. The effect of cover
seems therefore overestimated in [EC2].

— For tests with surface reinforcement, the crack widths can be obtained from the
design equations in [EC2] and [EC2/NA] with the equivalent bar diameter @eq,
the increased reinforcement ratio and the decreased bar stress.

— Surface reinforcement reduces the characteristic crack width (95%-fractile
values) along the beam length to values below 0.2 mm.

— The maximum crack widths at lap ends exceed 1.25-times the 95%-fractile
values of the crack widths along the entire beam length in some tests with and
without surface reinforcement.

— The defined maximum percentages of crack widths exceeding the limits
according to [DEUOG] are met in the tests with surface reinforcement, but not in
the test specimens without surface reinforcement.

— The maximum crack widths at the lap ends exceed the calculated values
according to [EC2] and [EC2/NA], but are still acceptable, since the calculated
values represent 95%-fractile values instead of maximum permissible values.

3.5 Anchorage Tests

3.5.1 Test-Specimen Dimensioning and Test-Setup

In [EC2], different required bond lengths and detailing rules are applied for
anchorages and laps. The additional rules for large diameter bars in [EC2] are more
restrictive for laps, but some additional rules apply to anchorages as well. To
investigate the necessity of these rules and to clarify the differences between
anchorages and laps, twelve anchorage tests were conducted. In structural elements,
reinforcing bars are anchored at curtailed reinforcement and at the ends of beams and
slabs. While anchorages at beam or slab supports benefit from transverse pressure,
curtailed reinforcement lacks additional confinement by transverse pressure. The
conducted beam-end tests also correspond to simply supported beam ends. To account
for their frequent occurrence and for a direct comparison with the beam-end test
results, anchorages were tested under transverse pressure in simply supported beams.
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For the investigation of highly utilised anchorages, small concrete covers and bar
spacings were chosen resulting in quite narrow test specimen. The specimen depth and
reinforcement were designed to preclude bending and shear failure. The shear span
does not influence the force to be anchored at the support. Where loads are close to the
support, a certain percentage of the shear load is transferred directly into the support,
but the full longitudinal reinforcing bar force has to be anchored at the support. The
load was positioned close to the support with a shear span
M/(V-d)=V-10/(V-0.62) =1.6. Six beams were cast and tested at each side.
The tested setup had a cantilever to prevent an anchorage failure at the non-tested side
of the specimen.

’ |F 435 ,
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Figure 3-52 Test-setup of anchorage test V-1-1
The anchorage length I, =5 - @ = 200 mm was chosen in accordance with the beam-
end tests. The mean bond strength according to [EC2] was calculated from

fom=2.25 - fom = 2.25- 0.3 - (30 MPa)?*= 6.5 MPa (3-10)

Taking the effect of transverse pressure with an increase in bond strength by 3/2 into
account gives the maximum bar stress

o, = l,-4-f,, _ 200mm-4-3/2-6.5Mpa 195 MPa (3-11)

%) 40 mm

The bar stress at the front edge of the support is
VA (cote N Ixj
G - AR, + F, (M) _ 2 y4 (3-12)
; AS AS

With
Vmax  Maximum shear force at the support
0 inclination of struts
Ix distance from the centre of the support
z lever arm of internal forces

[EC2] defines the anchorages length commencing from the front edge of the support
(cf. Figure 3-53, left). Corresponding to the crack theory for reinforced concrete
members, each crack spacing in bending represents a value between one and two times
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the development length of the reinforcing bars. The anchorage length would therefore
commence from the last bending crack from the support (cf. Figure 3-53, right). To
investigate anchorages with and without defined lengths, some tests had cracks
induced by a steel sheet at the front edge of the support.

Figure 3-53 Bond length with (left) and without induced crack (right)

3.5.2 Test Parameter

In all anchorages, the longitudinal reinforcement anchored above the support consisted
of three B500 reinforcing bars with @ 40 mm. The concrete cover was consistently
chosen to 1.5 - @ corresponding with the beam-end and lap tests. The bar spacing was
tested with 1 - @ (V2 and V3), which corresponds with the minimum bar spacing
according to most codes, and with an increased spacing of 2 - @. The mean concrete
compression strength aimed for was 38 MPa. For a comparison, a mean strength of 60
MPa was tested in test V2.

In tests V1-2, V2-1, V2-2, V3-1 and V3-2, cracks were induced at the front edge of the
support (cf. Figure 3-53, left).

In practice, anchorage lengths are longer than 5 - @, since the design bond strength fuq
is taken into account during design. The effect of anchorage length was tested by
means of test specimen V-4 with a 440 mm bond length corresponding to the design
bond strength fog for C30/37 according to [EC2]. The bond strength reduction for bar
diameter in equation (2-10) was not taken into account (n2 = 1.0).

bZQ'Gsd _ 40 mm -195 MPa ~ 440 mm (3-13)
4.f, 4-3/2-3.04 MPa
Where
foa=3/2-2.25-0.3-0.7- (30 MPa)?®/1.5=3/2-3.04 MPa (3-14)

In test specimen V5, the 40 mm bars were supplemented by two 28 mm bars. While in
test V5-1 two straight 28 mm bars were positioned, a 28 mm bar-diameter bend was
positioned in test VV5-2. Table 3-10 summarises the test parameter of the conducted
anchorage tests.
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Test V6 was conducted to investigate the effect of transverse reinforcement within the
anchorage length. While surface reinforcement according to [EC2] and stirrups were
positioned in V6-1, test V6-2 was tested with two stirrups only.

Table 3-10 Overview of the conducted anchorage tests: anchored bars, concrete cover cx and cy,
concrete strength fcm, anchorage length I, bar spacing cs and further parameters

Test | Anchored |cx/ @ =| fem /@ | ¢/ @ | Stirrups |Induced Additional
bars Cy /D crack | reinforcement
[mm] [1 | [MPa] | [] [-] [mm] [mm]

V1-1| 3@40 15 39.1 5.0 2.0 - - -

V1-2| 3@40 15 39.1 5.0 2.0 - X -

V2-1| 3@40 15 60.4 3.6 1.0 - X -

V2-2| 3040 15 60.4 3.6 1.0 2014 X -

V3-1| 3040 15 35.2 5.0 1.0 - X -

V3-2| 3040 15 35.2 5.0 1.0 208 X -

V4-1| 3340 15 32.9 11.0 2.0 3012 - -

V4-2 | 3@ 40 15 32.9 11.0 2.0 - - -

V5-1| 3@40 | 15 | 37.0 | 50 20 | 2@14 | - | 2@ 28 (straight)

V5-2| 3@40 15 37.0 5.0 2.0 2014 - 1 @ 28 (bend)

V6-1| 3340 15 36.5 5.0 2.0 2@ 141 - -

V6-2| 3040 15 36.5 5.0 2.0 2014 - -

! plus surface reinforcement

3.5.3

Measurements and Test Procedure

The anchorage tests were loaded force-controlled up to 700 kKN and displacement-
controlled at higher loads. The deflection (DT1), the crack opening (DTCr) at the
induced cracks and the slip (DTS) at the reinforcing bars were measured with
displacement transducers. Strain gauges were applied to the reinforcing bars to record
the strain along the anchorage length and the stirrup strain if positioned. The transverse
concrete strain was measured with strain gauges and extensometers with a base
distance of 100 mm (cf. Figure 3-54).
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Figure 3-54 Instrumentation of anchorage test T3-1: side view (left), detail A (centre) and front view
(right)

The increase in crack width was measured with a PEAK digital crack magnifier WIDE
STAND MiICRoO (cf. Figure 3-19, (a)). The crack widths were measured at the height of
the longitudinal reinforcement parallel to its direction. A digital photograph of the
crack was taken at the intersection of a crack with the axis at each load level.
Subsequently, the crack widths were determined using the software METRIC for the
evaluation of the photographs. The bar stress os calculated with equation (3-12) for
each load level is given in Table 3-11.

Table 3-11 Load levels for crack measurements and corresponding bar stress cs and bond stress 1y,

Load fom I V coto Ix y4 Fs Os Th
Level | mpa] | [mm] | kN] | [1 | [m] | [m] | [kKN] | [MPa] | [MPa]
1 38 200 117 3.00 0.10 0.59 196 52 2.6
2 38 200 320 2.93 0.10 0.59 523 139 6.9
3 38 200 467 2.01 0.10 0.59 550 146 7.3
4 38 200 613 1.73 0.10 0.59 636 169 8.4

3.5.4 Test Results

Most test specimens failed by splitting within the anchorage length at the beam ends.
The splitting was visible at the beam faces and at the bottom of the beam end above
the support. Three tests (V2-1, V2-2 and V4-1) had substantial anchorage capacities
and failed in the compression zone. The values of the averaged bond strength over the
bond length I, obtained in the test tmax and the normalised, averaged bond strength
Tmaxn = Tmax * (38 / fem)?® are given in Table 3-2.

The bar stress Fs was calculated from

coto |
Fs = AI:Ed + FS(M) = Vmax (T—l_;x) (3-15)
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Table 3-12 Test results (maximum shear load Vmax, inclination of compression strut 6, distance from
the centre of the support Iy, lever arm of internal forces z, bar force Fs, maximum bar
stress omax at the front edge of the support, and averaged bond strengths Tmax and Tmaxn)

Test fem Vimax | COtO | Ix=1,/2 z Fs Gmax Tmax Tmax,n
[MPa] | [kN] | [ [m] [m] | [kN] | [MPa] | [MPa] | [MPa]
V1-1 | 39.1 | 1063 | 1.45 0.10 0.56 | 960 255 12.7 125
V1-2 39.1 | 1042 | 145 0.10 0.56 944 250 12.5 12.3
V2-1 60.4 | >1106 | 1.37 0.07 0.45 933 > 248 >17.2 | >12.6
V2-2 60.4 | >1103| 1.37 0.07 0.45 931 > 247 >17.2 | >12.6
V3-1 | 362 | 679 | 151 0.10 0.56 | 635 169 8.4 8.9
V3-2 | 352 | 987 | 1.40 0.10 056 | 867 230 11.5 12.1
V4-1 329 | >1299 | 1.39 0.22 0.59 | 1393 > 370 >84 >9.2
V4-2 329 | 1166 | 1.42 0.22 0.59 | 1266 336 7.6 8.4
V5-1 37.0 | 1373 | 1.39 0.10 0.585 | 1189 238 11.9 12.1
V5-2 37.0 | 1301 | 1.40 0.10 0.59 | 1134 227 11.3 11.5
V6-1 | 36,5 | 1230 | 141 0.10 0.59 | 1080 286 14.3 14.7
V6-2 | 36,5 | 1125 | 1.44 0.10 0.59 | 1001 266 13.3 13.6

Crack Development

While considerable shear cracks developed in the shear span, a shear failure was
prevented by heavy transverse reinforcement. At high loads, the shear cracks
proceeded into the anchorage towards the support. The distance between the front edge
of the support and the first bending crack presumably also contributes to the anchorage
length. The distance of the first bending crack to the front edge of the support was
between 50 mm in tests V5-1 and V5-2 up to 250 mm in test V6-1. At failure, a large
crack width was observed at a crack leading to the front edge of the support in all tests
(cf. Figure 3-55).

by~ T— i k ’ T W ]

Figure 3-55 Crack pattern in test VV1-1 without induced crack (left) and test V1-2 with induced crack
(right) after failure
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For this reason, the evaluation of test results is conducted with an anchorage length
equal to the length of the support only. The distance from the front edge of the support
to the first bending crack was not considered in the evaluation.

Splitting cracks occurred at the face and bottom side of the test specimen. Most
anchorages remained uncracked in the test specimen sides. Longitudinal cracks
parallel to the longitudinal reinforcement at the test specimen sides were only observed
in tests V1-2, V4-2, V5-2 and V6-2. The anchorages in tests V2-1, V2-2 and V4-1
remained uncracked.

Figure 3-56 shows examples of crack patterns at the bottom side of the test specimens.
In tests V3-1 and V3-2 with small bar spacing (cs = 1.0 - @) three longitudinal cracks
developed in the bottom cover cy (cf. Figure 3-56, left). In test VV3-2, the longitudinal
crack widths were reduced by the positioned transverse reinforcement. The crack
development in V1-1 and V1-2 was independent from the positioned steel sheet. Both
tests V1 had a bar spacing ¢s = 2.0 - @ and did not include transverse reinforcement. In
contrast to test V3, the splitting failure changed into a combined concrete cone pry-out
and splitting failure in V1 (cf. Figure 3-56, left centre) . The splitting cracks outside
the support were still visible. In tests V6-2 with stirrups and V6-1 with stirrups and
additional surface reinforcement, no cracks developed below the intermediate bar.
While V6-2 still had a combined concrete cone pry-out and splitting failure (cf. Figure
3-56, right centre), the positioned surface reinforcement lead to a mere concrete cone
pry-out (cf. Figure 3-56, right).
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Figure 3-56 Crack patterns at the bottom side of test V3-1/VV3-2 with small bar spacing (cs = 1 - @),
test V1-1/V1-2 (cs = 2 - @) without stirrups, test V6-2 with ¢s = 2 - @ and stirrups and test
V6-1 with ¢s = 2 - @, stirrups and surface reinforcement

Tests V3-1 and V3-2 both had an unfavourable steel sheet geometry for the induced
crack and unfavourably bundled cables for the instrumentation. Therefore, a T-shaped
crack pattern occurred at the test specimen face above the anchored bars. Around the
bars, a face-split failure was observed, while a side split failure was expected
[HEG18].
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Reinforcing Bar Strain within the Anchorage Length

The distribution of steel strain s along laps observed in the four-point bending tests
(cf. Figure 3-22) conformed to previous findings. For anchorages in simply supported
beams, detailed investigations of the strain distribution have not been conducted, yet.
Thus, several strain gauges were applied to the anchored bars in the conducted tests to
generate information on the strain decrease at end anchorages.

Figure 3-57 gives the theoretical bar force Fs according to equation (3-15) at the
support as the sum of the bar force resulting from the bending moment Fs(M) and the
additional force AFs resulting from shear. The stress values were calculated with a
cross-sectional area of the reinforcing bars of As = 3771 mm?2. Figure 3-57 also gives
the theoretical reinforcing bar stress os = Fs / As and corresponding bar strain &s at
different positions. For cotd = 1.45, V = 1600 kN - 2/3 and z = 0.56 m.

F=1600 kN
end centre front crack

position Iy [mm] -100 0 100 300
M [KNm] 0 0 107 320

Fs(M) [kN] 0 0 249 744

AFs [kN] 0 754 754 754

Fs [kN] 0 754 1003 1498

55(2”7) ;N'\r/'n//zzz os [MPa] 0 200 266 397
0

Es [%0] 1.0 1.33 1.99

a

Figure 3-57 Bending moment M, bar force Fs, bar stress os and bar strain & at the support

Figure 3-58 shows the measured steel strain in tests V1-1 without and V1-2 with an
induced crack at the front edge of the support. For the short anchorages tested, a linear
strain increase was presumed for the anchored bars. The strain measurements in the
anchorage tests without induced crack (cf. Figure 3-58 to Figure 3-61) indicate that the
bar force is not anchored linearly at the support, but greater parts are transferred
towards the end of the anchorage length and between the front edge of the support and
the first bending crack.

Figure 3-58 (right) shows that the strain distribution is slightly different in tests with
steel sheets inducing a crack at the front edge of the support. In this case, the measured
steel strain &5 at the front edge of the support equals the theoretical value (1.3 %o for
V = 1560 kN, cf. Figure 3-57). While the surrounding concrete contributed to the
longitudinal load transfer in test V1-1 without steel sheet, the cross-section at the front
edge of the support in test V1-2 coincided with a crack without concrete contribution
to load transfer. Therefore, the measured steel strain in test V1-1 is higher than in test
V1-2 (cf. Figure 3-58).
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Figure 3-58 Steel strain in test V1-1 without steel sheet for induced crack (left) and steel strain in test
V1-2 with induced crack (right)

When positioning stirrups along the anchorage length (tests V6-1 and V6-2), the
longitudinal reinforcing bar strain at the front edge of the support decreases (cf. Figure
3-58, left and Figure 3-59). Since the steel strain is smaller within the support in tests
V6-1 and V6-2 with stirrups, the reinforcing bar stress increases stronger before the
support. Thus, the anchorage length in the test specimens without induced crack begins
at the first bending crack before the support.
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Figure 3-59 Steel strain in test VV6-2 with stirrups (left) and in test V6-1 with stirrups and additional
surface reinforcement (right)

The stronger steel strain increase towards the end of the beam (and the anchorage) was

observed both in tests with anchorage lengths of 5.0 - @ (V1 and V6) and 11.0 - @ (V4)
(cf. Figure 3-60).
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Figure 3-60 Tests V4-1 with increased anchorage length (I, = 440 mm, first bending crack about
30 mm from support) with stirrups (left) and V4-2 with increased anchorage length
(I, = 440 mm, first bending crack within anchorage length) without stirrups (right)
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In test V4-1with stirrups, the first bending crack appeared at a distance of
approximately 30 mm from the front edge of the support. Test V4-2 without stirrups
had a bending crack even commencing into the anchorage length.

The calculated reinforcing bar strain at maximum shear load & = 1.8 %o (V4-1,
Vmax = 1299 kN) and &s = 1.7 %o (V4-2, Vmax = 1158 kN) is given in Figure 3-60. Test
V4-1 with stirrups reaches this reinforcing bar strain at maximum load, while the strain
in test VV4-2 without stirrups remains well below the calculated value.

Effect of Bond Length

For comparison, the anchorage length is defined as the length of the support in the
tests with and without induced crack. The length of the support of the @ 40 mm bars
was 200 mm (I / @ = 5.0) in tests V1-1, V1-2, V6-1 and V6-2, but 440 mm
(I /@ =11.0) in tests V4-1 and V4-2. The transferrable bar stress increased with
increasing bond length. In the test specimens without transverse reinforcement (V1-1
and V4-2), the maximum shear force increased by 10 %. In the test specimens with
transverse reinforcement (V6-2 and V4-1), the maximum shear force increased by
more than 15 %. Test specimen V4-1 reached the capacity of the hydraulic cylinder (2
MN) and could not be loaded further. The normalised, averaged bond stress over the
bond length was smaller in long anchorages (tmaxni1¢ = 8.4 MPa and tmaxnsg =~ 12.5
MPa).

Figure 3-61 shows the bond stress distribution over both anchorage lengths calculated
from the steel strain measurements with discrete strain gauges. The maximum local
bond strength calculated from the strain measurements was about 18 MPa in both
cases. The 440 mm anchorage had a longer intermediate section with constant bar
stress not contributing to the load transfer (cf. Figure 3-61, right).
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Figure 3-61 Local bond stress t vs. the distance from the beam-end in test V1-1 with 200 mm
anchorage length (left) and in test V4-2 with 440 mm anchorage length (right) calculated
from strain measurements

Effect of Induced Crack

When inducing a bending crack at the front edge of the support, the maximum shear
force did not change. Test specimen V1-1 reached a shear force equal to 1063 kN and
V1-2 a shear force equal to 1042 kN. Despite the longer anchorage length consisting
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of the length of the elastomer plus the distance to the first bending crack in test V1-1,
the maximum load was not higher than in test V1-2, where the anchorage length was
defined by the steel sheet. The steel strain at the induced crack was slightly increased
compared to the undisturbed anchorage, since the surrounding concrete contributed to
the load transfer at the front edge of the support (cf. Figure 3-58).

Effect of Concrete Strength

The test specimens V2 and V3 were tested with different concrete strength and
adapted anchorage length. The concrete strength of V2 was 60.4 MPa and the
anchorage length 144 mm. In test V3, the anchorage length was 200 mm at a concrete
strength of 35.2 MPa. The concrete cover and bar spacing were the same in both tests.
The concrete under the load application failed in both tests V2. The maximum
transferrable shear force in tests V2-1 and V2-2 (fcm=60.4 MPa) was more than
1100 kN (t > 17 MPa, os > 248 MPa). The maximum strength was not reached, since
the test specimen failed in compression at the load application.

Tests V3-1 and V3-2 reached a shear force of 679 kN (without stirrups) and 987 kN
(2 @ 8 mm stirrups) respectively. Presuming a failure of test V2-1 close to 1100 kN,
the observed bond strength increase corresponds to the model according to [FIB14].
The comparison on the basis of the design model according to [FIB14] allows for the
consideration of the different anchorage lengths. The bar stress obtained in test V3-1
(169 MPa) corresponds with a theoretical bar stress of 230 MPa for test V2 with

0.25 0.55

.I: I 0.25 0.55

Oyy =Oygq | =21 | 2B 1 —169 (%) (@j =231MPa  (3-16)
fomvs lyvo 35.2 145

Effect of Bar Spacing

The bar spacing was varied in tests V1 (¢s=2.0- @) and V3 (cs =1.0 - @). For the
unfavourable steel sheet geometry in test V3, the test results are not directly
comparable. The ratio of the maximum shear load in tests V3-1 and V1-2 is 679 kN to
1042 kN (cf. Table 3-12) which represents a decrease by 35 % for smaller bar spacing.

Effect of Transverse Reinforcement

Tests V1-1 and V6-2 had the same bar spacing cs, similar concrete strength fcm and
same anchorage length I,, but different confinement by transverse reinforcement. Test
V1-1 did not contain any stirrups and test VV6-2 had two 14 mm bars along the 200 mm
anchorage length. The normalised maximum bond strength o0 = tmax (38 / fem)?? in
the test specimen with stirrups reached 13.6 MPa and the test specimen without
stirrups reached 12.7 MPa. The concrete strength was very similar in both tests. The
strength increase was only 7 %, but the stirrups prevented splitting below the
intermediate bar in test V6-2.
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Effect of Surface Reinforcement

The positioning of surface reinforcement led to a 8 % increase in bond strength. Test
V6-2 reached a shear load of 1125 kN and a maximum bond strength tmax of 13.3
MPa, while test V6-1 with surface reinforcement reached 1230 kN and 14.3 MPa,
respectively. The bond failure type changed from a splitting failure to a concrete cone
pry-out as visible in Figure 3-62.

With surface reinforcement Without surface reinforcement

W e e &,
b .

Face:

Bottom:

LLdF &

Figure 3-62 Crack patterns in test VV6-2 at the front and bottom sides with surface reinforcement (left)
and test VV6-1 without surface reinforcement (right)

Effect of Additional Reinforcement (& 28 mm bars)

In test V5, two additional @ 28 mm bars were positioned to increase the anchorage
capacity. In test VV5-1, two straight @ 28 mm bars and in test VV5-2 one @ 28 mm bend
were provided (cf. annex A.2.4.5). The shear capacity increased from 1125 kN in test
V6-2 with the same anchorage length, concrete strength and stirrup number to 1373
kN (straight) and 1300 kN (bent), respectively. The maximum averaged bond stress
did not increase, since the additional loads were transferred by the @ 28 mm bars. The
forces AFeq were distributed to five reinforcing bars. Thus, the strain in the
surrounding concrete was reduced and higher ultimate loads were reached. Although
the shear capacity increased, the maximum local bond stress in test VV5-1 was 15 MPa
and therefore smaller than the local bond stress in test V6 with 18 MPa. Figure 3-63
shows the steel strain (left) in the @ 40 mm (top) and @ 28 mm bars (bottom) and the
bond strength calculated from the strain measurements (right). The measured values in
the @ 40 mm and @ 28 mm bars approximately equal the calculated strain value
gs = 1.2 % at Vmax = 1373 kN.
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Figure 3-63 Steel strain (left) and bond strength (right) calculated from the steel strain in test VV5-1 for

the 40 mm bar (top) and the 28 mm bar (bottom)

3.6 Necessity of Additional Rules for Large Diameter Bars

The following experimental results were obtained concerning the necessity of
additional rules for large diameter bars:
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A bond strength reduction with increasing bar diameter is reasonable

Minimum dimensions for large diameter bars (15 - @ according to [EC2/NA]
and 1 m for laps according to or [EC2]) are not required

The definition of bar stress in laps with large diameter bars os < 0.8 - fyq [EC2] IS
reasonable, where surface reinforcement is not provided

The longitudinal surface reinforcement 2 % - Actexx [EC2/NA] resulted in
slightly smaller crack widths than with 1 % - Actext [EC2], but for both values,
the mean yield strength of the bars was attained in lap tests and the 95%-fractile
value of the crack widths was smaller than 0.2 mm (transverse surface
reinforcement: 2 % - Actextaccording to [EC2] and [EC2/NA])

Transverse reinforcement is strongly recommended in anchorages and laps,
while the attained bar stress was only increased by 5 % to 7 %, the bond
behaviour was more robust as concrete splitting was mitigated

It is not required to design anchorages for osq¢ = fyq in any case [EC2/NA], since
the anchorage test designed with osq = 195 MPa, transverse reinforcement and
transverse pressure did not fail

Contrary to the definition in [EC2/NA], the percentage of lapped bars may
exceed 50 %. Continuous bars do contribute to robustness, but robustness can
also be attained by transverse reinforcement, surface reinforcement and long
bond lengths



4 Bond Strengths Obtained in Different Test Specimens

4.1 General

The comparison of test results obtained by the different test setups outlines the
transferability from small-scale tests to actual structural elements. The following
analysis of test results accounts for the different influencing parameters.

Increasing bond lengths result in reduced averaged bond stress t. over the bond length.
Hence, pull-out and beam-end tests with a bond length of e.g. 5-@ usually give
greater averaged bond strength than structural members with lap lengths of about
40 - @. Test setups with transverse pressure in the bond zone — such as anchorages in
simply supported beams — obtain higher bond strengths than bond tests without the
positive effect of transverse pressure. According to [EC2/NA], transverse pressure at
beam ends leads to a bond strength increase up to 50 %. Additionally, the realisable
bar spacing cs influences the test results. Adjacent reinforcing bars obtain less bond
strength than widely spaced bars or single bar tests, such as pull-out or beam-end tests.

From the strain measurements during lap and anchorage tests, local bond strengths
were calculated. The maximum values of the local bond strength values i, in the lap
tests are comparable to the averaged values in beam-end tests. Hence, averaged
normalised bond strengths tan and normalised local bond strengths, which were
obtained by strain measurements at discrete positions in the lap and anchorage tests,
are compared. For a comparison of test results, the individual concrete strength of the
test specimens must be taken into account. Although certain concrete strength values
are aimed for in practice, it is not possible to meet the exact strength requirements at
the day of testing. Therefore, test results w are normalised with a reference concrete
strength fcmrer and an exponent x that appropriately describes the ratio of bond strength
to concrete compression strength as described in chapter 4.3.

4.2 Effect of Bond Length

EUROCODE 2 [EC2] presumes a constant bond strength for different bond lengths,
while [FIB14] and [PT18] include a reduction factor for bond strength with increasing
bond length. The proposed relationship in [FIB14] does not capture the small bond
strength decrease in the beam-end tests (in tests with 5 - @ and 10 - @ respectively),
but a comparison with the lap tests in Figure 4-1 shows that the relationship is
reasonable for longer bond lengths. The maximum bond strengths obtained in beam-
end tests and lap tests were normalised with (38 / fem)?® and (38 / fem)®25, respectively.
The graph representing the qualitative relationship between bond length and bond
strength according to [EC2] is the mean bond strength obtained in the beam-end tests
with I, =5 - @. The qualitative graph for [FIB14] equals Tmax = tmaxsz (1/lp) - 0.55. The
anchorage test results are not shown here, since the bond zones were subjected to
transverse pressure.
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Figure 4-1 Comparison between maximum bond strength obtained in beam-end and lap tests with
qualitative bond strengths according to [EC2] and [FIB14]

4.3 Effect of Bar Diameter

A decrease in bond strength with increasing bar diameter was observed both in beam-
end tests and in lap tests (cf. Figure 4-2).

| obeam-end test
[ | Alap tests

Tban[MPa]
O R N W > Ol O

0 10 20 30 40 50
bar diameter [mm)]

Figure 4-2 Averaged and normalised bond strength vs. bar diameter in beam end-tests and lap tests

For a comparison, the bond strength is normalised with a mean concrete strength fcm of
38 MPa and a bond length of 44 - @.

0.55 0.67
. _GS.Q'[I_bj [ 38 MPa (4-1)
P40, (44 fom

In the lap tests, increasing crack widths at the lap ends were measured for increasing
bar diameters. Since the ratio of the concrete cover to the bar diameter ¢ / @ was
constant, the measured crack widths also depend on the concrete cover. The crack
width increase at the lap ends is presumably due to the increasing cover rather than to
the increasing bar diameter.

Since all anchorage tests were conducted with 40 mm bars, an effect of bar diameter
was not investigated in the anchorage tests.

114



4.4 Effect of Concrete Strength

The test results T, are normalised with a reference concrete strength femrer and an
exponent x that appropriately describes the ratio of bond strength to concrete

compression strength.
f X
Ton = Tht (MJ (4-2)

fcm,t

The beam-end tests conducted showed a good correlation between concrete strength
and bond strength for an exponent x = 2/3, conforming with [EC2]. Thus, for the
following comparison of test results, the results from beam-end tests (BET) th,ngeT and
anchorage tests thnancho are normalised with equation (4-3). The reference concrete
strength fem,rer Was set to 38 MPa representing the concrete class aimed for (C30/37).

MP 0.67
38 aJ (43)

f

Tp.nBET — Tbnancho — bt (
cm,t

In contrast, the model for the calculation of lap strength proposed in [FIB14], gives an

exponent of x = 0.25 for the effect of concrete strength. This relation was also found in

lap tests described in chapter 3.4. The difference can be explained by the varying bond

lengths. While most beam-end and anchorage tests had bond lengths of 5 - @, the laps

were tested with 33 - @ to 43 - @.

This observation conforms with the findings by ELIGEHAUSEN in [ELI79]. The bond
strength of short bond lengths increases with f:?3, while the increase in bond strength
is much smaller for larger bond lengths, since the distribution of bond stress is
increasingly non-linear with increasing bond lengths.

In the following comparison, the bond strengths obtained in lap tests thap are
normalised with equation (4-4).

38 MPa)
""J (4-4)

Th,ntap = Tb,lap ( f

cm,t

4.5 Effect of Transverse Pressure

The anchorages tested in simply supported beams were always subjected to transverse
pressure, while the lap tests were not subjected to transverse pressure. Therefore, the
effect of transverse pressure was investigated in the beam-end tests by a modification
of test setup (cf. chapter 3.3.1).

Table 4-1 gives the averaged normalised bond strength tan taking the concrete
strength according to equations (4-3) and (4-4) into account. Additionally, the
normalised local bond stress is given that was obtained by strain measurements at
discrete positions in the lap and anchorage tests. Since crack widths correspond to
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twice the slip of reinforcing bars at the crack location, the slip at the maximum load
S(tmax) measured in beam-end tests is compared to the crack width in the lap and
anchorage tests in Table 4-1.

Table4-1 Normalised and averaged bond strength t,.n, normalised local bond stress tyi» and
corresponding slip s or crack width w for beam-end tests and lap tests (width of
transverse crack at the end of the bond length) with varying transverse pressure p

Transverse f
pressure p cm Than Thln S(Tmax) | W(Tmax)
[MPa] [MPa] [MPa] [MPa] [mm] [mm]
Beam_end BET-1 0 382 118 - 068 038
tests BET-9 6.0 MPa 27.9 16.2 - - -
T1 0 40.2 3.7 10.9 - 0.76
Lap tests
T3 0 33.0 3.3 13.3 - 0.66
Anchorage V3-1 15.4 MPa 35.2 12.1 27.1 - 0.22
tests V6-2 14.1 MPa 36.5 13.7 24.3 - -

The observed bond strength increase for transverse pressure was 40 % in the beam-end
tests. Beam-end tests without transverse pressure and laps can be used for a
comparison of small-scale and real-scale test setups without transverse pressure. For
the non-linear effect of bond length, the direct comparison of averaged bond strengths
along the bond length is not recommended. Instead, the averaged bond strength than In
beam-end test BET-1 (11.8 MPa) without transverse pressure is compared to the
maximum local bond stress 1,1,n. These values are in the same range as the maximum
local bond strength t,n measured in the lap tests without transverse pressure
(10.9 MPa and 13.3 MPa respectively). In both test setups, the vertical concrete cover
was 1.5 - @ and @ 14 mm stirrups were positioned with a 130 mm spacing.

The averaged bond strength tanwas not higher in the anchorage tests, although
substantial transverse pressure was present. This effect is partly based on the strain
distribution within the anchorage of the simply supported beam (cf. chapter 3.5.4). The
maximum local bond strength measured in the anchorage tests was 50 % higher than
the average bond strength tnan measured in beam-end test BET-9 with transverse
pressure (cf. Table 4-1). Another reason for the non-conformity of averaged values tan
of anchorages and beam-ends with transverse pressure is the fact that three densely
spaced adjacent bars were tested at the anchorage. Figure 4-3 shows the ratio of bond
strengths in tests without transverse pressure to tests with transverse pressure and the
consideration of its effect according to [EC2] and [EC2/NA]. The beam-end and
anchorage test results in Figure 4-3 are normalised with (fom / 38)?”. The increase in
bond strength for transverse pressure according to [EC2/NA] is 1.5-times the bond
strength without transverse pressure and the increase according to [EC2] is the smaller
valueof1/0.7and 1/ (1-0.04 - p).
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Figure 4-3 Bond strength increase for transverse pressure in beam-end tests and anchorage tests and
bond strength increase for transverse pressure according to [EC2] and [EC2/NA]

4.6 Effect of Concrete Cover

Table 4-2 gives a comparison of bond strengths normalised with equations (4-3) and
(4-4) averaged over the respective bond lengths. The averaged bond strength than
obtained in lap tests is considerably smaller than the one obtained in beam-end tests.
The local bond stress measured in the lap tests were in the same range as the averaged
bond strength in beam-end tests.

The maximum bond strength of the beam-end test tan With a bottom cover cy of
1.0-@ (BET-7, w = 9.7) was 18 % smaller than with a bottom cover of 1.5 -@
(BET-1, w = 11.8 MPa). In lap tests, the increase in bond strength averaged over the
bond length 1.0 and the local increase in bond strength t,,1,n due to concrete cover was
within the test specimens’ scatter (3 %). It should be noted that the local bond strength
Tn,1,n Calculated on the basis of measurements with strain gauges during lap tests does
not give the precise bond stress along the lap length.

Table4-2  Normalised averaged bond strength than vs. bond length, normalised local bond stress
calculated from steel strain t,,» and corresponding slip s or crack width w for beam-end
tests and lap tests (width of transverse crack at the end of the bond length) with varying
concrete cover cy

Bott
© OI’;COVGI’ fem Th,a,n Th,1,n S(Tmax) W(Tmax)
[-] [MPa] [MPa] [MPa] [mm] [mm]
tests BET-7 10 Q@ 32.0 9.7 - 0.54 1.26
T1 15-0@ 40.2 3.7 10.9 - 0.76
Lap tests
T2 1.0-9 325 3.8 10.7 - 0.76

Figure 4-4 (left) shows the ratios of the bond strength to the reference bond strength
obtained in tests with the minimum bottom cover ¢y, = 1.0 - @. The figure also
illustrates the consideration of bottom cover in [EC2], [EC2/NA] and [FIB14]. For a
profound comparison of design models with the experimental influence of the bottom
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cover cy, a broader variation of ¢y would be necessary. The effect of concrete cover is
given as the ratio of maximum bond stress to the bond stress of the test with
cy/@=1.0and ¢cs / @ = 2.0, respectively. The positive effect of concrete cover on
bond strength is neglected in [EC2/NA] and is therefore represented by the value 1.0
in Figure 4-4. The bond strength increase for increasing concrete cover according to
[EC2] is the smaller value of 1 /0.7 and / /(1 - 0.15 - (ci - 1)). The increase in bond
strength defined in [FIB14] is represented by the factor (ci / @)°?°in Figure 4-4.
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Figure 4-4 Bond strength increase vs. bottom cover cy (left) and bar spacing ¢; (right) in beam-end
tests, lap tests and anchorage tests

Table 4-3 compares of bond strengths normalised with equation (4-3) and averaged
over the respective bond length for different bar spacing. Beam-end test BET-10 with
a bar spacing ¢;=2 - @ showed quite a small bond strength than wWhich was
presumably caused by load-application issues. In the lap and anchorage tests, the test
specimens with greater bar spacing obtained higher averaged bond strengths tban, but
the local bond stress t,1,» was not higher.

Table4-3  Normalised averaged bond strength than vs. bond length, normalised local bond stress
calculated from steel strain t,,» and corresponding slip s or crack width w for beam-end
tests and lap tests (width of transverse crack at the end of the bond length) with varying
bar spacing cs

Bar spacing ¢s|  fem Th,an T, In S(tmax) | W(Tmax)

[-] [MPa] [MPa] [MPa] [mm] [mm]

Beam-end | BET-10| 20-@ 36.4 6.9 - 0.87 1.50
tests BET-11| 4.0-Q 37.3 9.2 - 0.65 0.96
Lap tests T2 200 32.5 3.8 10.7 - 0.76
T5 40 @ 34.6 4.3 9.8 - 0.59

Anchorage | V3-2 1.0-9@ 35.2 12.1 27.2 - 0.21
tests V6-2 200 36.5 13.7 24.2 - -

In contrast to beam-end specimens without transverse pressure, anchorages in simply
supported beams are positively influenced by transverse pressure, while the narrow bar
spacing has a negative effect on the bond strength. Figure 4-4 (right) shows the ratios
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of bond strength to reference bond strength obtained in tests with the minimum bar
spacing ¢cs= 2.0 - @ and the consideration of bar spacing according to [EC2],
[EC2/NA] and [FIB14]. The reference values were 6.9 MPa (for the beam-end tests),
3.8 MPa (for the lap tests) and 13.7 MPa for the anchorage tests. The positive effect of
bar spacing on bond strength was confirmed by the test results.

For the different test-setup, the effect of bar spacing on bond strength in beam-end
tests and anchorage tests is not directly comparable. The maximum bond strength of
the single bars without transverse pressure was 11.8 MPa in the beam-end tests (BET).
The bond strength of two adjacent bars without transverse pressure with 4.0 - @
spacing reached 9.2 MPa and with 2.0 - @ spacing 6.9 MPa. From these results, the
bond strength can be extrapolated for 1.0 - @ spacing with the effect of transverse
pressure according to [EC2].

i _ 69-(92-6.9)/(4-2) 1
max,BET ¢,=L.00 min{0.7;(1—0.04 -15Mpa)}

=8.2 MPa (4-5)

This value is only 8 % smaller than the obtained bond strength of 8.9 MPa in test V3-1
with a bar spacingcs =1 - @.

The beam-end and anchorage tests with a bar spacing of ¢s = 2 - @ can be compared
directly. When taking the transverse pressure according to [EC2] into account, the
maximum bond strength in BET-10 can be obtained from test V1-2 with

i B 12.3 MPa
V2528 T mingl/0.7;1/ (1—0.04-15Mpa)}

=8.6 MPa (4-6)

This value is 25 % higher than the maximum bond strength tmax = 6.9 MPa observed in
beam-end test BET-10 with the same spacing (¢cs = 2.0 - @). It must be noted that the
anchored bars act as a group in the anchorage tests, while Table 3-3 for the beam-end
test specimen with two adjacent bars only gives the maximum bond strength of the bar
that failed first. The bond strength in the second bar and therefore also the bond
strength of the entire anchored bar group was actually higher.

4.7 Effect of Transverse Reinforcement

The transverse reinforcement was varied in the three test types to investigate the effect
on bond strength within the test series, but also to investigate the comparability of the
transverse reinforcement effect in different test specimens. Table 4-4 summarises the
effect of transverse reinforcement observed in the three test types. Unexpectedly, the
beam-end tests without transverse reinforcement and with 2 @ 10 mm stirrups (BET-8)
had the same averaged bond strength (10.3 MPa). In the beam-end tests with
2@ 14 mm stirrups (BET-1) and 3@ 8 mm stirrups (BET-19), the bond strength
increased by about 15 % (11.7 MPa) in both cases.

119



Table 4-4  Normalised bond strengths tsan and 0 and corresponding slip s or crack width w for
beam-end tests and lap tests (width of transverse crack at the end of the bond length)
with varying transverse reinforcement Ag

Transverse fem Than Tin | S(tma) | W (tma)
reinforcement | [MPa] [MPa] [MPa] [mm] [mm]
BET-1 2014 27.9 11.8 - 0.68 0.38
Beam-end | BET-8 2310 34.3 10.3 - 0.49 0.50
tests BET-14 0 50.5 10.2 - 0.51 0.66
BET-19 308 50.5 11.7 - 0.79 0.74
T3 @ 14 /180 33.0 3.3 13.3 - 0.66
Lap tests
T6 @ 14 /90 39.2 34 4.7 - 0.66
V3-1 0 35.2 8.9 27.7 - -
V3-2 208 35.2 12.1 27.7 - 0.21
Anchorage| V1-1 0 39.1 13.6 24.3 - -
tests V6-2 20 14 36.5 12.5 21.2 - -
V4-1 3012 32.9 9.3 18.5 - -
V4-2 0 32.9 8.4 20.0 - -

The normalised averaged bond strengths tvan Obtained in lap test T3 with minimum
transverse lap reinforcement according to [EC2] had the same value as in test T6 with
reduced stirrup spacing (90 mm instead of 180 mm). The negligible effect of
transverse bar spacing in the lap tests was not expected and might be due to the high
level of transverse reinforcement in both test specimens.

In the anchorage tests, the test specimens V3-2 with and V3-1 without transverse
reinforcement both reached the same maximum local bond strength t,n (27.5 MPa).
The bond strength averaged over the bond length 1.0 was smaller in anchorages
without transverse reinforcement. For a spacing of 2 - @ and anchorage lengths of
200 mm (V1-1 and V6-2), the bond strength increase for the positioning of transverse
reinforcement was 9 %. For anchorages with a 1 - @ spacing and an anchorage length
of 200 mm, the bond strength increase for transverse pressure was 36 % (V3-2 and
V3-1). The considerable bond strength increase by transverse reinforcement in test
V3-2 might be caused by the unfavourable geometry of the crack-inducing steel sheet.
In the anchorage test with a spacing of 2 - @ and an anchorage length of 440 mm, the
compression zone under the load application failed before the anchorage and the effect
of transverse reinforcement within the anchorage length could not be evaluated.

Figure 4-5 gives a comparison of bond strength over transverse reinforcement ratio
obtained in beam-end tests, lap tests and anchorage tests. For the beam-end tests and
anchorage tests, the bond strength is divided by the bond strength for
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2Astmin/ As=0.25. For lap tests, the bond strength is divided by the bond strength for
the ratio ZAstmin/ [As- (osd / fyd)] =1.0. Both minimum transverse reinforcement
values conform with [EC2].

e 14 - Design anchorage and lap lengths
o 12 anchorages (=2 —- according to [EC2] may be reduced by
= 1.10@ — o —<TEC2° )
T og 80 laps [EV O3EC:
g 0.6 O7<1_K_ZAst_ZAst,min <1.0
L 04 Obeam-end test T A -
S g2 olap test o s ]
2 e anchorage test The coefficient for T equals 1/az ec with
H T T T - -

0 02505075 1 12515175 2 K (cf. Figure 2-6 and Figure 2-18)

A A (-]

Figure 4-5 Bond strength increase vs. ratio of transverse reinforcement cross-section to the cross-
sectional area of one lapped or anchored bar ZAst/ As

4.8 Predictability of Bond Behaviour by Beam-End Tests

The conducted tests should clarify whether beam-end tests are suitable for the
prediction of bond behaviour of structural concrete members such as beams. The
failure modes in beam-end, anchorage and lap tests were comparable. Beam-end tests
show a single longitudinal crack in the bottom cover of the loaded bar (face split
failure). The anchorages also developed a face split failure (three cracks in the bottom
cover above three anchored bars) for small confinement by transverse reinforcement.
In case transverse reinforcement or even surface reinforcement was positioned in the
anchorages, the failure type changed from splitting to a pry-out of the reinforcing bars.
The lap test failure was a face-and-side split failure type.

Since the non-linear distribution of bond strength along the lap length leads to
considerable differences between laps and anchorages, parameter effects are not
straight comparable. While the exponent 2/3 for the concrete strength captures the
bond strength in beam-end tests correctly, lap tests revealed that the exponent 1/4 for
concrete strength captures the bond strength better for long bond lengths.

Since a uniform load application to more than one bar is difficult to realise in beam-
end tests, the testing of groups of reinforcing bars in one or more layers is easier at end
anchorages of simply supported beams or in laps. The observed bond strength decrease
for decreased bar spacing was about 15 % in anchorages and laps, while the decrease
was up to 40 % for the weaker of the two reinforcing bar in beam-end tests. This
seems to be caused by the load application and should be noted for further analysis.

Transverse pressure led to an increase in bond strength by 40 % in the beam-end tests
conducted. The averaged bond strength along the anchorage length tan~ 13 MPawas
not much higher than the bond strength in beam-end tests without transverse pressure
(about 12 MPa). The negative effect of grouped reinforcing bars with little spacing
superimposed the positive effect of transverse pressure. The local bond strength t,in
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calculated from strain measurements in anchorage tests was more than twice as much
as the bond strength without transverse pressure. Such high values were only observed
locally and cannot be reached along the entire anchorage length.

The slight increase in averaged bond strength . Observed in beam-end tests for the
positioned transverse reinforcement conforms with the increase investigated in
anchorages, while it seems to be more beneficial in laps without transverse pressure.

The beam end-test is therefore capable to predict different parameter effects on bond
capacity in bond zones. For a correct capture of the effect of adjacent bars with small
spacing, a uniform load application must be planned thoroughly.

In beam-end tests, the transverse crack at the end of the bond length is reduced by the
continuous reinforcement shown in Figure 3-1. Still, the widths of the transverse crack
at the end of the bond length (denominated crack 1 in Figure 3-4) measured in beam-
end tests resemble the crack width dimensions obtained at lap ends. Since a wide range
of transverse crack widths was observed at the end of the bond length in beam-end
tests for equal parameters, parameter effects are not clearly visible. In contrast,
parameter effects on crack width are clearly visible within the lap length and in the
undisturbed length of lap tests. While the concrete strength, the presence of continuous
bars and the bar diameter influence the crack widths at the lap ends, the change in
stiffness prevails.
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5 Database for the Ultimate Limit State

5.1 Database Filter

In this chapter, a comparison of the described test results and design models with a lap
and anchorage database is presented. The database was originally compiled by ACI
COMMITTEE 408 [ACIO1] and FIB TASK GROUP 2.5 [FIB05] and comprises more than
800 tests with anchorages and laps. Annex A.3 provides drawings and tables of the
anchorage and lap tests included in the database.

The database comprises several lap investigations. The first major lap investigations
were conducted by FERGUSON ET AL. in the 1950s and 1960s at the University of
Texas at Austin [FER65a], [FER65c], [FER69]; [FER62]; [FER65b]. The European
investigations were performed in the 1970s by TEPFERS [TEP73] as well as REHM AND
ELIGEHAUSEN [REH77] in Gothenburg and Stuttgart, respectively. For new materials
such as high-strength reinforcement, high-strength concrete and epoxy-coated
reinforcing bars, new test programmes were conducted during the 1990s (e.g.
[DAR95a], [ZUO00], [DAR95b], [AZI99], [AZI93], [DEVI1], [CHO91], [KAD94],
[BUROO]). All of these investigations comprise more than 20 lap tests each, but the
test programme described in [TEP73] was the largest investigation performed
including 173 tests.

The tests in the original database include different concrete strength, bar diameter,
yield strength, rib area, lap length and confinement as well as bottom, top and side
bars. Most tests are four-point bending tests with laps in the constant moment zone,
but different test-setups are covered as well. The database does not comprise tests
with:

— Anchorages with bends and hooks

— Coated bars

— Lapped bars with different bar diameters
— Pull-out tests

— Anchorages under compression

The original database comprises anchorages and laps in poor bond conditions and laps
where less than 100 % of the bars are lapped. In the course of this evaluation, these
cases were excluded from the database and described briefly in chapter 8.1.

[FIB14] defines a database filter, which was mostly applied for the following
evaluation as well. The own filtered database comprises only test specimen where:

— 20 MPa < fem < 110 MPa (the lower limit is representative of practice and the
upper limit represents a limit of experimental data)

— lo/ @ > 15 for laps (representative of practice)

— 0.95 < cmin / @ < 3.5 (the lower limit is representative of practice and the upper
limit represents a limit of experimental data)

123



— Cmax / Cmin <5 (limit of experimental data)

— Ky <0.05 (little increase in bond strength above this value)

— ostest / fym > 1.2 (otherwise failure probably not attributable to bond)
— np >1 (otherwise no mutual influence of adjacent bars)

The database was extended by the anchorage test data compiled by AMIN [AMIOQ9].
Since the stress to be developed in anchorages is usually much lower than the yield
strength, shorter anchorages were allowed in the own database.

The cover values correspond with the minimum cover and bar spacing cmin according
to [EC2] and [MC2010] (1.0 - @). Without consideration of durability requirements,
the minimum cover defined in [ACI14] is 38 mm for @ 43 mm (0.88 - @) bars. In
slabs, the minimum cover is 19 mm for bar diameters up to @ 36 mm (0.53 - @)
according to [ACI14]. Cover dimensions in existing structures often do not fulfil
current cover requirements. The performance of anchorages and laps with smaller
covers was described by SCHENKEL [SCH98b] (with cover ratios cy/ @ from 0 to 1.9).

The maximum bar stress ostst Was extracted from the individual publications by
Fib task group 2.5. The reinforcing bar stresses of the tests conducted at IMB were
calculated with a parabola-rectangle diagram for concrete stress. The aim of lap tests is
usually to reach the mean yield strength fym without prior failure and certain ability for
load increase above the yield strength to obtain ductile behaviour. Test specimens
included in the database with lapped-bar stress well above the yield strength probably
failed in shear or bending rather than in bond. Therefore, test results with bar stresses
above 1.2 - fym were excluded from the database.

The database also comprised anchorage and lap tests with one bar only. The bond
strength of single bars is higher than for several lapped or anchored bars, since cover
and bar spacing influence the bond strength (cf. chapters 3.3.4, 3.4.4, 3.5.4 and 5.3.4).
Therefore, tests with one bar only were excluded in the following evaluation.
Additionally, structural elements with one bar only do not represent structural
elements in practice. The database was described and evaluated in several publications
[BUROO], [ACIO1]; [ACIO3], [LETO06b],[BURQO]; [CAIl4b]; [FIB14]; [LETO6a];
[LETO6b]. Table 5-1 gives an overview of the database test numbers used for these
publications. The publications including statistical analyses of the database were used
to check the results of the database evaluation in this thesis. The appendix of this thesis
contains tables and drawings of the single test programmes included in the database.
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Table5-1  Test numbers in original and filtered database (transverse reinforcement = links)

Own data-
[FIBO5] Own base
[ACIO1][FIBO5]| filtered | [LETO6h] [FIB14]|[CAI14b]|data-base| filtered
Overalltest | ,.0 | 807 | 561 793 | 582 1230 | 669
number
Tests with links| 286 | 392 | 299 391 306 396 239
Iﬁit: without | 19, | 415 | 262 402 | 276 839 430
Lap tests 453 782 546 543 445 781 457
:;;‘E;eﬁs with | 525 | 378 | 200 288 | 221 | 388 | 231
Lap tests 181 | 404 | 256 255 | 224 393 226
without links
Anchorage o5t | 25 | 15t 39 4492 | 2122
tests
Anchorage
tests with links 14 14 9 18 4 8
Anchorage
tests without 11 11 6 21 449 204
links

! the original database contained anchorages described in [CHA56] and [MAT61]
Zincluding [CHA56], [MAT®61], the tests described in chapter 3.5 and [AMI09]

When comparing the test results in the database with the calculated values of the
described design models, it appears that the database includes a number of outliers.
Particularly the following tests results deviated from the majority of tests:

— Test results of laps in a cantilever with very large concrete cover were not
comparable to four-point bending tests (conducted by FERGUSON [FERG5b]).

— Tests conducted by TeEPFERS [TEP73] with fr =
maximum bar stresses.

0.12 partly give very high

Tests conducted by HAMAD AND MANSOUR [HAMO96] where the lapped bars
were not directly adjacent do not conform with the calculated strength. If the
lap spacing increases, the spacing between the lapped bars decreases in their
test setup. The splitting plane remains the same in both cases. The high bar
stresses obtained in tests were unexpected, since the spacing was wide but the
concrete covers cx and ¢y were very small.

Outliers also result from an early termination of the test specimen loading.
Some tests have probably been stopped as soon as the yield strength was
reached. Excluding tests in case the strengths obtained in tests ostest IS greater
than the yield strength fym and the calculated value ccaiceco IS greater than 1.2
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Ostest, l€ads to exclusion of 10 test specimens from the database (tests described
in [AZI99] and [TEP73]).

5.2 Statistical Database Evaluation for Different Design Models

The following tables give comparisons of the maximum bar stresses found in tests
ostest With the calculated mean reinforcing bar stresses according to the described
design models for laps and anchorages os,i. The mean value of the model uncertainty
of the design models is denominated 6 and the coefficient of variation (COV) of the
model uncertainty is denominated V.

The [FIB14] design model correlates very well with the test results. Due to a slightly
different database used here, the standard deviation is even smaller than in [FIB14]
(Table 5-2).

Table 5-2  Statistical data for [FIB14] equation (2-26) presuming a log-normal distribution
wiout | LWt | e | atdrect | resuls
Gs test | Osm,fib14 All laps links links supports supports

mean value 6| 0.99 0.99 1.00 1.02 0.99 1.00

standard deviation| 0.131 0.135 0.128 0.168 0.184 0.135
COV V| 0.132 0.136 0.128 0.165 0.186 0.136

minimum| 0.65 0.65 0.65 0.63 0.44 0.63

5% characteristic ratio| 0.79 0.78 0.80 0.77 0.72 0.79

number of results| 457 226 231 47 165 669

For the evaluation of the design model according to [EC2], the test results were
compared to the mean lap strength derived in equation (2-20) that was calculated with
a mean bond strength fum according to [EC2] in equation (2-13). The analysis indicates
that laps without links often do not reach the calculated lap strength (cf. Table 5-3).
The design model according to [EC2] requires minimum reinforcement in laps so that
laps without links do not conform with the requirements.

The [EC2] design model for laps was calibrated with bar stress values close to the
yield strength, therefore different filters for the yield strength were applied in the
database analysis. Where the filter was o5 < 1.2 - fym, the COV was 0.305 for 457 laps
(cf. Table 5-3). Applying a filter 0.8 - fym < 05 < 1.2 - fym left 291 lap test results and
gave a COV of 0.312. The COV was reduced to 0.272 when applying a bar-stress filter
of 0.82 - fym < 65 < 0.92 - fym (92 lap tests). Since the first change did not result in a
significant decrease of the COV and the second change left a much smaller test
number, the original filter s < 1.2 - fym was kept throughout the analysis.
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Table 5-3  Statistical data for equation (2-20) with mean bond strength according to (2-13) [EC2]
(presuming a log-normal distribution)
it | LB Wit | e et | reauls
Ositest | OsEC2 All laps links supports supports

mean| 0.95 0.91 1.00 0.99 1.23 1.02

standard deviation| 0.290 0.300 0.263 0.283 0.315 0.324
COV/| 0.305 0.332 0.265 0.286 0.256 0.316
minimum| 0.33 0.33 0.39 0.44 0.44 0.33
5% characteristic ratio| 0.56 0.51 0.63 0.60 0.79 0.59
number of results| 457 226 231 47 165 669

Cairns and Eligehausen [CAI14b] try to overcome the deficiency of EUROCODE 2
[EC2] by means of a lap-factor modification and by an additional factor taking the
yield strength into account. This leads to a shift of the data points into the safety zone.
When only the increased lap factor as = 2.5 for a percentage of lapped bars larger than
50 % instead of as = 1.5 according to EUROCODE 2 [EC2] is taken into account, the
mean value, the standard deviation, the minimum value and the 5% characteristic ratio
equal the values in Table 5-3 multiplied by the factor 2.5/1.5. The values of the COV
do not change.

When both the increased lap factor as = 2.5 for a percentage of lapped bars larger than
50 % (o = 2.3 for the 50 % and 66 % laps in the database) and the proposed factor for
the effect of stress to be developed are considered, the statistical data given in Table
5-5 results. The coefficients of variation increase in comparison to the original
EUROCODE 2 [EC2] design model.

Table 5-4  Statistical data for equation (2-20) according [EC2] (presuming a log-normal distribution)
with o = 2.5 and factors for different yield stress of bars according to [CAI14b]

Os,test | OsmEC2,[CAl4b] All laps Laps without links | Laps with links
mean value 6 1.55 1.46 1.63
standard deviation 0.557 0.548 0.542
COV Vy| 0.360 0.375 0.333
minimum 0.54 0.55 0.54
5% characteristic ratio 0.82 0.75 0.91
number of results 457 226 231

The design model according to [EC2/NA] differs from the design model according to
[EC2], since the concrete cover is not taken into account and lap factors are higher (cf.
chapter 2.9.3). Hence, laps designed according to [EC2/NA] reach a higher safety
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level. The [EC2/NA] and [EC2] design models have much higher coefficients of
variation than the design model according to [FIB14] (cf. Table 5-5).

Table5-5  Statistical data for equation (2-20) with mean bond strength according to (2-13)
[EC2/NA], where o, and o deviate from [EC2] (presuming a log-normal distribution)
Laps ... | Anchorages| Anchorages| All
without Lalps with at indirect | atdirect | results
X inks
Os,test / OsmNAD All laps links supports supports
mean value 6| 1.30 1.21 1.39 1.15 1.18 1.26
standard deviation| 0.414 0.376 0.430 0.356 0.280 0.381
COV V| 0.318 0.311 0.310 0.309 0.238 0.303
minimum| 0.44 0.44 0.52 0.47 0.44 0.44
5% characteristic ratio| 0.74 0.70 0.81 0.67 0.78 0.74
number of results| 457 226 231 47 165 669

Besides the design models yet evaluated in this chapter, the design model proposed in
[PT18] that was derived from [FIB14] (cf. 2.9.7) was analysed as well. Since [PT18]
gives a design lap and anchorage length only, the design equation was rearranged for
the design lap and anchorage strength fsq,pr18 In equation (2-44). To find calibration
factors for the mean lap and anchorage strength fsmpr1s, the own database was used.
The calibration factor 40 in the design equation (2-44) was changed to 31 to obtain
mean strength values. This calibration factor gave the best correlation with test results.
The statistical evaluation of the design model according to [PT18] with the own
derived calibration factors is described in more detail in 5.6.3.

Furthermore, the coefficient for the transverse reinforcement ratio in design equation
(2-44) was modified. While [PT18] gives a coefficient of 31, the own evaluation gave
much better correlation when the coefficient was changed to 60.

1 2 2 1

3 9 o C 3
fstm pT17 = 435 MPa - fc—m (&jg ( Ib Ja .| dconf
’ 25 MPa @ 31-@ 15-@

Cd,conf =Cy + Q- (60 kconf " Pconf +8- Ot /\/K) <3.75-0

(5-1)

With
(5-2)

With this modification, the ratio ostest / osmpt given in Table 5-7 resulted.
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Table 5-6

Statistical data for equation (5-4) according to [PT18] with own calibration factors
(presuming a log-normal distribution)

I__aps Laps with Angho_rages Anch(_)rages All

W|_thout links at indirect | atdirect | results
Os,test / Osm,PT All laps links supports supports

mean value 6| 0.99 0.99 0.99 1.09 0.98 0.994
standard deviation| 0.156 0.171 0.138 0.229 0.191 0.172
COV V| 0.157 0.173 0.139 0.209 0.195 0.173

minimum| 0.56 0.60 0.56 0.60 0.53 0.53

5% characteristic ratio| 0.76 0.73 0.78 0.76 0.70 0.74

number of results| 457 226 231 47 165 669

The mean anchorage and lap strength according to [ACI114] was calculated by dividing
the design values with the safety factor 0.9 (cf. chapter 7.3). Since the lap factor 1.3 is
also described as a safety factor in [ACIO3], this value is not taken into account in the
calculation of the mean bar stress in laps. For anchorages at direct supports, the stress
value was multiplied with 1.3, since the confinement by a compression reaction may
be taken into account according to [ACI14]. The reinforcing bar stress obtained in
most tests was higher than the calculated values according to the [ACI14] design
model. The model especially underestimates the developable bar stress in anchorages
(Table 5-7). Since the obtained mean value 6 is well above 1.0, the design values for
anchorages according to [ACI14] divided by 0.9 do not represent the mean values

obtained in the database.

Table 5-7

Statistical data for equation (2-25) according to [ACI114] approximating a mean level by

division with the safety factor 0.9 and disrespecting the lap factor 1.3 (presuming a log-
normal distribution)

I__aps Laps with Angho_rages Anch(_)rages All
W|_thout links at indirect | atdirect | results
Os test | Osm,ACl All laps links supports supports
mean value 6| 1.07 1.04 1.11 1.42 1.90 1.30
standard deviation| 0.262 0.265 0.250 0.406 0.450 0.462
COV V| 0.244 0.256 0.225 0.285 0.237 0.355
minimum| 0.70 0.70 0.73 0.65 0.99 0.65
5% characteristic ratio] 0.70 0.66 0.75 0.87 1.26 0.69
number of results| 457 226 231 47 165 669

The statistical data for the ratio of bar stress in lap tests to calculated bar stress
according to the design models given in [ELI79], [BUROO], [LETO06a], [ZUO00] and
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[CANO5] is summarised in Table 5-8. MARX [MAR15] conducted a comparison of the
design models described.

Table 5-8  Statistical data for mean reinforcing bar stress in laps given in [ELI79], [BUROO],
[LETO6a], [ZUO00], [CANO5] (presuming a log-normal distribution)

Os test | Osmcalc [EL|79] [BUROO] [LETOG&] [ZUOOO] [CANOS]

without| with |without| with |without| with |without| with |without| with
links | links | links | links | links | links | links | links | links | links

mean value 6| 0.98 | 1.00 | 1.04 | 094 | 098 | 092 | 097 | 1.08 | 1.03 | 1.08

standard
deviation| 0.22 | 0.20 | 0.17 | 0.14| 022 | 020 | 0.15 | 030 | 0.18 | 0.29

COVVe| 023 | 020| 017 | 015 | 023 | 022 | 0.16 | 0.28 | 0.17 | 0.27

minimum | 0.56 | 0.58 | 0.67 | 052 | 048 | 047 | 054 | 044 | 0.67 | 0.54

5%
characteristic| 066 | 0.71 | 0.78 | 0.74 | 066 | 0.63 | 0.74 | 0.66 | 0.77 | 0.68
ratio

number of
results | 226 231 226 231 226 231 226 231 226 231

The coefficients of variation of the model uncertainty 6 of the model elaborated in
[ELI79] are much higher (Ve = 0.23 and 0.20) than in the original evaluation
(Ve =0.13). BURKHARDT [BURO0O] refined the model according to [ELI79], which
was originally limited to a concrete strength of 65 MPa, for high-strength concrete and
therefore captures the effect of increasing concrete strength more precisely [MAR15].

The design model defined in [LETO06a] is the least complex equation, but the test
results were slightly overestimated in this evaluation and the coefficients of variation
are higher compared to the [FIB14] equation. [ZUOO00] and [CANO05] also validated
their models with the database of the ACI Committee 408 [ACIO1].

The approximate conformity of the described design models shows that different
theoretical models for the load transfer are capable of describing the bearing behaviour
of anchorages and laps.

All models given in Table 5-5 have smaller coefficients of variation than [EC2],
[EC2/NA] and [ACI14], but the coefficients of variation of the models according to
[FIB14] and [PT18] with own calibration factors are still smaller.

5.3 Database Evaluation of Parameter Effects in Lap Tests

For a more detailed evaluation of the design models, the effects of the single
influencing parameters must be taken into account. Table 2-5 gives an overview of the
effects of bond length Iy, concrete strength fcm and bar diameter @ according to
different design models described.
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All design models were derived from experimental or numerical investigations. Below,
the parameter effects given in the filtered database and in selected publications of large
comprehensive test series are presented. For a comparison of the test results, different

parameters are summarised to certain value ranges (Table 5-9).

Table 5-9  Value ranges for transverse reinforcement, concrete strength fem, lap length lo, concrete
cover ¢y and ¢y and bar spacing cs
Transverse cy/ @ and
reinforcement fem lo/ @ cx/ @ cs/ @
[-] [MPa] [-] [-] [-]
20 - - 95-1.
_ 0-30 15-22 0.95-14 105-24
Range of with 30 -45 22-30 15-24 25-34
values without 45 - 65 30 - 40 25-34 N 3 5‘
65 - 100 > 40 >3.5 '
5.3.1 Lap Length

The design models in [EC2], [EC2/NA], [ACI14] and [ZUOO0O] presume a linear
relationship of lap length and lap strength, whereas the design models in [FIB14],
[ELI79], [LETO6a], [BUROO] and [CANO05] consider a nonlinear correlation.

For the evaluation of the tests without transverse reinforcement included in the
database, the exponent of the lap-length to bar-diameter ratio is 0.37 (cf. Figure 5-1,
left). These tests include laps in beams with concrete strength between 20 MPa and
120 MPa (cf. Figure 5-1, right).

800 T 120 1, -
100 1 E¥BABee o [°>CE5
= a0 | 80$%° 2% ° C45-65
a 0 C30-45
2, 60 * C20-30
E 40
20 - 2823 o
0 | : : : | 0 : : : . |
0 200 40 60 80 100 0 20 40 60 80 100
lo/D l,/D
Figure 5-1 Effect of lap-length to bar-diameter ratio on bar stress for laps cest Without transverse

reinforcement (left) and concrete strength distribution in the database (right)

For laps with 20 MPa — 30 MPa concrete strength and bar spacing ¢s > 4 - @, an
exponent of 0.40 reflects the test results best (cf. Figure 5-2, left). The bar stress in
laps with 30 - 45 MPa concrete strength and ¢ > 4 - @ is best described by (lo / @)°33
(cf. Figure 5-2, right).
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Figure 5-2 Effect of lap-length to bar-diameter ratio on maximum bar stress owst for
20 MPa < fen< 30 MPa (left) and 30 MPa < fen < 45 MPa (right)

Evaluating individual publications of comprehensive test programmes gives exponents
for the lap-length to bar-diameter ratio of about 0.55 for [FER65c], [AZI93] and
[TEP73] (cf. Figure 5-3), while the test results in [REH77] are rather captured with the
exponent 0.26 (cf. Figure 5-4, right).

800 Cs=6.6-@, cx = 3.3-0, 800 T
fom = 18-35 MPa s - cy=cx =13, cs=2.60 |
EE 600 - ('0/®)0'55 o 600 — (|O/Q)O.52
S £ °
=400 T = 400 T
& °
© 200 T o@= 25 mm, ¢y = 1.5:@ 200 1 & o ofm = 33 MPa
®@= 35 mm, ¢, = 1.0-9 of,n = 85-100 MPa
0 : : : : : 0 : : : : |
0 20 40 60 80 100 O 20 40 60 80 100
[FER65b] |, / @ [AZ193] |o/ Dy

Figure 5-3 Effect of lap-length to bar-diameter ratio on maximum bar stress ows: Obtained in test
programmes conducted by FERGUSON [FERG5c¢] (left) and AzizINAMINI [AZ193] (right)

800 T 800 T
~ (|0/®)0.55
T 600 + o — 600 )
o c,=0.60 S O
2 400 1 2 400 1 °
b§ c,=1.90 7 o
200 T fom = 22 MPa, ® 200 {|®fcm>45, cs=2:@, c,=1.5-F, C,=6-0
0 c,=130,¢c,=29-0 of:m=20, ¢cs=2-@, ¢y=1.0-3, c,=2-0
i i i i ! 0 : : : : :
0 20 40 60 80 100 0 20 40 60 80 100
[TEP73] 1o/ @ [REH77] lo/d

Figure 5-4 Effect of lap-length to bar-diameter ratio on maximum bar stress owst Obtained in test
programmes conducted by TEPFERS [TEP73] (left) and REHM [REH77] (right)

This comparison indicates, that the linear design models in [EC2], [EC2/NA], [ACI14]
and [ZUOO00] overestimate the effect of lap length on obtainable lap strength. The
comparison of the ratios of experimental to theoretical values over lo/ @ validates this
finding (cf. Figure 5-5).
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Figure 5-5 Comparison of maximum bar stress in tests to the calculated bar stress according to [EC2]
(left) and[ACI103]; [ACI14] (right)

Other design models consider the effect of lap-length to bar-diameter ratio with an
exponent smaller than 1.0 [ELI79] [BUROO], [LETO06a], [CANO5] and [FIB14] (cf.
Figure 5-6, left) and capture the effect of lap length better (cf. Figure 5-6 , right).

1200 - 2.0
— 1000 - i
© < 15 .
S 00 4 o
— 600 A £1.0 A e = = —
=3 o redki X4 - .
s 400 A - - o) .
3 fib14, Burk., Elige., ~ 05
b 200 T Lett., Canb., Zuo 4

0 : : ] i | ® 0.0
0 20 40 60 80 100 0 20 40 60 80 100
lo /D[] lo/ D[]

Figure 5-6 Calculated bar stress obtainable in laps according to the considered design models for
@=25mm; cx=cy=15"0; cs =3 - D (left) and comparison of maximum bar stress in
tests to the calculated bar stress according to [FIB14] (right)

5.3.2 Concrete Strength

Design models for lap or anchorage length either directly comprise the concrete
strength or consider the bond strength as a multiple of the tensile strength of concrete.
The design model according to [EC2] considers the concrete strength with an exponent
of 2/3 for normal strength concrete, while other design models consider a smaller
effect of concrete strength on bond and lap strength by applying exponents between
0.25 and 0.5 for the concrete strength. Table 2-5 gives an overview of exponents
applied in the described design models.

When evaluating the effect of concrete strength on the lap strength, the ratio of lap
length to bar diameter as well as the concrete cover have to be considered. Figure 5-7
shows the lap strength over the concrete strength for certain covers and lap lengths
within the filtered database. The individual test results were obtained in different
publications. In both cases, the relationship of concrete cover to lap strength is
captured well by the exponent 0.28.
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Figure 5-7 Effect of concrete strength on maximum bar stress ot at medium bottom cover and bar
spacing (left) and at small bottom cover and bar spacing (right) without transverse
reinforcement

Similar exponents for the effect of concrete strength fcm are obtained by separately
evaluating the test series described in [FER65c], [TEP73], [AZ193] and [AZI99].
Exponents between 0.18 [AZ199] and 0.34 [AZ193] were found.

800 T 800 T

°l,=26 -0

g 600 T ~§.,02 CCLU 600 +Help=29 -@

5 4007 = 400 1

(] n

J = ~f. 0.34

© 200 - 6 200 4 fem

. 0/@=32, cx=2-9, c,=1-8,cs=2-0| cy=cx=123,c;=260
' ' ' ' ' 0 | : : : |
[TEP73] fem [AZI93] fom

Figure 5-8 Effect of concrete strength on maximum bar stress owst Obtained in test programmes
conducted by [TEP73] (left) and [AZ193] (right)

EUROCODE 2 [EC2] accounts for concrete strength with an exponent 2/3 up to a limit
concrete strength fom = 68 MPa. (cf. Figure 5-9, left). The course of the bar stress
according to EUROCODE 2 [EC2] reflects the definition of the tensile concrete strength
fetm that changes for concrete classes above C50/60.

The calculated bar stress in the bond zone with increasing concrete strength is much
higher than the values calculated according to other design models. The necessary lap
length depending on the concrete strength is thus smaller (cf. Figure 5-9, right). The
maximum bar stress according to [EC2] is higher than the bar stress according to
[EC2/NA] in Figure 5-9 (left), since the lap factor as for the 25 mm bar equals 1.5 in
[EC2/NA] instead of as = 2.0 [EC2].
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Figure 5-9 Theoretical maximum bar stress vs. concrete strength according to the considered design
models for lp = 40 - @ (left) and required mean lap length for os = 500 MPa (right)
according to [EC2], [EC2/NA], [ACI14] and [FIB14] with @ = 25 mm, c,=Cyx=Cs/2=1.5-@

The [FIB14] design model with the exponent 0.25 conforms with the test results much
better than [EC2] with the exponent 2/3 (cf. Figure 5-10). Hence, [EC2] substantially
overestimates the lap strength at high concrete strength.
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Figure 5-10 Comparison of maximum bar stress in tests to calculated bar stress according to [FIB14]
(left) and [EC2] (right)

In this work, design models are evaluated with equal consideration of concrete
strength for laps with and without transverse reinforcement. However, some authors
found that the effect of concrete strength increases if transverse reinforcement is
present (e.g. [CANO5], [ZUOO00]).

5.3.3 Bar Diameter

For the evaluation of bar diameter effect, the lap length and the concrete strength as
well as the concrete-cover to bar-diameter ratio must be taken into account. Tests with
constant covers at changing bar diameters are suitable to investigate the effect of bar
diameter. Where the concrete cover is a multiple of the bar diameter, the concrete
cover strongly correlates with the lap strength. The concrete cover effect is greater
than the bar diameter effect. CHINN [CHI55], FERGUSON [FER65a] and TEPFERS
[TEP73] conducted tests with constant cover values at changing bar diameters.

Figure 5-11 (left) compares the ratio of the maximum bond strength as average over
the bond length obtained in tests ([CHI55], [FER65a] and [TEP73]) to the maximum
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bond strength of the 25 mm bar with the calculated averaged bond strength according
to [FIB14] and [EC2]. The lap lengths and concrete strengths were taken into account

with
G.c. (28) " (25"
- _7s | == B 5-3
Tb,a,n 4'Ib [ Ib j [f j ( )

cm

The slight decrease in bond strength with increasing bar diameter is captured well by
[FIB14]. Both, [FIB14] and [EC2] neglect the positive effect for small bar diameters.
Figure 5-11 (right) illustrates a decrease in lap strength with increasing bar diameter.
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Figure 5-11 Effect of bar diameter on ratio of normalised averaged bond strength 1., to normalised
averaged bond strength of the 25 mm bar tpan25 and on maximum bar stress in tests Grest
for the parameters given in Table 5-10

Table 5-10 Parameters in investigations shown in Figure 5-11

Nb lo fem Cy Cx Cs
[CHI55] 1 15-@ 30 MPa 38 mm (grey) 15-@
[CHI55] 1 15-@ 30 MPa 15 mm (black) cx=4-0
[FER65a] 2 24 - @ (black) 30 MPa Cy=42 mm 17-@ 33-9
[FER65a] 2 40 - @ (grey) 30 MPa Cy=38 mm 4-0
[TEPT73] 2 3%-0 22 MPa 2-3-0 2-3-0 4-6-0

The effect of bar diameter is taken into account in [EC2] for bar diameters greater than
32 mm. The design model given in [FIB14] considers the bar diameter starting from
12.5 mm. The design models according to the NATIONAL ANNEX OF EUROCODE 2
(NAD) [EC2/NA] and [ACI14] comprise two different factors that depend on the bar
diameter. For this reason, steps appear for [EC2/NA] and [ACI14] in Figure 5-12 (left
and right).
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Figure 5-12 Calculated maximum lap strength vs. bar diameter for lo = 40 - @ (left) and required mean
lap length depending on bar diameter for os= 500 MPa (right) according to [EC2],
[EC2/NA], [ACI14] and [FIB14] with fon = 40 MPa; cy=cx=1.5-@;¢cs=3 -0

The lap strength is overestimated by [FIB14] and [EC2] for reinforcing bars with
diameters above 20 mm (cf. Figure 5-13). The model according to [EC2]
overestimates the overall lap strength and does not take the positive effect of small bar
diameters into account. The model is uneconomic for small diameter bars and
increasingly unsafe for larger diameters. The effect of the bar diameter is
superimposed by the consideration of lap length. Tests with large diameters often have
longer lap lengths and chapter 5.3.1 shows that the bar-stress increase with increasing
lap length is overestimated by [EC2].
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Figure 5-13 Relation of maximum bar stress in tests to calculated bar stress according to [FIB14] (left)
and [EC2] (right)

5.3.4 Concrete Cover

The cover dimensions determine the splitting modes described in chapter 2.4.4. While
small bottom covers cy cause face splitting, small bar spacing ¢s and small side cover
cx evoke side splitting. Since the bar or lap spacing cs contributes to the load transfer of
two bars or laps, the spacing is accounted for by cs / 2. Thus, many design models only
consider a minimum cover value cmin = min {cy; Cx; Cs/2}. To analyse the effect of
concrete cover, the lap-length to bar-diameter ratio and the concrete strength are
classified according to Table 5-9. Figure 5-14 shows the effect of bar spacing cs on lap
strength for different lap lengths at fon = 20 MPa to 30 MPa (left) and the effect of
bottom cover cy at fom = 30 MPa to 45 MPa (right) for the filtered database. The
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exponents of 0.12 and 0.47 given in the diagrams capture the test results best. For
spacings of lapped bars above 10 - @, the lap strength does not increase any further.
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Figure 5-14 Effect of bar spacing cs (left) and bottom cover ¢y (right) on maximum bar stress ciest

The effect of cover was investigated by several authors. Figure 5-15 gives the
maximum bar stress over the bar spacing ¢s measured in test programmes described in
[REH77] and [AZ199]. While the test results by REHM [REH77] are captured with an
exponent of 0.39 for ¢s / 2 - @, the exponent must be higher for the tests conducted
with high strength concrete by AzizINAMINI [AZI199]. Figure 5-15 indicates that the
positive effect of bar spacing cs increases with increasing concrete strength.
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Figure 5-15 Effect of cover on maximum bar stress ost Obtained in test programmes conducted by
REHM [REH77] and AZIZINAMINI [AZ199]

The design model described in [ACI14] comprises a linear relationship of concrete
cover and lap strength. The design model for laps in [FIB14] uses a smaller exponent
with 0.25. In [EC2/NA], the effect of concrete cover and bar spacing is also covered
by the lap factor as. This factor may be reduced for cover to bar-diameter ratios
Cmin/ @ > 4 (cf. Figure 5-16).
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Figure 5-16 Calculated, maximum lap strength over minimum concrete cover for lo = 40 - @ (left) and
required lap length for os = 500 MPa (right) depending on minimum cover with
@ =25 mmand fcm = 40 MPa

Both design models given in [EC2] and [FIB14] slightly underestimate the lap strength
for small cover to bar diameter ratios (cf. Figure 5-17). Table 5-3 indicates that the
design model for laps according to [EC2] overestimates the lap strength. Figure 5-17
(left) shows that the model is particularly unsafe for small cover to bar diameter ratios.
The ratio of otest / ocalc, fib1a OVer Cmin / @ with an exponent of 0.25 in [FIB14] is shown
in Figure 5-17 (right).
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Figure 5-17 Relation of maximum bar stress in tests to calculated bar stress according to [EC2] (left)
and [FIB14] (right) for different cover to bar-diameter ratios Cmin = min {Cy; Cx; CJ/2}

The design model according to [FIB14] (cf. equation (2-26)) considers the ratio of
maximum cover to minimum COVer Cmax / Cmin, While the other design models described
in chapter 2.9 neglect the effect of this ratio. Figure 5-18 illustrates the ratio of
estimated to calculated strength over the ratio Cmax / Cmin for [FIB14]. When neglecting
the ratio (cf. Figure 5-18, left), the lap strength is underestimated for ratios Cmax / Cmin
above 1.5. Including (Cmax / Cmin)®? results in good conformity with test results (cf.
Figure 5-18, right).
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Figure 5-18 Ratio of Gtest / Geacfibia Without consideration of Cmax / Cmin according to [FIB14] (left) and
with consideration of Cmax / Cmin (right)

Where the ratio cmax / Cmin 1S NOt taken into account for the sake of simplicity of the
design model, the COV and the mean value increase (cf. Table 5-11).

Table 5-11 Statistical data for [FIB14] equation (2-26) with and without consideration of Cmax / Cmin
presuming a log-normal distribution

Laps with consideration of Laps without consideration of
Ostest | Os fibl4 (Cmax/Cmin)®* according to [FIB14] Crmax/Crmin
mean value 0 0.99 1.04
standard deviation 0.131 0.148
COV Vy 0.132 0.142
minimum 0.65 0.65
5% characteristic ratio 0.79 0.82
number of results 457 457

5.3.5 Transverse Reinforcement

Test Series with Transverse Reinforcement in the Database

The effect of transverse reinforcement can be described either by the transverse bar
spacing sst or by the total cross-sectional area of the transverse reinforcement At
within the bond length. Figure 5-19 shows the effect of transverse bar spacing on
maximum bar stress for the filtered database tests with transverse reinforcement. The
bar stress decreases with increasing bar spacing, but the scatter is quite high.
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Figure 5-19 Effect of transverse bar spacing ss on maximum bar stress Gt at fem = 20-30 MPa (left)
and at fom = 30 — 45 MPa (right)

The transverse bar spacing was varied in [AZ199], [REZ92], [REH77] and [ZUO98].
All publications show a slight decrease in ultimate bar stress for decreasing transverse

bar spacing sst (cf. Figure 5-20).
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Figure 5-20 Effect of transverse bar spacing on maximum bar stress ows Obtained for different
transverse bar spacing in test programmes by [AZ199] and [ZUO98]

[EC2] accounts for the effect of transverse reinforcement by the ratio XAst / As. This
model accounts for both the total cross-sectional area of the transverse reinforcement
Aq as well as for the transverse bar spacing within ng =~ (lo/sst +1). Figure 5-21
illustrates that the maximum bar stresses in the lap database increase with an
increasing ratio XA« / As as well as the strong correlation of maximum lap strength
with the cross-sectional area of the transverse reinforcement.
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Figure 5-21 Effect of transverse-reinforcement to longitudinal-reinforcement ratio on maximum bar
stress orestat fon = 20 - 30 MPa (left) and at fen = 30 - 45 MPa (right)
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Design Models for the Consideration of Transverse Reinforcement

Transverse reinforcement increases the ultimate bond strength and reduces the
brittleness of bond failure by adding resistance after concrete cover splitting.
Resistance at splitting failure is only provided where transverse reinforcement crosses
the splitting plane. It is therefore essential to estimate the splitting failure types
according to chapter 2.2 (cf. Figure 5-22) before choosing the position of transverse
reinforcement. While transverse reinforcement within the bottom cover adds resistance
for face split failures, only vertical legs provide resistance for side split failures.
According to [FIB14], face splitting changes to a side splitting type where the
anchored bars or laps are positioned with a spacing smaller than 8 - @.

) lec, . ¢ -
ICVSZS@ %O\ m jLCY
failure type A failure type B failure type C
(side split) (face and side split) (V-Type Failure)
¢,=0.85¢ and c/2<1.7c, 0.85-C < ¢, < 4.0-G 4.0.¢ <c,
or ¢<0.85c, and ¢,<1.7c, c,2¢J220.85¢ c/224.0-g

Figure 5-22 Splitting failure modes (reproduced from [EL179] based on [FER6G9])

The codes described in chapter 2.9 account for the transverse reinforcement in
different manners. Table 5-12 gives an overview of the design equations for the
transverse reinforcement contribution. The equations are described in more detail in
chapter 2.9. The effect of confining reinforcement is either taken into account by
reducing the necessary lap or anchorage length I, by an increase in bond strength 1, or
by an increase in lap and anchorage strength fsm.
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Table 5-12  Contribution of transverse reinforcement to bar stress in anchorages and

laps applied in selected codes

Code Transverse reinforcement contribution Note
[EC2] o Ko—1_K. A, - ZAst,min K defined in Figure 2-18
lba=Ip- o3 3EC - A, > Astmin = 0.25 - As
(anchorages)
ZASt =Ny - Ag > Astmin = As + (Osd [ Tya) >
nst = number of transverse bars 1.0 - As (laps)
[FIB14] 1.82 km defined in Figure 2-19
fstm = nt = number of transverse bars

fstm,O : [Ac+Ktr]

0.1
J + km ’ Ktr

0.25
( Cmin j . [ Cmax
@ Cmin

ni = number of legs of
transverse reinforcement

Ny = number of bars anchored
or lapped

[MC2010]
foa =

(atzt+a2) foa,0

o me = Kq '(Ktr — O /50)
n, 'Ast

K _t st
n,-9-s,

tr

Minimum transverse reinforcement:

YAst = Nst - Nt - Ast > ait - Ascal/ Asprov-No - As

For @ <20 mm and concrete class < C60:
Transverse reinforcement provided for other
reasons sufficient to satisfy minimum
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length and the stress
developed in the bar)
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[PT18]
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.2
In-@/(Cot+Kyr) 40 A [in 2] within the spacing s crossing
Ky=—p—2—= a potential splitting plane
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The sum of the cross-sectional area XAst depends on the transverse bar number
considered. Equations (5-4) and (5-5) give the bar number for transverse bars located
in the outer sections of the lap (cf. Figure 5-23, left and equation (5-4)) and distributed
over the entire lap length (cf. Figure 5-23, right and equation (5-5)).

Lap ends: A, =n, -A, =2 ( 'b +1J-Ast * I—b-Ast (5-4)
3- St St
Distributed: A, =n_-A, = ('—b + 1) A # Ly | A, (5-5)
Sst Sst

The difference between the calculated and actual transverse bar spacing increases with
decreasing transverse bar number. Since laps and anchorages shall be short and the
transverse bar number shall be small, there is a considerable difference between the
bar spacing sst and the bar spacing obtained from I, / ns (cf. Figure 5-23), where
Nst=2 - (Ib/ (3 -Sst) +1)ornst = (lo/ Sst +1).

This difference results in different coefficients of variation at the evaluation of design
models. The evaluation of the model according to [FIB14] given in Figure 5-27 shows
that the design model was presumably calibrated with the ratio I, / ns, since inserting
the transverse bar spacing Sst gave an increased spread of the ratio between test results
to calculated values.

Sst Sst Sst Sst Sy

SSt SSt SSt SSt

1

| |,=1000 mm | | |,=1000 mm |

Figure 5-23 Visualisation of the difference between the calculated transverse bar spacing
Ssteale = b/ Nt = Ip / 6 = 167 mm and the actual values Ssiz = 157 mm (left) and
Sstib = 192 mm (right) respectively

To evaluate the different models for the consideration of transverse reinforcement, the
calculated lap strengths are compared to the lap test results documented in the
database. The filtered database only comprises eight anchorage tests with transverse
reinforcement. For this small number, anchorages with transverse reinforcement are
not analysed here. The design model according to [EC2] correlates well with the
results, but increasingly overestimates the strength for higher stress levels (cf. Figure
5-24). This is not caused by transverse reinforcement, but by the neglection of the non-
linear strength increase with rising lap length in the design model according to [EC2].
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Figure 5-24 Comparison of measured lap strength ostst to calculated lap strength ocac according to
[EC2] for laps with transverse reinforcement (left) and ratio Gstest / ocac according to
[EC2] vs. ratio of transverse reinforcement area to longitudinal reinforcement As/As

(right)

As shown in Figure 5-25, the design model according to [ACI14] underestimates the
lap strength of laps with transverse reinforcement. The overestimation is visible for all
transverse reinforcement ratios Ast/ As. For values Ast / As below 1.2, the influence of
transverse reinforcement is generally well captured, while the scatter is relatively high.
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Figure 5-25 Comparison of measured lap strength oy to calculated lap strength ccac according to
[ACI114] for laps with transverse reinforcement (left) and ratio ciest / ceac according to
[ACI14] vs. ratio Ast/ As (right)

The design model according to [MC2010] was evaluated taking the characteristic
value of the tensile strength of concrete fcko.0s into account The lap strength was
multiplied by 1.7 to estimate mean values. The scatter is rather high when comparing
the measured strength to the calculated strength according to [MC2010] (cf. Figure
5-26).

145



800

— calculated with s . o -
) e o
o 600 + . = =
= . :" :: .‘9?56. Ll ".:'..1 §
— ) L1 24 XN =
o 400 T . o *) .l. LI YA o %
9 < . 30 S
6 ,'.’ . ¥ 0 b
200 + .- = :
W|th transverse relnforcement | 2 |calculated with sy
0 b 00 f T
0 200 400 600 800 0 1 2 3 4
1.7-6caic mc2010 (Fetk00s) [MP2] Ast T Asl-]

Figure 5-26 Comparison of measured lap strength osest to calculated lap strength ccacec according to
[MC2010] for laps with transverse reinforcement (left) and ratio osest / Gearc according to
[MC2010] vs. ratio At/ As (right)

The design model defined in [MC2010] is based on the design model for mean
strengths according to [FIB14]. While [FIB14] defines the effect of transverse
reinforcement using the ratio of bond length to transverse bar number I,/ ns, a footnote
also allows for the use of the transverse bar spacing ss instead. A comparison of test
results with the calculated values according to [FIB14] is given in Figure 5-27. The
evaluation of the ratio otest / Gealc fibza ShOWS a strong dependence on the value sst and
Ib / nst respectively. In case the lap strength is calculated with the actual transverse bar
spacing Ss, the scatter is much higher than applying the ratio Iy / ng instead of s.
Especially for small transverse bar numbers, these values are not equal (cf. Figure
5-23).
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Figure 5-27 Comparison of measured lap strength oy to calculated lap strength ccac according to
[FIB14] (top) and ratio owst / ocac according to [FIB14] vs. ratio of transverse
reinforcement area to longitudinal reinforcement area A/ As (bottom), the values were
calculated with s (left) and I, / ns (right), respectively
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The COV of the model uncertainty Vo of the design model according to [FIB14],
where the contribution of transverse reinforcement is calculated from I, / ns, is smaller
than the model uncertainty of the [EC2] and [ACI14] design equations.

Besides the design models yet evaluated in this chapter, the design model proposed in
[PT18] that was derived from [FIB14] (cf. 2.9.7) was analysed as well. Since [PT18]
gives a design lap and anchorage length only, the design equation was rearranged for
the design lap and anchorage strength fsq,pr18 In equation (2-44). To find calibration
factors for the mean lap and anchorage strength fsmpr18, the own database was used. In
chapter 5.2, the calibration factor 40 in the design equation (2-44) was changed to 31
in equation (5-1) to obtain mean strength values. Furthermore, the coefficient for the
transverse reinforcement ratio in design equation (2-44) was modified in equation
(5-2). While [PT18] gives a coefficient of 30, the own evaluation gave much better
correlation when the coefficient was changed to 60.

With this modification, the ratio Gstest / Gcaic,p ShOwn in Figure 5-28 resulted. The
influence of transverse reinforcement is captured well with the modification described.
The scatter of laps with links is even smaller than for laps without links and the
influence of applying sst or I» / nst is much smaller than for the equation according to
[FIB14].

800 T e 2.0
|ca|cu|ated with sq ALY
600 + L e 1.5

Otest [MPQ]
N
o
o
[3
1 )
[ ]
L)
&,
Y
otest/ Ocac,pTi8 [']
=
o
1
. 3™
t L3
&
L |
1
1

200 + e : 0.5 —
|with transverse reinforcement | [calculated with S§J
0 : : : | 0.0 ’ '
0 200 400 600 800 0 1 2 3 4
Gcalc,PT18 (fctm) [MPa] Ast /As [']

Figure 5-28 Comparison of measured lap strength cws to calculated lap strength ccac according to
[PT18] with own calibration factors (left) and ratio Gest/ Geaicpr1s VS. ratio of transverse
reinforcement area to longitudinal reinforcement area Ast/ As (right)

The statistical data of the ratio of the maximum bar stress in lap tests with transverse
reinforcement to the calculated bar stress is given in chapter 5.2. With Vp = 0.128, the
model uncertainty 6 of the design model according to [FIB14] has the smallest COV
and represents the lap test results with transverse reinforcement best. The design
model according to [PT18] including the own modified calibration factor has a slightly
higher COV of model uncertainty 6 (Ve = 0.144). Both models capture the test results
in the database better than the design model according to [EC2] that has a COV of the
model uncertainty Vg = 0.265.

Figure 5-29 shows the required lap length over the cross-sectional area of the
transverse reinforcement As and the transverse bar spacing sst (with Sst = nst / lo). The
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design models for the effect of transverse reinforcement according to [FIB14] and
[EC2/NA] give similar results, while the required lap length according to [EC2] is
much shorter. The different required lengths according to [EC2] and [EC2/NA], result
from the different lap factors os.

38 I —Ec2 == -NAD 38 —Ec2 - - -NAD

— 60 L ACI ——fib14 — 60 ACI ——fib14
— 50 + = 50 +
§ 40 T § 40 +
$30 + $30 +
=20 Tt 520 +
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0 : : : : | 0 : : : |
0O 50 100 150 200 250 0 100 200 300 400
Ag [mm?] Sgt [Mmm]

Figure 5-29 Required lap length depending on the cross-section of the transverse reinforcement (left)
and depending on the spacing of the transverse reinforcement (right) for @ =25 mm;
foem =40 MPa; cy=cx=1.5-@; ¢s= 3 - &; o5 = 500 MPa

5.3.6  Yield Strength

Reinforcing bars with high yield strength require longer lap and anchorage lengths to
develop the full bar force. Thus, the effect of yield strength correlates with the effect
of lap length. Often, high-yield strength bars also feature high relative rib areas.
FERGUSON AND BREEN [FERG65a] tested bars with different yield strengths without
documenting the relative rib area. A correlation of yield strength in tests described in
[FER65a] to maximum bar stress is not visible in Figure 5-30 (left). The bond stress as
average over the bond length slightly decreases for increasing yield strength. The bond
strength for fy = 680 MPa decreases with increasing bond length (cf. Figure 5-30,
right).
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Figure 5-30 Maximum bar stress vs. yield strength for different lap-length to bar-diameter ratios (left)
and averaged maximum bond strength vs. yield strength (right) in [FER65a]

The design model according to [FIB14] slightly underestimates the lap strength for
yield strengths above 600 MPa (cf. Figure 5-31, left). This effect does not correlate
with the effect of lap length, since it was visible for all ratios lo/ @ from 5.0 to 82.5
that the high-strength reinforcing bars (fy > 600 MPa) were tested with. The design
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model according to [EC2] overestimates the lap strength independently from the yield
strength (Figure 5-31, right).
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Figure 5-31 Comparison of the maximum bar stress in tests to the calculated bar stress according to
[FIB14] (left) and [EC2] (right) for different yield strengths

Since the described design models do not consider the yield strength, the calculated lap
strength and the necessary lap lengths are constant for all yield strengths.

5.3.7 Summary of Parameter Effects

A comparison of the database and selected publications gave the exponents for
parameter effects given in Table 5-13.

Table 5-13 Exponents of influencing parameters found in the database and in selected publications

lo fem Cmin Cy Cs Cx Sst Ast
without links| 1o %45 fom 025 |Cpin 0410045 ¢ 04 | ¢ 02
with IinkS IO 0.41t00.9 fcm 0.30 Crmin 0.5 Cy 0.5 Cs 0.2 St -0.15 Ast 0.2t00.6
[AZ195] lo %4 5 01
[AZ199] o5 gy 0110015
[AZ193] 005 | fon 03
[CHI55] lo %® ¢, 011003
[FER65a] | 10%%
[KAD94] [p061007 | §, 02 o 0.4
[OLSgO] IO 0.6t00.7 fcm 0.1t00.4
[REH77] o %4 04 5y 025
[TEP73] IO 0.4t00.6 fcm 0.3 Set 0.1
[TRE89] Crin %3 st 01
[Z2U098] 5y 01
[FIB14] 0% | fon®2 | cmin®®

Since the different authors used quite different lap test parameters, the observed effects
of single parameters differ strongly. This explains the different exponents for the
parameter effects in different design codes. The database evaluation for laps showed
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good conformity of the parameter effects in tests with the design model according to
[FIB14].

5.4 Database Evaluation of Parameter Effects in Anchorages

The database described above mainly includes lap tests. The design model according
to [FIB14] was calibrated with the lap database and validated with anchorage test
results compiled by AMIN [AMI09]. According to [FIB14], the design model is
equally applicable to both laps and one-bar anchorages. For an evaluation of the design
models for anchorages, a database including the test results compiled by AMIN
[AMI09], additional test results obtained by RICHTER [RIC84] and the own anchorage
tests described in chapter 3.5 was created. The database includes 449 anchorage test
specimen, 316 of which are tests with more than one anchored bar. For the application
in practice, only test results with at least two bars are included in the statistical
evaluation. 253 of these tests were subjected to transverse pressure and 63 tests were
conducted without transverse pressure. Applying the filter defined in chapter 5.1
leaves 165 tests with transverse pressure and 47 tests without transverse pressure in the
anchorage test database.

54.1 Reinforcing Bar Stress Calculation

The anchorage tests with transverse pressure correspond to end anchorages of simply
supported beams. Some tests in the database have a load application at the end of the
anchorage length, while other tests have a longer shear span (cf. Figure 5-32). Besides
beams, rectangular and diagonal beam-end tests (cf. Figure 2-12) are included in the

database.
' v Vo
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Figure 5-32 Anchorage test with induced crack at the front edge of the support (left), with bending
crack with a certain distance to the front edge of the support (centre) and with bond
breaker below the load application (right)

In the tests with a bond breaker (cf. Figure 5-32, right), the steel strain can be
measured directly. In the tests without bond breaker — corresponding with actual
structural elements — the strain measurement at the beginning of the anchorage length
Ir is not always possible. The theoretical bond length starts at the front edge of the
support, while the bond zone actually starts at the crack in the vicinity of the support.
Since the exact position of the last bending crack is random, it is difficult to measure
the steel strain in this crack with discrete strain gauges.
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Alternatively, the steel strain can be determined by calculation. If the anchorage length
is equal to the distance between the support and the position of the load application aef
(cf. Figure 5-32, right), the theoretical steel strain is

G FS . Vaeﬁ

) ZAS Z'ZAS
In the test specimen, where the anchorage length does not stretch up to the position of
the load application (cf. Figure 5-32, left and centre), the reinforcing bar stress to be

developed is calculated from the bending moment at the crack in the vicinity of the
support (or at the induced crack) and from the additional force from shear theory.

(5-6)

o, = FS = 1 (M + VC—Otej (5-7)
XA, XAz 2
With
1.2
cotg=——«—
Ve (5-8)
VRd,cc

0 inclination of the strut according to [EC2]
VRdce concrete contribution according to [EC2]

5.4.2 Transverse Pressure
Design Models for the Consideration of Transverse Pressure

The anchorage test data has to be distinguished between tests with transverse pressure
and tests without transverse pressure. End anchorages in simply supported beams are
subjected to transverse pressure, while curtailed reinforcement is usually not.

The effect of transverse pressure is taken into account by the coefficient
1/o05=1-0.04-pr in [EC2], while the design model according to [EC2/NA]
accounts for transverse pressure by the constant factor 3/2.

[FIB14] gives a different model for the consideration of transverse pressure. While the
design model accounts for the non-linear effect of anchorage length for the
contributions of transverse reinforcement and cover, it linearly accounts for the
anchorage length within the calculation of the transverse pressure contribution with

I I |
Fan = fon + 6+ 2Py <1.75-Fypy +0.8- 2-py < s-ab-ﬁ (5-9)
Where
fstmtr = fstm + Afstm = fstm + Afo - 4 - 1/ O (5-10)

The anchorage strength increase is based on the assumption that the bond strength
increases by Afy, =1.5- py for small transverse pressure approximately equal to the
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tensile strength of the concrete applied. The increase reduces to Af, = 0.2 - p for higher
transverse pressure. Figure 5-33 shows the increase in anchorage strength by
transverse pressure defined in [FIB14].

i A
[FIB14]

1.75-1

bm,0

1.50-f,.,

bm,0

= fmm ptr

Figure 5-33 Increase of mean bond strength by transverse pressure py according to [FIB14]

The design model for the consideration of transverse pressure in [FIB14] is applied in
a slightly modified manner in [MC2010] (cf. equation (2-31)).

The Project Team [PT18] defined a design model accounting for transverse pressure in
the proposal for the next generation of EUROCODE 2 based on [FIB14] that is given in
equations (2-42) to (2-44) .

While [PT18] considers the non-linearity of bond-strength along the lap length,
[FIB14] and [MC2010] - although based on the non-linear model — define the bar
stress by the linear equation f&=4-fos - Ib/@. This model requires a constant

influence of transverse pressure along the anchorage length Ip.

Tests Series with Transverse Pressure in the Database

The anchorage tests with transverse pressure in the database comprise the data
compiled by [AMI09] and were complemented by the tests conducted by RICHTER
[RIC84] as well as with the tests in chapter 3.5. For the different test setup, the test
results obtained in [CAI96] are not included in the database (cf. Figure 5-39). Figure
5-34 shows a comparison of anchorage test results with transverse pressure in
comparison to the design model according to [FIB14].
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Figure 5-34 Maximum bar stress obtained in tests with transverse pressure cist in comparison with the
calculated stress according to [FIB14] (left) and relationship between Giest / Gcalc fib1a and
transverse pressure (right)

The upper limit of bond strength increase by transverse pressure in equation (5-9) is
defined by the square root of the concrete strength. For a detailed analysis of the
impact of transverse pressure, the limits defined in equation (5-9) were evaluated. The
limit fsm > 8 - v/ @ - T is decisive if the transverse pressure is higher than 2.6 MPa.

Figure 5-35 (left) shows that the tests described in chapter 3.5 with short anchorage
lengths Ib/ @ = 5 conform with [FIB14], while the results of the anchorages with
I/ @ =11 to 12 are not met by the design model. In the test series conducted by
RICHTER [RIC84] and the tests described in chapter 3.5, transverse pressure was
always present, therefore, a comparison of ultimate anchorage strength without
transverse pressure is not possible.
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Figure 5-35 Maximum bar stress obtained in tests with transverse pressure vs. calculated stress
according to [FIB14] for tests described in [RIC84] and chapter 3.5 (left) and for tests
described in [CAI196] (right)

CAIRNS AND JONES [CAI96] conducted tests with and without transverse pressure. The
results of both test types do not conform to the design model according to [FIB14]
design model (cf. Figure 5-35, right).

The PROJECT TEAM proposal [PT18] summarises the confining effects of concrete
cover, transverse reinforcement and transverse pressure within the factor Cgcont In
equation (2-42). The value cq for minimum concrete cover in equation (2-42) is
replaced by the sum of the three confining effects. This model takes the non-linear
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effect of anchorage length for all contributions by confinement into account. Equation
(5-31) gives the sum of the confinement contributions with a modified coefficient for
the contribution of transverse reinforcement.

Figure 5-36 shows a comparison of anchorage test results with transverse pressure in
comparison to the design model according to [PT18]. For the evaluation, the own
calibration factors for the model according to [PT18] described in chapter 5.6.4 were
applied. This measure does not change the influence of transverse pressure. This
design model considers the transverse pressure with an exponent of 1/3. The effect of
transverse pressure is underestimated for transverse pressures above 5 MPa.
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Figure 5-36 Maximum bar stress in tests with transverse pressure cwst iN comparison with the
calculated stress according to [PT18] ccaicpris (Ieft) and ratio cuest / Gearc,pris (right)

Anchorage tests conducted by BATAYNEH [BAT93], CAIRNS AND JONES [CAI96],
JENSEN [JEN82] and RICHTER [RIC84] as well as the tests described in chapter 3.5 had
transverse pressure confining the bond zone and at least two adjacent bars tested. The
ratio of anchorage strength obtained in tests to the calculated strength without
transverse pressure according to [FIB14] ostest / ofib, p=0 IS given in Figure 5-37. The
stress developed in the bond zone increases non-linearly with increasing transverse
pressure. Since the scatter of the ratio ostest / ofib, p=0 IS large, the investigations by
different authors are evaluated individually.
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Figure 5-37 Ratio of osgest / ofin,p=0 according to [FIB14] in anchorage tests with transverse pressure p
and more than one adjacent bar anchored

While the tests described in [RIC84] and in chapter 3.5 do not have a broad variation
of transverse pressure, [BAT93] and [JEN82] comprise several tests with different
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transverse pressure values. The ratios of measured strength to estimated strength
according to [FIB14] ostest / ofib,p=0 are given in Figure 5-38.
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Figure 5-38 Ratio of osgwest / ofibp=o0 iN tests conducted by BATAYNEH [BAT93] (left) and JENSEN
[JEN82] (right)

The reports on the tests conducted by BATAYNEH [BAT93] and JENSEN [JEN82] are
not available to the author, but the test setups are described in [AMI09]. While JENSEN
[JEN82] used beam-end test specimens, the tests conducted by BATAYNEH [BAT93],
were direct tension members with transverse pressure (cf. Figure 5-39) .
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Figure 5-39 Test specimens with transverse pressure: beam-end type specimen (left), test conducted
by BATAYNEH [BAT93] (centre) and tests conducted by CAIRNS AND JONES [CAI96]

(right)

In contrast, CAIRNS AND JONES [CAI96] varied the transverse pressure at low values
between 0.5 MPa and 2.5 MPa (cf. Figure 5-40).
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Figure 5-40 Ratio of ostest / Grib,p=0 IN tests conducted by CAIRNS AND JONES [CAI96] with different
scaling of the x-axis
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CAIRNS AND JONES [CAI96] tested laps in direct tension members with very large
bottom cover. The concrete strength only varied slightly in the test programmes. The
lap length was 10 - @ to 15 - @ in [BAT93], 8- @ to 16 - @ in [JEN82] and 20 - @ in
[CAI96]. The cover values were different, but these basic parameters (Cx, Cy, Cs, lb, fem)
are considered within the calculated values oribp=0 according to [FIB14].

For both the beam-end tests and the direct tension members, the results of long
anchorages are only captured well with a non-linear model for lap length. In some test
setups, the transverse pressure acts in the direction of the splitting cracks, while it acts
orthogonally to the direction of the splitting cracks in other test setups (cf. Figure
5-39). The own anchorage tests developed vertical cracks in the bottom cover (cf.
Figure 3-56, and Figure 5-39, left). This crack formation is even facilitated by the
acting transverse pressure. Likewise, the face splitting cracks in the test specimens
conducted by BATAYNEH [BAT93] are facilitated by the acting transverse pressure (cf.
Figure 5-39, centre). In contrast, the transverse pressure acts orthogonal to the side
splitting cracks that develop in the test specimens used by CAIRNS AND JONES
[CAI96]. For the large bottom cover, face splits in the same direction as the transverse
pressure are unlikely (cf. Figure 5-39, right). This fact might explain the higher
increase in ultimate strength by transverse pressure observed in [CAI96] than for other
test specimens. The specimens tested by [CAI96] without transverse pressure reached
much lower stresses than calculated by [FIB14].

5.4.3 Parameter Effects for Anchorages
Most authors varied the transverse pressure and the concrete cover values in anchorage
tests, while the concrete strength and the anchorage length were kept constant. Hence,

only little data is available for an evaluation of the influence of anchorage length on
developable bond stress.

Anchorage Length

Figure 5-41 (left) shows the effect of anchorage length on maximum bar stress in tests
conducted by AMIN [AMI09] and in the tests described in chapter 3.5. The anchorage
length effect can be described with the exponents 0.20 and 0.30, respectively.

Bar Diameter

BATAYNEH [BAT93] investigated the effect of bar diameter on the maximum bar
stress. Figure 5-41 (right) compares the ratio of the maximum bond strength as average
over the bond length obtained in tests [BAT93] 1b,an to the maximum bond strength of
25 mm bars than,25 With the calculated averaged bond strength according to [FIB14]
and [EC2]. The lap lengths and concrete strengths were taken into account with
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== s | == == 5-11
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BATAYNEH [BAT93] conducted tests with bar diameters 8 mm, 12 mm and 16 mm.
Since the values in [FIB14] refer to 25 mm bars, the value for the 25 mm bar was
extrapolated.
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Figure 5-41 Effect of anchorage length on maximum bar stress in [AMI09] (left) and effect of bar
diameter on normalised averaged bond strength t,an to normalised averaged bond
strength of the 25 mm bar than2s in [BATO3] (right)

Concrete Cover

KEMP AND WILHELM [KEM79] investigated the effect of concrete cover on the
maximum bar stress. They conducted tests with varying bottom cover cy only (cf.
Figure 5-42, left) and tests, where all cover values (cy, cx and cs) were varied. For the
latter, the parameter cmin = min {Cs, Cx, Cy} IS used to describe the test results in Figure
5-42 (right). In both cases, the test results are captured with an exponent of 0.4 for the
effect of cover.
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S 300 + 2,300 +
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Figure 5-42 Effect of bottom cover (left) and minimum cover Cmin = min {Cs, Cx, Cy} (right) on
maximum bar stress in tests conducted by KEmMP AND WILHELM [KEM79]

AMIN [AMI09] performed anchorage tests with varying side cover cx. For transverse
bar pressure above 2.7 MPa, the effect of concrete cover conforms to the findings in
[KEM79] so that an exponent of about 0.4 describes the influence of cover correctly.
In contrast, the influence of concrete cover at transverse pressure below 2.7 MPa was
much smaller in the tests conducted by AMIN [AMIQ9] (cf. Figure 5-43).
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Figure 5-43 Effect of side cover on maximum bar stress obtained in anchorage tests conducted by

AMIN [AMI09]

Transverse Pressure

The bond strength increase for transverse pressure is shown in Figure 5-44.
BATAYNEH [BAT93] found an increase in bond strength of 0.25 - py for transverse
pressure between 5 MPa and 18 MPa (cf. Figure 5-44, left). In contrast, RATHKJEN
[RAT72] found an increase in bond strength by 1.0 - pi for smaller transverse pressure
between 1.6 MPa and 6.8 MPa. REGAN [REG97] observed an increase by transverse
pressure of 2 - py for transverse pressure up to 1.7 MPa (cf. Figure 5-44, right). These
values are comparable to the values given in [FIB14], where the increase in bond
strength due to transverse pressure equals 1.5 - py for small transverse pressure values
and 0.2 - py for higher transverse pressure [fib14].
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Figure 5-44 Effect of transverse pressure on bond strength for different test parameter according to
[BATI3] (left) and [REGI7], [RAT72], [GHA90] (right)

Summary of Parameter Effects

Table 5-14 summarises the parameter effects for anchorages found by selected authors.
The exponents describing the effect of concrete cover in anchorages conform to the
values obtained for laps (cf. Table 5-13). The effect of bar diameter also complies with
the findings for laps. While the exponent describing the effect of lap length is about
0.5 for laps, a smaller exponent was found for anchorage lengths. It must be noted that
only little anchorage test numbers with varying anchorage length at constant
parameters were documented in literature.
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Table 5-14 Exponents of influencing parameters for maximum bar stress found in anchorage tests in
selected publications and own findings

/@ %) Cy Cx Cmin
[AMI109] (I/ @) 020 Cx 244
Chapter 3.5 (I / @) 020
[BAT93] @021
[KEMT79] c, 038 Crin 0:42

5.4.4 Statistical Evaluation of Design Models for Anchorages

Table 5-15 summarises the data obtained in the statistical evaluation of the design
models according to [FIB14], [EC2] and [EC2/NA] for anchorages with and without
transverse pressure in the database described in chapter 5.1.

Table 5-15 Statistical data for anchorages without (indirect support) and with (direct support)
transverse pressure presuming a log-normal distribution

[FIB14] [EC2] [EC2/NA]
Anchorages|Anchorages|Anchorages|Anchorages|Anchorages| Anchorages
at indirect | atdirect | atindirect | atdirect | at indirect at direct
Gtest | Os,calc supports | supports | supports | supports | supports supports
mean value 0 1.02 0.99 0.99 1.23 1.15 1.18
standard) 5 158 | 184 0.283 0.315 0.356 0.280
deviation
COV V| 0.165 0.186 0.286 0.256 0.309 0.238
minimum 0.63 0.44 0.44 0.44 0.47 0.44
0 -
5% character-| 0.72 0.60 0.79 0.67 0.78
ristic ratio
number of results 47 165 47 165 47 165

The statistical evaluation of the design model according to [FIB14] is in good
agreement with the anchorage test results, but shows an increased COV (0.165 without
transverse pressure and 0.186 with transverse pressure) in comparison to the lap test
results (Table 5-2). The test results obtained by RICHTER [RIC84] and some anchorage
tests described in chapter 3.5 are not well captured by the design model (cf. Figure
5-45, left). These tests have comparatively long anchorage lengths (11- @ and
12.4 - @) and no induced crack at the end of the anchorage length. Therefore, the
distance between the front edge of the support and the first bending crack also
contributes to the available length for the development of the bar force. When
removing the four tests from the database, the mean value of the ratio otest / ccalc,fib for
anchorages with transverse pressure is 1.0 and the COV is reduced from 0.186 in
Table 5-15 to 0.165. This measure however contradicts the applicability of the design
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model according to [FIB14] for anchorages, since the removed tests represent most
common anchorages in simply supported beams.
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Figure 5-45 Reinforcing bar stress obtained in anchorage tests vs. calculated bar stress according to

[FIB14] (left) and ratio of bar stress in tests to calculated bar stress according to [FIB14]
for different anchorage lengths (right)

Although [FIB14] accounts for the non-linear effect of anchorage length on
reinforcing bar stress, the model overestimates the bar stress in anchorages with long
anchorage lengths (cf. Figure 5-45, right). The effects of concrete strength fcm, bar
diameter @, concrete cover Cmin and transverse pressure py are captured correctly by
the design model according to [FIB14] (cf. Figure 5-46).
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Figure 5-46 Ratio of maximum bar stress in tests to calculated bar stress according to [FIB14] for
different concrete strengths fen (top, left), bar diameters @ (top, right), concrete covers
Cmin (bottom, left) and transverse pressure pg (bottom, right)

The design models according to [EC2] and [EC2/NA] underestimate the maximum bar
stress of anchorages at direct supports (Table 5-15). For anchorages with and without
transverse pressure, the standard deviation is about the same as the standard deviation
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for laps. These design models overestimate the obtainable bar stress for tests with
comparably long anchorage lengths of 25 -@ and 26 - @ (cf. Figure 5-47). The
comparison of test results and values calculated according to [EC2] and [EC2/NA] is
given in Figure 5-47 and Table 5-5. The ratios s test / Gcaicec2 aNd Os test / Gealc,nAD alSO
differ for test specimen without transverse pressure, since the concrete cover is taken
into account differently (cf. chapter 2.9.3).
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Figure 5-47 Maximum bar stress obtained in anchorage tests with and without transverse pressure vs.
calculated bar stress according to [EC2] (left) and according to [EC2/NA] (right)

The design model for mean anchorage strengths according to ACI [ACI14] (dividing
the equation given in the code by the factor 0.9, cf. chapter 5.2) underestimates the
maximum bar stress in anchorages (cf. Figure 5-48). In contrast, the maximum bar
stress was overestimated for two tests with long anchorage lengths. The mean value
Oaci of the ratio ostest / oealc,ac IS much higher for anchorages (Vo = 1.42 and 1.90,
respectively) than for laps (Ve = 1.07). Table 5-7 gives an overview of the statistical
data for the design model according to [ACI14].
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Figure 5-48 Reinforcing bar stress obtained in anchorage tests vs. calculated bar stress [AC114]

5.5 Comparison of own Tests with Database

Besides the validation of existing design models, the database compiled here enables a
validation of the own test results described in chapters 3.4 and 3.5. Figure 5-49
compares the anchorage test results (left) and the lap test results (right) with the
database.
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Figure 5-49 Maximum bar stress obtained in anchorage tests described in chapter 3.5 and in the
anchorages with transverse pressure in the database (left) and maximum bar stress
obtained in lap tests described in chapter 3.4 with the laps with transverse reinforcement
in the database (right)

A total of 12 anchorage tests was conducted, but only seven tests are considered in the
database. Two tests included additional reinforcement (V5-1 and V5-2) and three
anchorages did not fail and were therefore excluded from the database (V2-1, V2-2
and V4-1). The anchorage tests without transverse reinforcement both with I, =5 - @
(V3-1) and lp = 11 - @ (V4-2) reached considerably smaller maximum bar stress than
calculated with the design model according to [FIB14]. For the test with the short bond
length (V3-1), this was presumably caused by the unfavourable steel sheet geometry
that was used to induce a crack at the front edge of the support. The test specimen with
the increased bond length (VV4-2) had the longest anchorage length tested and did not
include a crack induction. The database evaluation showed that all tests in the database
with long anchorage lengths and transverse pressure are overestimated by the design
model according to [FIB14] that takes the positive effect of transverse pressure over a
linearly considered anchorage length into account.

From the 17 lap tests conducted in total, only eight tests are considered in the database.
Conforming with the filter described in chapter 5.1, the test specimens with surface
reinforcement (T7, T9, T10, T11 and T18), a percentage of lapped bars smaller than
100 % (T12 and T13) and with a bar diameter combination (T15 and T16) were
excluded from the database. The parameter effects on maximum bar stress obtained in
the tests conform well with the design model according to [FIB14]. All lap tests
showed slightly higher maximum lap strength than the average lap strength in the
database (cf. Figure 5-49, right).

5.6 Own Design Model for Anchorages and Laps

Although the design model according to [FIB14] captures both laps and anchorages
quite well, slightly different factors for the contributions of transverse reinforcement
and transverse pressure are proposed. Besides the own model based on [FIB14], own
calibration factors for the design model according to [PT18] were derived. These two
design models for the mean bar stress in anchorages and laps best fit the test results.
Therefore, these models for mean bar-stress values provide the basis for the derivation
of design values in chapter 7.4.
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5.6.1 Consideration of Transverse Reinforcement
Positioning of Transverse Reinforcement in Anchorages and Laps

For the non-linear strain distribution in laps, it is recommended to position the
transverse reinforcement not along the entire lap length, but at the outer thirds of the
lap (cf. Figure 5-50, left). In case the transverse reinforcement is distributed along the
lap length, the bars in the centre of the lap length are not activated.

A distribution along the outer thirds of anchorages is not reasonable, where anchorage
lengths are small. Therefore, for anchorages a uniform reinforcement positioning
distributed along the entire anchorage length is recommended (cf. Figure 5-50, right).

Figure 5-50 Recommended transverse reinforcement distribution for long anchorage lengths, e.g. in
laps (left) and for short anchorage lengths (right)

The effect of transverse reinforcement can be described by the transverse bar spacing
Sst or the number of bars nst. Anchorage lengths and thirds of lap lengths are usually
small (cf. Figure 5-50) and the ratio of the bond length to the stirrup number Iy / nst
does not equal the transverse bar spacing ss. For this reason, the consideration of
transverse reinforcement by transverse bar number or transverse bar spacing does lead
to different results as described in chapter 5.2.5.

Since the bar spacing ss does not equal Ib/ nst and the transverse reinforcement
distribution shall be non-uniform in laps, a calculation of required lap length with s is
recommended. It is also more comprehensible not to calculate the design bond length
lha with a transverse reinforcement contribution defined by the bond length itself.
Equation (5-12) gives the proposed factor oy for the contribution of transverse
reinforcement in the design equation for anchorage and lap strength.

A

st 5-12
d-s ( )

Oy = km "Peont = km )
st

With km according to [FIB14] (cf. Figure 5-53)
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Figure 5-51 Coefficient ki, for efficiency of transverse reinforcement (adapted from [FI1B14])

Equation (5-12) neglects the leg number of the transverse reinforcement n; and the
anchored or lapped bar number ny, that are both included in the [FIB14] design
equation. Although stirrups cross the potential splitting plane in side-split-failures
twice, their horizontal leg only contributes to face-split-failures once (cf. Figure 2-5
and Figure 2-6). It is therefore necessary to consider the transverse reinforcement only
once. Still, the positioning of stirrups is necessary, since side-split-failures are not
prevented by transverse bars within the vertical cover. The removal of the leg number
crossing the potential splitting plane n; is also recommended, since the exact splitting
plane may not be known during design.

The consideration of the number of the anchored or lapped bar n, would only be
necessary in case one transverse bar would only contribute to one longitudinal crack.
Instead, the transverse reinforcement does not yield (cf. chapter 3 and [FIB14]), but
only contributes to the confinement of the bond zone. Therefore one transverse bar
contributes not only to the crack width reduction of several longitudinal cracks, but
also to the confinement of several adjacent lapped or anchored bars.

Minimum Transverse Reinforcement

For the control of longitudinal splitting cracks and for an increase in ultimate bond
strength, a certain minimum transverse reinforcement is recommended. Confining
reinforcement introduces a modest amount of ductility into the failure mechanism.
Although splitting failure is only prevented by continuous longitudinal bars, transverse
reinforcement reduces longitudinal crack widths and reduces the scatter of the ultimate
lap or anchorage strength. Transverse reinforcement positioned for other reasons (such
as shear, confinement in columns, transverse longitudinal reinforcement in slabs) may
also contribute to bond strength. Transverse reinforcement is only redundant where the
cover to bar-diameter ratio is high or in case transverse pressure significantly
contributes to confinement of the bond zone [FIB14]. For the specification of
minimum confining reinforcement, the bursting forces caused by bond are considered.

CANBAY AND FRoscH [CANO5] give a definition of bursting forces Fspit depending on
the bar force Fs and the angle of the compression struts 6 commencing from the ribs
given in equation (5-13). For the analysis conducted, they recommend an angle
6 = 20°.

F

split

=F, -tan0=0.36-F, (5-13)
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This value approximately agrees with the perception that the vertical component of the
bond strength v is distributed over the area enclosed by bar diameter and bond length
@ - lp (cf. Figure 5-52 and equation (5-14)).

FS FS
Fsp,it:rb-ﬂ-lbzub-lb-Q-Ib:n.g-lb-Q-Ib:O.BZ-FS (5-14)
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Figure 5-52 Approximation of confinement force Fgyit orthogonal to the anchored bar according to
[FIB14] (left) and according to [CANO5] (right)

Since the bond stress is neither uniformly distributed around the bar circumference nor
along the lap length, it is recommended in [FIB14] that confining reinforcement
should resist at least half the total force transferred by bond instead of 36 % or 32 %. If
the full yield strength of a bar is to be anchored and links are of the same grade, then a
total area of transverse reinforcement of at least half the total cross-sectional area of
the bonded bars should be supplied within the lap or anchorage length. The minimum
total area is

ZAst,min =0.5- As (5'15)

Taking the small transverse bar stress obtained in several tests into account increases
the required cross-sectional area of the transverse reinforcement to

DA min =N Ay =05-A % ~1.0- A (5-16)

Where the transverse reinforcement is positioned in the outer thirds of the lap length
(cf. Figure 5-50, left), the transverse bar spacing is defined by

Ib

=15 n, —3 (>17)
The distance between the lap or anchorage end and the position of the first transverse
reinforcing bar shall equal the longitudinal bar diameter. This distance is neglected
during design. Since the transverse bar spacing should be wide enough to allow for
good concrete compaction, the positioning of transverse bars within the outer thirds
should neither imply too little transverse bar spacing. For compaction it is advisable to
provide a transverse bar spacing sst of 80 mm or more. Therefore, a regular distribution
of transverse reinforcement makes more sense if the design anchorage or lap length is
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small (cf. Figure 5-50, right). In bond zones with a design length below 250 mm, the
positioning of uniformly distributed transverse reinforcement is recommended with

Ib
Sy = 5-18
st n _1 ( )

st

Maximum Transverse Reinforcement

The contribution of transverse reinforcement to the maximum bar stress in bond zones
is limited. The upper limits defined in codes were derived from the original
formulation by ORANGUN [ORA77], where

A -f .
L D 305 with f . =20.000 ksi a'tsf—gjos

— 3.0 -
500 s -9 o (5-19)

ACI CoDE 318 [ACI14] defines a combined upper limit for the contributions of
concrete cover and transverse reinforcement given in equation (5-20). Applying the
minimum permissible concrete cover ¢, / @ = 0.5, the upper limit for confinement is
2.0.

¢+ Ky 40-Ay[in? |

@ @ @s,[in]n, (5-20)

Expanding the maximum contribution by transverse reinforcement in equation (5-21)
defined in [FIB14] by the factor 40, shows the approximate conformity with the limits
defined in [ACI14] and [ORAT7].

A 40-A

st st

5.6.2 Consideration of Transverse Pressure
New Proposal for the Consideration of Transverse Pressure

The resulting conformity of test results with the design model according to [FIB14] is
very good, but the calculated additional strength by transverse pressure only depends
on the actual transverse pressure for transverse pressure up to 2.6 MPa. For this
reason, the design model was modified towards a model, where the actual transverse
pressure defines the contribution of transverse pressure.

Since the test results indicate a stronger increase in bond strength for low transverse
pressure, a non-linear model for the consideration of the transverse pressure effect is
recommended within the factor o Where

ap = 0.32 - pyd4 (5-22)

Inserting our and oup to the design equation gives
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f 0.25 I 0.55 25 0.2
fstm,mod =54- (Zc_gj ) (é) ) (6) ) |:OLC oy + OLtlo] (5'23)

In the own model in equation (5-23), the transverse pressure contribution is

fcm 0.25 I 0.55 25 0.2
1:stm,p,mod:54'(2_5j (éj (6] '0-32‘[3%4 (5'24)

In contrast, [FIB14] gives a linear transverse pressure contribution multiplied with the
linear value I, / @.

I
=6-—-py (5-25)

fstm,p @

A comparison of anchorage test results with transverse pressure in comparison to the
own model given in equation (5-23) is shown in Figure 5-53.
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Figure 5-53 Maximum bar stress obtained in tests with transverse pressure cstst in comparison with
the calculated stress according to the own modified model ceaicown (l€ft) and relationship
between os test / Gcarc.own and transverse pressure (right)

Figure 5-53 (left) illustrates the good conformity with test results if the non-linear
influence of anchorage length on the transverse pressure contribution is taken into
account. Only tests conducted by JENSEN [JEN82] and RICHTER [RIC84] are not
sufficiently covered by the design model. The consideration of transverse pressure
with the proposed exponent of 0.4 conforms to the test results as shown in Figure 5-53

(right).

The design model according to [FIB14] overestimates the ultimate anchorage strength
with transverse pressure for long anchorages (cf. Figure 5-34). This effect is not
visible in the design model according to the own modified model.

5.6.3 Own Model for Mean Bar Stress in Anchorages and Laps

The own model based on [FIB14] given in equation (5-26) sums up the contribution by
concrete cover (equation (5-27)) and the own proposal for the contributions of
transverse reinforcement (equation (5-28)) and transverse pressure (equation (5-29)).
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f 0.25 I 0.55 25 0.2
1:stm,mod =54 (Zc_gj ) (abj ( j ) |:OLC 0y + OLtpil (5-26)

c 0.25 c 0.1
—| Zmin .| Zmax 5-27
o =[fan ] o (527

A
Ay = km “Peont = km = (5-28)

o, =0.32-py? (5-29)
Where fek = fon — 8 MPa, Ast - nst > As and km = 7 or 4 according to Figure 5-54.
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Figure 5-54 Coefficient kn, for efficiency of transverse reinforcement (reproduced from [FIB14])

5.6.4 Design Model According to [PT18] with own Calibration Factors

The model given in [PT18] is rearranged for the calculation of bar stress developed by
bond and the own calibration factors 31 for the ratio lr/ @ and 60 for kconr are derived
from the database. The mean stress follows from equation (5-30).

1 2 2 1
3 9 2 c 3
fstm pT = 435. fc—m -(ng ( Ib ja .| Zd.conf (5-30)
’ 25 MPa @ 31-@ 15-@
With
n, 'Ast /
Cd,conf = Cd + 60 . kconf . m + 8 . Gctd / fck . @ < 375 . @ (5_31)
b "X "9t

Kconf see 2.9.7

The coefficients 31 and 60 are determined in this thesis on the basis of the database
with f = fom — 8 MPa. Since [PT18] defines the required design bond length, the
original equation (2-42) includes a coefficient of 40 instead of 31 for mean values. The
coefficient of 29 is derived from tests confined by concrete cover only. For the
contribution of transverse reinforcement, [PT18] gives a coefficient of 31 instead of
60 in equation (2-43). The own coefficient of 60 is chosen in this thesis on the basis of
tests with transverse reinforcement. The coefficient of 8 for the transverse pressure
contribution, which is given in equation (2-43) [PT18] as well, was confirmed by the
tests in the database with transverse pressure. Applying the coefficients of 31, 60 and 8
gives the statistical values shown in Table 5-16.
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5.6.5 Statistical Evaluation of Models for Mean Bar Stress in Bond Zones

Table 5-16 gives the statistical data of the own model based on [FIB14] and the
modified model according to [PT18] with own calibration factors. The data is required
for the evaluation of the applicability of the design models and for the derivation of
design values.

Table 5-16 Statistical data (presuming a log-normal distribution) for models for mean anchorage
strength calculated with equations (5-26) and (5-30) (tr.r. = transverse reinforcement and
tr.p. = transverse pressure)

Model according to [PT18] with own
calibration factors

Gtest/ Gsm calc Laps | Laps |Anchor.|Anchor. Laps | Laps |Anchor./Anchor.
with |without|without| With | All | with |without\without| With | All
tr.r. | tr.r. | tr.p. | tr.p. | tests | tr.r. | tr.r. | tr.p. | tr.p. | tests

Mean 6 101 | 099 | 1.03 | 1.00 | 1.00 | 0.99 | 0.99 | 1.09 | 0.98 | 0.99

Standard
deviation

COV Ve |0.129 | 0.136 | 0.168 | 0.165 | 0.144 | 0.139 | 0.173 | 0.209 | 0.195 | 0.173
Minimum | 0.60 | 0.65 | 0.63 | 0.53 | 0.53 | 0.56 | 0.60 | 0.60 | 0.53 | 0.53
5% ratio | 081 | 0.78 | 0.77 | 0.76 | 0.78 | 0.78 | 0.73 | 0.76 | 0.70 | 0.74

Own model based on [FIB14]

0.130 | 0.135 | 0.172 | 0.166 | 0.145 | 0.138 | 0.171 | 0.229 | 0.191 | 0.172

Number of | 531 | 226 | 47 | 165 | 669 | 231 | 226 | 47 | 165 | 669
results

The following diagrams show comparisons of the consideration of parameter effects in
the design models according to [EC2], [EC2/NA], [ACI14], [FIB14], [PT18] with own
calibration factors and the own model based on [FIB14].

—EC2 ——-NAD —EC2 ——-NAD
_______ ACI — — - PT18-cal. ------- ACI ——-PT18-cal.
——FIB14 own ——FIB14 own
800 T 800
— 700 1 = 700 +
o 600 + S 600 T
=) 500 + '—'E 500 +
& 400 T/ g 400 +
300 1+ 4 300 +
200 +—4———F——+——+— 200 —
0O 20 40 60 80 100 120 5 10 15 20 25 30 35 40
1,/D [-] @ [mm]

Figure 5-55 Mean bar stress in bond zones calculated according to [EC2], [EC2/NA], [ACI14],
[FIB14], [PT18] with own calibration factors according to equation (5-30) and own
model according to equation (5-26), all equations with fcm = 33 MPa and Cmin = 1.5 - @,
@ =25 mm (left) and I, = 40 - @ (right)
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The effects of concrete strength and minimum cover (Cmin = min {cy, Cx, Cs / 2}) are
shown in Figure 5-56. The influence of concrete strength has an upper limit in the
models according to [EC2], [EC2/NA] and [ACI14]. The strength increases most in
the model according to [EC2] and [EC2/NA], since the concrete strength is taken into
account with the exponent 2/3, while the model according to [FIB14] only takes the
concrete strength with an exponent of 0.25 into account (cf. Figure 5-56 and Table

2-5).

The concrete cover is also considered differently within the design equations.
[EC2/NA] has a simplified, but conservative model that neglects the positive effect of
concrete cover (cf. Figure 5-56, right).

—EC2 — —-NAD —EC2 ——-NAD
------- ACI — — - PT18-cal. covernes AC — — - PT18-cal.
— [F|B14 own
1000 -+
T 800 +
E‘ 600 +
5
L o 400 7 also [FIB14]
200 : : : : : | 200 l l : : |
0O 20 40 60 80 100 120 0 1 2 3 4 5
fcm [Mpa] Cmin /D [']

Figure 5-56 Mean bar stress in bond zones calculated according to [EC2], [EC2/NA], [ACI14],
[FIB14], [PT18] with own calibration factors according to equation (5-30) and own
model according to equation (5-26), all equations with @ = 25 mm and I, = 40 - @,
Cmin = 1.5 - @ (left) and fcm = 33 MPa (right)

Figure 5-57 shows the influences of transverse reinforcement (left) and transverse
pressure (right).

—EC2 ——-NAD ——EC2 ——-NAD
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Figure 5-57 Mean bar stress in bond zones calculated according to [EC2], [EC2/NA], [FIB14], [PT18]
with own calibration factors according to equation (5-30) and own model according to
equation (5-26), all equations with @ = 25 mm, I, = 40 - @, Cmin = 1.5 - @ and
fem = 33 MPa, left: ng = 6, St = 167 mm and increasing transverse bar diameter
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The increase in stress developed by bond for increasing transverse reinforcement is
very similar in this comparison. The design equation according to [FIB14]
overestimates the anchorage strength increase caused by transverse pressure. The
model has an upper limit defined by concrete strength that is not reached for the
evaluated parameters (cf. Figure 5-57, right).

Comparison of Modified Design Models for Transverse Pressure

Figure 5-58 shows the effect of non-linearity for two calculations of ultimate stress
developed in lapped or anchored bars. The example is calculated for an anchorage of
@ 25 mm bars with I, =40 - @ (Figure 5-58, left) and I, = 10 - @ (Figure 5-58, right).
Both examples are calculated without transverse pressure, a concrete strength
fem = 33 MPa and a minimum concrete cover of 1.5 - @. The own derived calibration
factor for the mean value in the design model according to [PT18] in equation (5-30) is
31 for both anchorage lengths.

30 f/—————— e __ 30T
=254 ,b=40-0 | __---77 — 25 4| L,=10-9O
2204 - O 0 [ R N O S
basd)f —mmm@ Sast L—mm
g10f | [FIB14] 210  [----- [FIB14]
s 1 own v 1 own
6" 0.5 — —[PT18]-cal. © 05 — —[PT18]-cal.
0.0 : T T 1 0.0 : T T :
0 5 10 15 20 0 5 10 15 20
transverse pressure p [MPa] transverse pressure p [MPa]

Figure 5-58 Ratio of ultimate bar stress in anchorages with transverse pressure to ultimate bar stress in
anchorages without transverse pressure os(p) / osp=0 VS. transverse pressure p for
Ib =40 - @ (left) and I = 10 - @ (right); fem = 33 MPa; Cmin = 1.5-@; @ = 25 mm

The mean values and coefficients of variation for the model according to [FIB14], for
the own model based on [FIB14] and for the model according to [PT18] with the own
derived calibration factors in comparison with the test results with transverse pressure
are given in Table 5-17.

Table 5-17 Statistical data (presuming a log-normal distribution) for anchorage tests with transverse
pressure calculated with equations (5-9), (5-23) and (5-30)

Gtest | Gsm,calc [FIB14] Own based on [FIB14] | [PT18] calibrated
Mean value 6 0.99 1.00 0.98
Standard deviation 0.184 0.166 0.191
COV Vy 0.186 0.165 0.195
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6 Lap Database for the Limit State of Cracking

6.1 General

The large crack widths observed at the lap ends in chapter 3.4 comply with
observations by several authors. Although laps were investigated by many authors in
the past, only some documented the crack widths in the test specimens. For a
parameter study on crack widths at lap ends, a database for crack width measurements
was compiled. The database includes 93 lap tests conducted by BETzLE [BET81],
BURKHARDT [BURO0O], CyLLOK [CYLO06], FERGUSON [FER65a] , REHM [REH77] and
THOMPSON [THO75] as well as the own tests described in chapter 3.4.

Since each test specimen has two lap ends only, there is a limited number of crack
measurements available for statistical evaluation. Accordingly, it is reasonable to
compare maximum or mean crack widths at the lap ends instead of fractile values. For
the different strength and robustness of the laps, the crack widths were measured at
different reinforcing bar stresses. THOMPSON [THO75] measured the crack width at
about 250 MPa and the own tests described in chapter 3.4 were measured at 320 MPa
bar stress. The other authors used bars stress levels between these boundaries. For a
comparison, the crack widths were extrapolated with the reinforcing bar stress ratio
320 MPa/ O, test, i

The crack widths were measured at different locations along the cross-sectional
perimeter. While some authors also measured the crack width at the sides of the test
specimens at the height of the reinforcement, all authors measured the crack width in
the extreme fibre of the particular concrete cross-section. Therefore, the following
evaluation compares the parameter effects for the crack widths in the extreme fibre.

The larger the bar diameter, the greater the change in stiffness at a lap end. According
to REHM [REHT77] crack widths at lap ends are not wider than in the undisturbed parts
of the beam for reinforcing bars with @ < 14 mm and lo > 1.6 - lpreq for static and
cyclic loading.

6.2 Parameter Effects

6.2.1 Lap Length

Conforming with the test results in chapter 3.4, neither BURKHARDT [BUROO], nor
REHM AND ELIGEHAUSEN [REH77] found an effect of lap length on the crack widths at
lap ends in laps subjected to static loading (cf. Figure 6-1). The tests conducted by
FERGUSON [FER65a] and THOMPSON [THOT75] neither show a clear effect of lap
length on crack width at the lap ends. BETzLE [BET81] described that the lap length
has no effect, while his test results give different crack widths at the lap ends. Figure
6-1 shows no correlation of lap length and crack width at the lap ends at 320 MPa
when evaluating single test series with equal test parameters.
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Figure 6-1 Influence of lap-length to bar-diameter ratio lo/ @ on maximum crack width at the lap end
(left) and on mean crack width at the lap end (right) at 320 MPa

In contrast, REHM AND ELIGEHAUSEN [REH77] found that crack widths at lap ends are
influenced by the lap length if subjected to cyclic or long-term loads.

6.2.2 Concrete Cover

The bottom concrete cover cy influences the effective height of the reinforcement hc esr.
Accordingly, the effect of bottom cover strongly correlates with the effect of
reinforcement ratio within the effective height of the reinforcement. Figure 6-2 shows
an increase in crack width at the lap ends at 320 MPa with increasing bottom cover in
tests conducted by [FER65a] and [THO75]. In the own tests described in chapter 3.4
this effect was not visible. The effect conforms with the effect of cover in reinforced
concrete members with continuous reinforcement, where increasing bottom cover
leads to an increase in crack widths.
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Figure 6-2 Influence of concrete-cover to bar-diameter ratio ¢, / @ on mean crack width at the lap
end at 320 MPa

6.2.3 Reinforcement Ratio

The tests conducted by BETzLE [BET81], CyLLOK [CYLO6], FERGUSON [FER65a]
and THOMPSON [THO75] show an increase in crack width at the lap ends for smaller
bar spacing and thus increasing reinforcement ratio in the effective height. The
maximum crack widths at the lap ends in the own tests did not meet this expectation,
but were 0.68 mm in the lap with a reinforcement ratio of 3.6 % and 0.90 mm in the
test with a reinforcement ratio of 2.8 % (cf. chapter 3.4.6). However, the effect was
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negligible for the mean crack widths at the laps ends with 0.44 mm for pess = 3.6 % and
0.47 mm for pess = 2.8 %. Figure 6-3 shows the crack widths at the lap ends at 320
MPa for different reinforcement ratios. The crack widths at the lap ends increase with
increasing reinforcement ratios. This contradicts the behaviour of undisturbed
structural concrete members that develop smaller crack widths at higher reinforcement
ratios. The change in stiffness at the lap ends is more pronounced for higher
reinforcement ratios and thus generates larger crack widths.
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Figure 6-3 Influence of reinforcement ratio depending on the effective height of the reinforcement
hceff On the maximum crack width (left) and on the mean crack width (right) at 320 MPa

6.2.4 Bar Diameter

Figure 6-4 (left) illustrates the influence of bar diameter on the maximum crack width
at the lap end at 320 MPa at a constant ratio of cy / @. The test results described in
chapter 3.4 and in [BUROO] indicate an increase in crack widths at the lap ends for
increasing bar diameter for constant values of ¢y / @. Taking the effect of cover into
account, the effect of bar diameter is slightly smaller. In contrast, Figure 6-4 (right)
shows the influence of bar diameter on crack width at the lap end at 320 MPa at
constant bottom cover cy. BETZLE [BET81] and FERGUSON [FER65a] found increasing
crack widths at the lap ends for increasing bar diameters at constant cover values cy.
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Figure 6-4 Influence of bar diameter @ on maximum crack width for constant bottom cover ratios
cy/ @ (left) and on maximum width (mean crack width, respectively) for constant bottom
cover values cy (right) at 320 MPa
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6.2.5 Transverse Reinforcement

FERGUSON [FER65a] and BURKHARDT [BUROO] did not observe an effect of
transverse reinforcement on the crack width at lap ends. This finding conforms to the
own test results described in chapter 3.4.

6.2.6 Concrete Strength

The tests in REHM AND ELIGEHAUSEN [REH77] indicate an increase in crack width for
smaller concrete strength at constant lap length to bar diameter ratios lo/ @.

6.3 Summary

The crack widths in structural members with continuous reinforcement are influenced
by the reinforcement ratio in the effective height, the concrete cover, the bar diameter
and the concrete strength. In undisturbed members with continuous reinforcement as
well as at lap ends, larger bottom concrete cover, larger bar diameters and smaller
concrete strength lead to increased crack widths. While increasing reinforcement ratios
within the effective height reduce the crack width in undisturbed members, it increases
the crack width at lap ends. Transverse reinforcement neither reduces the transverse
crack width in continuously reinforced members nor at lap ends.
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7 Design Values for Anchorage and Lap Lengths

7.1 Eurocode Reliability Management

The Eurocodes on structural design are based on a semi-probabilistic safety concept
defined in EUROCODE 0 [ECO]. For higher consequence of failure, the probability of
failure depending on action effects Eq and resistance Rq of a structure shall decrease.
The probability of failure of a structure or member corresponds with the reliability
index B by

Pr=D(-p) (7-1)
With
P+  failure probability for a certain time period
() cumulative distribution function of the standardised normal distribution.

The relationship between failure probability Ps and reliability index [ is given in Table
7-1. The probability of failure implies that in one in 10' instances failure occurs.

Table 7-1  Relation between P; and 3
Py 10* 1072 107 10* 10° 10° 10”
B 1.28 2.32 3.09 3.72 4.27 4.75 5.20

A certain reliability of structures can be achieved by preventative measures, design,
quality management, efficient execution and inspection. [ECO] defines three levels of
reliability that apply to the structure as a whole or to its components. The complexity
of design increases with the level applied. The classes are based on the assumed
consequences of failure and the exposure of the construction works to hazard. [ECO]
differentiates between high, medium and low consequence regarding loss of human
life as well as economic, social or environmental impact. The reliability classes are
associated with three consequence classes as shown in Table 7-2.

Table 7-2  Reliability classes according to [ECO] associated with consequence classes and
recommended minimum values for reliability index (3
Minimum values for reliability index 3
Description of 1 year reference 50 years reference
Reliability Class consequence period period
RC3 High consequence 5.2 4.3
RC2 Medium consequence 4.7 3.8
RC1 Low consequence 4.2 3.3

The reliability index P included in the partial safety factors is distinguished for the
limit states, the reference period, the consequences of failure and the cost of safety
measures. Table 7-3 gives the target reliability index B at different design situations
and reference periods for medium consequences of failure at reliability class RC2.
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Table 7-3  Target reliability index B for reliability class RC2 according to [ECO0] (medium
consequence of failure)

Target reliability index
Limit State 1 year reference period 50 years reference period
Ultimate 4.7 3.8
Fatigue - 15t03.8
Serviceability (irreversible) 2.9 15

[ECO] distinguishes three levels of probabilistic methods. Full probabilistic methods
(level 111) consider exact distributions and eventually given statistical dependencies of
action and resistance parameters. Examples of such stochastic simulation methods are
Monte-Carlo or Monte-Carlo importance sampling. In Monte-Carlo simulation, partial
safety factors are not obtained from empirical data, but from simulated tests. An
algorithm generates random values for a defined limit state function and proves
whether the simulated tests are within the failure or survival zone. In the course of this
procedure, an abundant number of realisations must be calculated to find exact results
for small failure probabilities. For the required failure probabilities defined for
structural elements, 10 to 1000 million test simulations are necessary. Therefore, this
method was refined to Monte-Carlo importance sampling with a reduced number of
necessary iterations [RIC09], [RACO06].

The first-order reliability method (FORM), the mean-value-first-order-second-moment
procedure and the algorithm given in appendix D of [ECO] are examples of level Il
methods. All standard deviations and mean values of the influencing parameters are
considered at this level.

The target reliability can be achieved by applying the partial safety concept according
to [ECO]. The partial safety factors were obtained by first order reliability methods or
full probabilistic methods denominated level Il and level 11l methods, respectively.
The application of the partial safety factors according to [ECO] is a level I method
including a reliability index B greater than 3.8 for a 50 year reference period.

The probability of failure Pr can be expressed by the limit state function g. The
function describes the limit state being the boundary between failure and survival of a
structure, where structures survive if g > 0 (cf. Figure 7-1).

The probability of failure Ps is
P =prob (g <0) (7-2)
The reliability of a structure Ps is

s=1-Pr=1-P[Z=g<0] (7-3)
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Figure 7-1 Distribution of action effects E and resistance R (top) and distribution of limit state
function g (bottom) (reproduced from [ZIL10])

If R is the resistance and E the action effects, the limit state function g is:
g=R-E (7-4)

The central safety zone is the area between the mean values of action effects pe and
resistance pr. This area is divided by the limit state function pc.

Hg = MR — UE (7-5)

The reliability index B describes the distance from the mean value of the limit state
function pc to the origin as a multiple of the standard deviation cc with

Hg = - o (7-6)
and
LR—P -OrR-OR=HE+ P - OE - CE (7-7)

The weighting factors oe and ar describe the influences of the random values E and R
on the failure probability. The values ae =-0.7 and ar = 0.8 according to [ECO] give

Jo2 +a =\(-0.7)*+0.8? =1 (7-8)

Thus, the reliability index 3 defined in equation (7-9) is the ratio of the mean value of
the limit state function to the standard deviation of the limit state function.
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p=—>= 7-9
Oy c4+0. Og Opt0g-Op (7-9)

with
ng = GRZ + GEZ (7'10)

Structures and structural elements conform to the [ECO] safety concept, where
Ed < Rda =R {Xu1, Xz, ..., d1, adz, ..., Oaz, Oaz, ...} (7-11)

with

R resistance of the structure

Xdi  material properties (stochastically independent random variables)

adsi  geometrical properties

04 model uncertainties

The probability of finding a resistance R smaller than the design resistance Rq shall be:

PR<Rg)=®(-ar-B)=D(-0.8:B) (7-12)

7.2 General Derivation of Design Values

7.2.1 Characteristic Values

Design values can be obtained by deterministic methods based on empirical data or by
probabilistic methods. The following methods may be used to calculate design
resistances from mean test results according to [ECO]. At an interim stage,
characteristic values defined as 5% fractiles of empirical data must be calculated.

The p-quantile Rp of aresistance R is
Rp=ur—Kr - or=pHR - (1 -Kr: OR/UR) (7-13)
For a log-normal distribution, Rp is
Re=exp (ur - (1 -kr - or/ UR)) (7-14)

The coefficient kr describes the statistical distribution, the level of confidence and the
fractile value. Equation (7-15) gives 5%-fractiles for test numbers above 100.

Rsw = ur— 1.645 - or = ur - (1 — 1.645 - 6r/UR) (7-15)

For the log-normal distribution, the 5%-fractile can be obtained from equation (7-16).

Rse = exp (},LR . (1 —1.645 - or/ MR)) (7-16)
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7.2.2 Partial Safety Factors in Codes

Partial safety factors for structural resistance describe the ratio of characteristic
resistance values to the design point of the limit state function g in Figure 7-1.
Presuming a normal distribution, the partial safety factor for the resistance of concrete
in [EC2] is

)

y R Ry po(1-k,Ve) | (1-16450072) .
"Ry Ry pr-(l-agP-Ve) (1-08-38-0172) (7-17)

with

Vr  coefficient of variation of resistance Vr = 6r/ ur

The partial safety factor for resistance yr shall include the material uncertainties,
geometric uncertainties and model uncertainties. According to [ECO], the factor yr
- denominated ym - includes a safety factor ym for the uncertainty in material properties

and a factor yrg for the model uncertainty in structural resistance. The factor ym is
defined as:

YM = Ym * YRd (7-18)

The resulting partial safety factor depends on the coefficient of variation (COV) of the
resistance Vr as shown in equation (7-17). Since most design models comprise several
influencing parameters with different statistical distributions, the coefficients of
variation have to be summarised for the derivation of design values. [ECO] gives two
possibilities for the addition of coefficients of variation for product functions of the
form

R={X1-X2-...-Xi} -0 (7-19)
with
Xi  basic variables
0 model uncertainty

The general model for the consideration of multiple coefficients of variation is
V7 =(Vg +1)- (V5 +1) | -1 (7-20)
For small values of V2 and V xi 2, V2 may be simplified to
VP =V + 2V (7-21)

If the resistance function g« is a more complex function, the COV may be obtained
from

2
1 I (dg
Vi = Y| 2t 7-22

" gft(xm) izl[dXiGIJ ( )
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Most design models for structural concrete members comprise the concrete strength
fek. Hence, at least the coefficients of variation of the model uncertainty and of the
concrete strength must be combined.

The previous German code for structural concrete DIN 1045 [DEU88] applied global
safety factors yg for ductile and robust failure. For brittle failure, the safety factor for
resistance was

Yr :ﬂzézlﬂ) (7-23)
Te

'_\

with
ve  Qlobal safety factor
YF safety factor for action effects

ACI 318 [ACI14] provides the necessary level of safety by coefficients applied to the
loads and by strength reduction factors ¢aci applied to the nominal strength. The
coefficients ¢aci account for the probability of understrength due to variations of in-
place material strengths and dimensions, the effect of simplifying assumptions in the
design equations, the degree of ductility, the potential failure mode of the member, the
required reliability, the significance of failure and the existence of alternative load
paths for the member in the structure [ACI03], [DAR98].

7.2.3 Consideration of Model Uncertainties

During structural design, assumptions must be made on the structural systems, cross-
sections, materials, joints, foundations and many more [SPA92]. The model
uncertainty describes the difference between design model and actual structural
resistance. This uncertainty results from stochastic effects not sufficiently captured by
the design model. It comprises the model uncertainty itself and uncertainties of the test
(instrumentation, test-setup and undocumented tolerances of geometric values).

The model uncertainty is taken into account by introducing its COV for the
determination of design values. The statistic values of the model uncertainty for the
resistance model may be derived from a comparison of theoretical resistance to
experimental resistance obtained in tests as representative as possible. The most
accurate consideration of model uncertainties is the introduction of one model
uncertainty per base variable, but often a global design-model uncertainty is added or
multiplied [SPA92].

Therefore, the design strength of structural elements accounts for the deviation of
material strength and dimensions as well as for the model uncertainty. The model
uncertainty is either accounted for within the design model by a value 6 in
equation (7-24) or by a partial safety factor yrq in equation (7-25). The partial safety
concept according to [ECO] applies equation (7-25) without actually defining the
model uncertainty yrd. Only the product ym = ym - yra is defined in [EC2].
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Ra =R {n: X«/ ym; a4...,0} (7-24)
Ra=R {n: X«/ym; ad...} / Yra (7-25)

with

Rgd  design strength

n conversion factor

ym  partial safety factor for uncertainty in material properties

yra  partial safety factor for model uncertainty in structural resistance
ad design values of geometrical data

Appendix D of [ECO] provides a procedure to calculate the model uncertainties &
using the correction factor b described in chapter 7.2.5 (cf. Table 7-5). After a mean
value correction of the limit state function, the standard deviation and coefficient of
correlation of the model uncertainty can be obtained. For the uncertainties of testing,
[ECO] defines a COV of about 5%.

The PROBABILISTIC MODEL CODE [JOI00] recommends the assumption of log-normal
distributed model uncertainties for design equations. The mean value of the model
uncertainty is 1.0, while the COV shall be calculated or defined. [JOI00] gives partial
safety factors including model and material uncertainties for the design models for
shear and bending, but not for bond strength.

7.2.4 Consideration of Material Uncertainties

The partial safety factor for material uncertainties ym comprises the uncertainty in the
ratio between the material in structures and the concrete samples tested. Sometimes, a
specific model uncertainty is not covered by a partial safety factor yrq, but is included
in the partial safety factor for material uncertainties. Additionally, the effect of
deviations in cross-sectional dimensions is often covered by the material factor
[SPA92].

The difference between characteristic concrete strength and mean concrete strength is
constantly 8 MPa according to [EC2]. This is equivalent to

f,=f, —8MPa=f, —1645-c, —c, =8MPa/1645=4.86 MPa (7-26)

The COV is therefore not constant, but decreases with increasing concrete class. Table
7-4 shows examples of coefficients of variation V¢ for different concrete classes.

The COV of 0.172 that is given in equation (7-17) and corresponds to yr = 1.5
approximately equals the COV for class C20/25 concrete Vc2o5 = 0.174. Calculating
the partial safety factor for C20/25 with Vi = 0.174 gives a material uncertainty
ym = 1.5 and a partial safety factor for model uncertainty yrs = 1.0. Thus, for C20/25,
the entire COV is “consumed” by the concrete strength. In case higher concrete
strength is applied, the coefficients of variation of the material decrease and the partial
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safety factor yrq is greater than 1.0. For C30/37, a COV of Vs = 0.128 gives a partial
safety factor for material uncertainty of ym = 1.30 and a partial safety factor for the
model uncertainty of yrq = 1.15. This means that a constant partial safety factor of
ym = 1.5 includes an increasing model uncertainty for increasing concrete strength,
since the material uncertainty decreases.

Table 7-4  Mean values fum, standard deviation of. and coefficients of variation for concrete strength

fox fem Ofc Vic

[MPa] [MPa] [MPa] [-]
C20/25 20 28 4.86 0.174
C25/30 25 33 4.86 0.147
C30/37 30 38 4.86 0.128
C40/50 40 48 4.86 0.101

7.2.5 Design Values According to Eurocode 0
Application of Partial Safety Factors

EUROCODE 0 [ECO] gives two models for the calculation of design values. The first
model (method A) requires a characteristic value divided by the partial safety factor
for material ym. In this case, the model uncertainty is incorporated by the COV of the
model V.

X =8 Xy = (kg V)= - (1-1645-V, ) (7-27)

m m Ym

Where nq is the design value of a conversion factor for volume and scale effects,
effects of moisture and temperature and any other relevant parameter [ECO].

Alternatively, design values may be obtained directly by accounting for the reliability
required with Kkqn-factors (method B). The kaqn-factors given in [ECO] are based on the
assumption that the design value corresponds to an index of reliability p = 3.8 with
Kain=oar B =0.83.8=3.04

Xd =Ny 'Xod =Mq "My '(1_kd,n 'Vx):nd "My (1_0838Vx) (7-28)

The equations for design values according to [ECO] use BAYESIAN procedures with
vague prior distributions and lead to almost the same results as classical statistics with
confidence levels equal to 0.75.

[ECO] also gives a procedure for the calibration of resistance models and for the
derivation of design values from tests (cf. Table 7-5). A resistance function r;
(statistical formulation) must be established for the design model g (X). The
resistance function ri is a function of a number of independent variables X All
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relevant geometrical and material properties shall be measured. There must not be any
correlation between the variables in the resistance function.

Table 7-5  Calculation of design values according to [ECO] and [LEOOQ5]

1 Development of a design model for the theoretical resistance ry = grt (Xi)
2 Calculation of theoretical values rii for the design model
3 Estimation of the mean value correction factor b, which is the slope of the least-

squares best fit line bzer'zrti

ZI

Where r.i are the experimental results
4 Statistical Evaluation of the error terms di that represent the model uncertainty

5 =8

b-ry

For the error terms a log-normal distribution is presumed. This means that the
logarithmised error terms Ai = In(3i) are distributed normally with a mean value

A = iiAi and a variance s% = L i(Ai _K)Z
ni=1 n-1ix1

The coefficient of variation of the error terms &; follows from V; = Jexp(s3)-1

(The statistical evaluation for the log-normal distribution is also described in chapter
2.10 for the statistical evaluation of crack widths measurements in equations (2-79) to
(2-81) with different notations. For the crack width measurements the slope of the
least-squares best fit line b was not taken into account)

5 Determination of the coefficients of variation Vy; of the basic variables, e.g. concrete
strength, usually on the basis of prior knowledge

6 Coefficient of variation and standard deviation of the resistance function
Where the values of Vs2 and V2 are small:
V2= V62 + Vi = V52 + TVyi?

Q =/In(V? +1) (standard deviation)

7 Determination of the characteristic value rx of the resistance: If a large number of tests
is available, the characteristic resistance rc may be obtained from

rk=b-gre(Xm) - exp (-kn-Q-0.5-Q?
For test numbers n > 100, kn = 1.645

For the determination of the design value rq of the resistance, the fractile factor kn is
replaced by the design fractile factor Kqn

ra=D0 - gre(Xm) - exp (- kan - Q-0.5- Q?)
For test numbers n > 100, kgn = 3.04

The expressions for r¢ and rq are derived from the log-normally distributed resistance
function r; where p and o are the mean value and the standard deviation of the
logarithmised values of r [LEOOS5] with
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Inrk=p-kv-o (7-29)

e =exp (u—Kkn- o) =exp (u)/exp (k- o) (7-30)
rm = exp (u + c?/2) = exp (u) - exp (c%/2) (7-31)
e =rm/ [exp (Kn - &) - €xp (6%/2)] = m - exp (- kn - 6 — c2/2) (7-32)

Probabilistic Methods

Alternatively, level Il or level 111 methods can be applied for the derivation of design
values. Therefore, standard deviations and mean values of all influencing parameters
must be defined. The mean value and the standard deviation of the model uncertainty
are obtained by a comparison of the investigated design model with a test database.
The statistical characteristics of material parameters shall correspond to acceptable
tolerances defined in codes. Geometric parameters are either covered by the model
uncertainty or can be incorporated by tolerances [ECO].

7.3 Derivation of Design Values for Anchorages and Laps in Literature

Design values of bar stress in anchorages and laps as well as required anchorage and
lap lengths were derived in [ELI79], [FIB14], [MAN17] and [DAR98]. Design values
of structural resistance were obtained by division with partial safety factors in [ELI79],
[FIB14]. In [MAN17] and [DAR98], the necessary coefficients for design equations
were obtained by comparing the required level of reliability with probabilistic
methods. The methods applied in [MAN17] give reliability indices 3 above 3.8 to
fulfil the requirements of [ECO]. In contrast, DARWIN ET AL. [DAR98] calculate the
design values for anchorages and laps according to [ACI14] with B = 3.5. Figure 7-2
shows an overview of the applied methods for the derivation of design bar stress in
anchorages and laps.
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Method Application of partial Derivation of reduction Monte-Carlo Simulation
safety factory, = 1.5 factors accounting for\ to verify reliability
Design approach Design approach | | Design approach
calibrated with database
Mean values and
Input / =10 Mean yalues and_ . coefficients of variation for
Ko (Omes ! Omeac) = 1. coefficients of variation for influencing parameters:
V, = e.g. 0.133[ELI79] influencing parameters: e.q.0 andgfp[MAN17] ’
V, = e.g. 0.146[FIB14] e.g.0 and f [MAN17] e.g. 0f c °| [DAROS]
- - 1 'c) 1 b

v v v v

02, = ZIn(V#1) — Reduction factors to
obtain design values
including a defined index

6, = 1,-(1-1.645-V)

Output Risw = H,€Xp(-1.645- 0,,) of reliability
B ~ - B = 3.8[MAN17]
—04=0/ (m¥r)=0/ 1.5 Russ = Lo €XP (-0 Ginr) B = 3.5[DAR98]

Figure 7-2  Applied methods for the derivation of design bar stress in anchorages and laps

7.3.1 ELIGEHAUSEN

ELIGEHAUSEN [ELI79] obtains design values by applying the safety factor according
to [DEU88] on the characteristic lap strength osx. This global safety factor
(ye,pinzoss = 2.1) includes both the safety factor for action effects and for resistance.
Evaluating the proposed design equation, ELIGEHAUSEN [ELI79] finds a COV equal to
0.133. Equations (7-33) to (7-35) show the derivation of calibration factors for
characteristic and design values according to [ELI79]. The design model is described
in chapter 2.9.8.

. c 1/4 C 1/2 | 2/3
s 28] (3] un(b) kesecnn oo
y
o5 =5.8:(1-1.645-0.133)-Cyyy, - Friope =453 Coyiy - Friope (7-34)
O = 4'53/2'1'C;Iig. 'fcl,/cﬁbe = 2-2'(3E|ig. 'fcl,/cﬁbe (7-35)

7.3.2 FIB TASK GROUP BOND

The fib task group on bond conducted a statistical analysis of the existing database
[FIBO5] differentiating between laps and anchorages both with and without links and
derived statistical characteristics for the proposed design model [FIB14]. The obtained
5% characteristic ratios are approximately 0.76, corresponding with a COV Vy of
0.146 with

gy = '(1_i'645'VX) —(1-1.645-0.146) = 0.76 (7-36)
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The coefficient used in equation (2-26) for the mean anchored and lapped bar stress is
consequently changed from 54 to 54 - 0.76 = 41.

f 0.25 25 0.2 | 0.55 c_ 0.25 c 0.1
fstm:54'(20—gj (6) a? . % % +km.Ktr Sfym (2-26)

Cmin

f 0.25 25 0.2 | 0.55 C 0.25 c 0.1
fou =41-(2"—gj (6) . 50 . gn .| Zmax +km'Ktr}£fyk (7-37)

The task group verifies the derived coefficient by a detailed statistical analysis, where
a target probability of failure pr not exceeding 10 is chosen for a brittle concrete
splitting mode. This probability of failure implies that in all but one in 10° instances,
the reinforcement would reach yield before a bond failure occurs. The statistical
analysis accounts for the independent statistical distribution of the parameters within
the expression and of the yield strength of the reinforcement. The coefficient obtained
by the simpler model is confirmed by the detailed statistical analysis [FIB14].

The task group derives the bond strength for MoDeEL Cobe 2010 [MC2010] from
rearranging equation (7-37) for fs = 500 MPa / 1.15 with

| 1.82 —0.45 -0.36
b,k:(500/1.15j (fj (éj (7-38)

@ 41 25 @
The corresponding characteristic bond strength is
f . Q f 0.45 25 0.36
foo=—=15-| = | | = -
MO A, (25) ( @ j (7-39)

For the definition of minimum confining reinforcement and rounded exponents, the
coeffiecient of the characteristic bond strength is increased from 1.5 to 1.75 in
equation (7-40).

fc 0.5 25 0.3
fbk:1.75-(2—5j (5) (o1, +oty) (7-40)

The design bond strength is derived by division with the partial safety factor for
concrete resistance y.= 1.5.

f 0.5 25 0.3
f,, :1_75.(2_;j (6) (o, +015)/1.5 (7-41)

The method applied in equations (7-38) to (7-41) for the derivation of design values
for [MC2010] implies that the partial safety factor y = 1.5 is applied to the bond length
and not to the bar stress. Concurrently, the design model in [MC2010] becomes
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conservative by introducing the bond strength neglecting the exponential decrease in
required lap length with decreasing bar stress.

According to [MC2010], the partial safety factor ym = ym - yra IS @ partial safety factor
for material properties also accounting for the model uncertainties and dimensional
variations. For concrete, the partial safety factor ym (also denominated yc) covers the
deviations of structural dimensions not considered as basic variables and includes a
conversion factor for the ratio of the strength obtained in test specimens to the strength
in the actual structure. The value of yc should be increased if the geometrical
tolerances defined in [MC2010] are not fulfilled.

Furthermore, in [FIB14] the following acceptance criteria for the suitability of
equation (2-26) are defined:

— The 5% characteristic value should not lie below 1.0

— The number of results with a ratio of measured to estimated strength below 1.0
should not exceed 5%

— No individual ratio of measured to estimated strength should fall below 2/3, as
lower values are not covered by the safety factor of 1.5

7.3.3 MANCINI ET AL.

MANCINI ET AL. [MAN17] evaluate the original fib database [FIB05] and derive
characteristic and design values for the design model according to [FIB14]. For
concrete strength and model uncertainty, log-normal distributions are verified
[MANL17]. A COV of 0.15 for concrete strength and a mean concrete strength fcm are
applied. The evaluation distinguishes between new and existing structures. The
variation in concrete strength and concrete cover is broader for existing structures,
therefore, the coefficients of variation are slightly higher. For the model uncertainty of
new structures, a COV Vg = 0.126 and a mean value 6 = 0.98 are used. The lap and
anchorage resistance according to [FIB14] given in equation (2-26) is summarised to

R(G, f) =0 - fcmo'25 A (7'42)
Where

st,test

0 model uncertainty with 6 =

stm,calc

A coefficient including all influencing parameters except the concrete strength fem

MANCINI ET AL. [MAN17] choose a constant value of 0.15 for the COV of concrete
strength independent from the concrete class. This assumption is contrary to [EC2],
which defines a constant standard deviation of 4.86 MPa and a COV depending on the
concrete strength Vi = 4.86 MPa / fcm. The statistical characteristics defined in
[MAN17] are summarised in Table 7-6.
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Table 7-6  Statistical characteristics of concrete strength and model uncertainty according to

[MAN17]
Parameter distribution COV Vi Mean value pi
fe log-normal 0.15 fem
0 log-normal 0.124 0.98

The mean value of the resistance pr is calculated with
HR = Ho - % - A (7-43)
and the variance follows from
ohg =IN(VZ +1)=1In (Ve? + 1) + 0.252 - In (V2 + 1) (7-44)

The mean concrete strength is given by

w =f. =f, -exp(L645 o, ) =", -exp(l.645-«/ln(szc +1)) (7-45)

Subsequently, the characteristic resistance Rk s% includes the transformation from mean
to characteristic concrete strength given in equation (7-45) plus the consideration of
the statistical distribution of concrete strength and model uncertainty (7-44) with

Risw =G 015 =0.83-0-157 =

—§.54.£0% .exp(—1.645-(\/ln(vez +1)+0.0625- In(VZ +1) ++/In(VZ +1) )) (7-46)
The design resistance Ryq is
Ry=C,-0-f3% =0.69-0-f3" =

(7-47)

_§.54.£0% -exp(—ocR -B-(\/In(vez +1)+0.0625- I(VZ +1) +1/In(V2 +1)))

The calibration factors necessary for mean, characteristic and design values are
described by the ratios ;. For new structures, MANCINI ET AL. derive a characteristic
ratio of Cx = 0.83 and a ratio of design strength to mean strength of 4 = 0.69 for an
index of reliability p = 3.8 [MAN17]. Characteristic and design bond strengths are
derived and the resulting partial safety factors are subsequently verified by a Monte-
Carlo simulation [MAN17].

With the strength reduction factor {x = 0.83, the characteristic length is
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Ib,k _ fstd 1/0.55 .(kaj_OAS (éj—osa _( fstd jllo.ss ,(kaj_OAS (Ej—o.se
2 | ¢ 54 25 2 0.83.54 25 o) (49

The design anchorage length lnq / @ is given for the calculated strength reduction factor
Cda = 0.69 with

Ib_,d _ fstd 1/0.55 _(kaj_OAS .(éj—o.sa _( fstd jllo.SS _(kaj_OAS .(Ej—o.%
o |¢, 54 25 2 0.69.54 25 o) (49

The reduction factor g4 is applied to the strength that is accounted for with an exponent
of 1/ 0.55 < 1.0. Therefore, the applied safety factor is actually ym = 1.4 instead of
ym = 1.5 with

1/0.55 1/0.55
e (1/€, (1/0.69)
™ (1/@k 1/0.83 (7-50)

For the reference parameters without transverse reinforcement, a characteristic

concrete strength foc = 25 MPa, reinforcing bar diameters @ 25 mm and a minimum
concrete cover cmin = 1.5 - @, the following design bar stress

f 0.25 25 0.2 I 0.55 c 0.25 c 0.1
= .54.| —<k B .| b } min | Zmax .
f,,=069-54 (25) (@j (@J ( 2 j (Cmmj ik K, (7.51)

- 02 (1, 0.55 | 055
fig =0.69-54:(10)°%(10)" | 2 | [L11]=413| >

The design bond length according to [MAN17] for the reference parameters equals

(500 MPa/1.15
Ibd =

1.82
B=725.0 ]
413 j (7-52)

7.3.4 DARWINETAL.

In [DAR98] , DARWIN ET AL. investigate the reliability of the design model given in
[DAR95D], which is the basis of the design model according to [ACI14]. The design
model is based on the analysis of 299 lap and anchorage tests. The model has a mean
test to prediction ratio of 1.0 and a COV Vy of 0.107 for anchorages and laps without
transverse reinforcement and a COV of 0.125 with transverse reinforcement. Strength
reduction factors for bond ¢v are derived to allow for the transfer from mean values to
design values. The strength reduction factors are verified with a Monte-Carlo
simulation and a target index of reliability B of 3.5. An index of reliability  of 3.0 is
usually chosen for beams and columns. To insure that bond failure is less likely than

an overall failure of the structural member, the index of reliability was increased for
190



anchorages and laps. A strength reduction factor of 0.9 is obtained for the calculation
of design anchorage and lap lengths [DAR98].

The derivation of strength reduction factors requires mean values of the action effects
and resistance variables as well as coefficients of variation. The analysis includes the
test-to-predicted load random variable Vrr given in equation (7-53) based on a
comparison of test results with the calculated values. The COV of the test to prediction
ratio Vrpr (0.107 without confining reinforcement / 0.125 with confining
reinforcement) comprises the COV Vn, associated with the design model itself (0.081
without confining reinforcement / 0.102 with confining reinforcement) and the COV
accounting for uncertainties in the measured loads and differences in the actual
material and geometric properties of the specimens Vi = 0.07. For unknown relative
rib areas in some tests conducted, DARWIN ET AL. [DAR98] introduce an additional
COV Vg = 0.02 for the test to prediction ratio for test specimens with confining
reinforcement.

V1p? = V2 + Vis2 + Vr? (7-53)

Where

V1p COV of the test to prediction ratio

Vm  COV of the design model itself

Vi COV of uncertainties in the measured loads and differences in the actual
material and geometric properties of the specimens

Vr  COV for unknown relative rib areas

An overview of the coefficients of variation and the mean values of the variables for
the Monte-Carlo simulation described in [DAR98] is given in Table 7-7.

Table 7-7  Statistical characteristics for Monte-Carlo simulation according to [DAR98]

Number Parameter distribution cov Mean value
X(1) Model uncertainty normal Vm = 0.081/0.102Y 1.0
X(4) Concrete strength normal ((oceyi/fer’)2+0.008)%° |0.89fcs5°(1+0.08log(fc))
X(5) Lap length normal 0.61 [in.}/l Ib
X(6) Bottom cover normal 0.23 [in.]/cp Cb
X(7) Side cover normal 0.19 [in.]/cso Cs0
X(8) Beam width normal 0.013/0.017 b+ 0.0625 [in.]
X(9) Relative rib area normal 0.124 0.0727

1 with confining reinforcement

Where

oceyl  assumed standard deviation for standard laboratory cylinders (3.8 MPa)
fer required average compressive strength of concrete

fess  compressive strength at 35 psi/sec
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7.3.5 Summary of Parameters Taken into Account

Table 7-8 summarises the COVs taken into account for the derivation of design stress
for anchorages and laps in the publications described. All publications take the COV
of the model uncertainty 6 and of the concrete strength f. into account. Only [DAR98]
describes a full probabilistic analysis of the bond equation and takes the statistical
distributions of model uncertainty 6, concrete strength fc, bond length Iy, cover ¢y and
Cx, bar spacing cs as well as the relative rib area fr into account.

To derive design values from the own model for mean stress developed by bond in
chapter 5.6, the statistical distribution of model uncertainty 6 and material f. are
considered. The geometric parameters bond length, cover, spacing and rib area are
neglected in the derivation of design values in chapter 0. Instead, the following
derivation of design models presumes the geometric parameters to be covered by the
COV of the model uncertainty.

Table 7-8  Summary of parameters taken into account for the derivation of design values for
anchorages and laps (6 = model uncertainty)
Publication | 6sm — Osk | Osk — Osd | Osm — Osd Uncertainties taken into account
[ECO] 0, fc 0, fc 0, fc The factor ym in ym = ym - yr accounts for
[ELI79] 0 0. f, _ the distribution of material and permissible
deviations in dimensions, yr accounts for
[FIB14] 0 0, f - the model uncertainty
[MAN17] 0, fc 0, fc - Model and material uncertainty
Uncertainty of the design model,
[DAR9S] i i 0, f;, I, ¢y, | uncertainties in the measured loads and
Cx, Cs, TR differences in the actual material and
geometric properties of the specimens
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7.4 Own Derivation of Design Values for Anchorage and Lap Length

7.4.1 Method for the derivation of design values for anchorage and lap length
The applied method to derive design anchorage and lap lengths is given in Figure 7-3.

Method for derivation of design anchorage and lap length Ipq

!

Derivation of mean bar stress in bond zones fsim (fem, lbm, 9, C, Ast, Pr) from database

<==

Determination of statistical data for model uncertainty 6 and concrete strength fem

<=

Consideration of concrete strength fcm in mean strength fsm and fek in design strength fsq

<=m=

Derivation of design values according to annex D in [ECO]

<==

Rearrangement of bar stress in bond zones fsq for design anchorage and lap length lyg

<=

Comparison of design values fs.g With acceptance criteria

<=m=

Evaluation of reliability of design values fsq and log

!

Comparison of design anchorage and lap length Irq for standard parameters

Figure 7-3 Method for the derivation of design anchorage and lap length lnq based on database

7.4.2 Mean Values for Anchorage and Lap Length

The design values for anchorage and lap lengths are derived from the equations for
mean bar stress given in chapter 5.6.

Own Design Model Based on [FIB14]

The own model based on [FIB14] given in equation (5-26) sums up the contribution by
concrete cover (equation (5-27)) and the own proposal for the contributions of
transverse reinforcement (equation (5-28)) and transverse pressure (equation (5-29)).

f 0.25 25 0.2 I 0.55
1:stm,mod =54 (Zc_gj ) (6) ’ (Ebj : |:0Cc + 0oy + a«tp] (5-26)

c 0.25 c 01
— | Zmin .| Zmax. 5-27
o[ %] o (527
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Oy = km “Peont = km ) QA.\St < km -0.05 (5-28)

st
o, =0.32-py? (5-29)

Where

fok = fom — 8 MPa

Ast - Nst > As (for os = 0.5 - fya: Ast - st > 0.5 - As)
km = 7 or 4 according to Figure 5-54

Rearranging for the mean anchorage and lap length gives

. 0.455 0.36
lom O Y2 (25 %) 182
E =45. (435j : f_ : 2_5 : [ac + Oy + Ottp] (7'54)

cm

Design Model According to [PT18] with Own Calibration Factors

The model given in [PT18] was rearranged for the calculation of bar stress developed
by bond and own calibration factors were derived from the database to obtain the
smallest possible COV of the model uncertainty Ve resulting in the following equation

1 2 2 1
: 2 2
Fognpy =435 —tom -(Q}g-( s ja- Coort|? (5-30)
’ 25MPa) (@) (31.0) (150
With
nI"A‘st
Cocont = Ca +| 60+ Kygny - —— - +8- 0, iy |1 2<3.75-0 (5-31)
b "X "9t

Keont  See chapter 2.9.7

The mean anchorage and lap length is

312 V2 3 2
| pr _131. O, . 25 (gj . 15-@
%, 135) \f,,) (20) oy (7-55)

Comparison of the Two Design Models

In the following derivation of design values, the [ECO] notation is used. The statistical
values for the two design models are given in Table 7-9. The least-squares best fit
slope according to [ECO] of the own model is b = 1.00 and of the model according to
[PT18] with own calibration factors b = 0.96.
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Table 7-9  Statistical data (presuming a log-normal distribution) for models for mean bar stress in
bond zones calculated with equations (5-26) and (5-30) under consideration of the least-
squares best fit slope b

Own model based on Model according to [PT18]
Gtest/ Gcalc [FIB14] with own calibration factors

Mean value of error terms 1.00 1.04

Standard deviation 0.145 0.180

COV Vs 0.144 0.173

Minimum 0.53 0.56

5% characteristic ratio 0.79 0.77

b 1.00 0.96

Number of results 669 669

Both equations were calibrated to best-fit the test results in the database. For the
definition of the mean anchorage and lap strength according to [ECO], the least-
squares best-fit slope b and the mean value of the error terms have to be taken into
account.

m= b- grt(Xm) -0 (7'56)
Fm,own = 1.00 -+ fstm,own -+ 1.00 = fstm,own (7-57)
rmpt = 0.96- fstmpr - 1.04 = fstmpr (7-58)

These equations are compared for the following standard values

— fo =25 MPa and fem = fk + 8 MPa = 33 MPa
— o5 =435 MPa and os = 250 MPa

— @=25mm

— Cmin=15-0@

— Cmax = Cmin

— Ast=00rZAst = As

Taking the value b - 8 = 1.0 in the own model for the mean bar stress into account,
does not change the calibration factors. The mean anchorage and lap length according
to the own model without transverse reinforcement for the standard parameters is

1.82
bmomn _ g5.| 95| 073 (7-59)
@ 435
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If transverse reinforcement with A = As IS positioned, the required bond length is

1.82
bm,own 9
—— =45.] =3 -0.59 -
2 (435) (7-60)

The equation according to [PT18] with own calibration factors for the calculation of
mean bar stress is to be multiplied with b - 6 = 1.04 - 0.96 = 1.0. For the standard
parameters, the mean anchorage and lap length according to [PT18] with own
calibration factors without transverse reinforcement is

312
bm,PT o
— =31. S -0.94 -
%) (435] (7-61)

Where transverse reinforcement is positioned, the anchorage and lap length is

| 32
bm,PT G,
— =31.| = -0.82 -
o (435] (7-62)

The resulting mean bond lengths for both models are listed in Table 7-10.

Table 7-10 Mean lap and anchorage length for standard parameters according to own model and
model according to [PT18] with own calibration factors

fo = 25 MPa, fom = 33 MPa, @ = 25 mm,
Cmin = 1.5 - @, Cmax = Cmin lom,own lom pT
os =435 MPa, A« =0 330 29-0
os = 435 MPa, Ast = As 27- 9@ 250
os = 250 MPa, At =0 12- 0 130

For these parameters, the mean lap and anchorage lengths shown in Figure 7-3 result.

30 T own model based on [fib14] S0 T own model based on [fib14]
40 +H = = PT with own calibration factors 40 4= = PT with own calibration factors
@30"§““~__ — QSO-\?—“
E20-- - EZO"
10 + ~— 10 +
0 without transverse reinforcement with transverse reinforcement
; ; ; ; ; ; ; { 0 f f f f f f f {
20 25 30 35 40 45 50 55 60 20 25 30 35 40 45 50 55 60
f.« [MPa] for o, = 435 MPa f.« [MPa] for o, = 435 MPa

Figure 7-4 Mean bond length low/@ vs. characteristic concrete strength fo obtained for the own
model and the modified model according to [PT18] with own calibration factors for
YAq = 0 (left) and A« = As (right) (os = 435 MPa, @ = 25 mm, Cmin=1.5 - @)
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7.4.3 Statistical Data for Derivation of Design Values

For the derivation of design values, the statistical scatter of all influencing parameters
must be defined.

In [JOI00], [MC2010] and [ECZ2], tolerances for width and depth of structural elements
as well as for the cross-sectional area of the reinforcing bars are given. In
DIN EN 13670 [DEU11], the tolerable deviation — conforming with the COV - of lap
length are defined as 6 % of the lap length. The concrete cover has a tolerance of
+2 mm to +5 mm according to [JOI00]. The GUIDELINES FOR REINFORCING WORKS
OF THE GERMAN BUILDING INDUSTRY [BAUOS8] give a tolerance of 10 mm for stirrup
spacing. Thus, the standard deviation of the stirrup spacing has a constant value of
10 mm, while the COV of stirrup spacing increases with decreasing stirrup spacing.

The undocumented tolerances of the test specimens’ dimensions, including deviations
in concrete cover, stirrup spacing and lap length, may be included in the model
uncertainty itself or considered with their intrinsic statistical distribution. The
following evaluation of reliability is based on the assumption that the statistical
distribution of the dimensions is covered by the model uncertainty. Therefore, only the
model uncertainty and the scatter in concrete strength are taken into account.

The COV of the model uncertainty in the design model for anchorages and laps was
derived from the database described in chapter 5. Table 7-11 gives an overview of the
statistical data of the main influencing parameters for lap and anchorage strength.

Table 7-11 Statistical characteristics of dimensions for derivation of design values (the values in
brackets are not taken into account in the following derivation of design values)

Concrete
strength Lap length Cover Stirrup spacing
Mean value fem (Iv) () (Sst)
Standard deviation 4.9 MPa (0.06 - ) (3.5 mm) (10 mm)
COV Vi 4.9 [ fem (0.06) (3.5mm/c) (10 mm/ s«)

The mean values of the model uncertainty 6 and the COV of the model uncertainty Ve
for [EC2], [EC2/NA], the own model based on [FIB14] and for [PT18] with own
calibration factors are given in Table 7-12.

Table 7-12 Statistical characteristics of design models for derivation of design values for anchorage
and lap length including the least-squares best fit slope b

[EC2] [EC2/NA] own [PT18]

Mean value 6 1.02 1.26 1.0 1.04
Standard deviation 0.324 0.381 0.145 0.180
COV Vy 0.316 0.303 0.144 0.173
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7.4.4 Consideration of Concrete Strength

The design models for the mean bar stress in bond zones fsm include the mean
concrete strength fem. In contrast, the design bond length shall include the
characteristic concrete strength fe. Therefore, the statistical distribution of the concrete
strength as well as of the model uncertainty has to be taken into account.

The procedure given in [ECO] to obtain design values does not comprise an
unambiguous approach for the consideration of concrete strength. [EC2] is valid for
concrete classes C12/15 to C90/105. Since the standard deviation or. = 4.86 MPa (cf.
chapter 7.2.4) is constant for all concrete classes, the COV is most unfavourable for
C12/15 with V¢ = 4.86 MPa / 20 MPa = 0.243. This COV is taken into account in the
following derivation of design values.

The characteristic and design resistance functions r« and rq are defined with mean
values of the resistance parameters Xm in [ECO] (cf. step 7 in Table 7-5).

rk=b - grn(Xm) - exp (-kn- Q-0.5-Q?) (7-63)

Since Xm would conform to fcm, while the design lap and anchorage length shall
include the characteristic concrete strength fe, this change is incorporated into the own
model by the introduction of f divided by the factor for the 5%-fractile value for a
log-normal distribution.

Nk = b- grt(fcmO'ZS) - exp (_ kn ) Q -05: Qz) =

0.25
f
:b~ ck _ex _k . _0.5. ,
grt([exp(l.645.vfc0,5.szc)j J p(-k,-Q Q?)

In this case, the smallest possible COV Vi leads to conservative design lap and
anchorage lengths with Vi = 4.86 MPa / 98 MPa = 0.05

0.25
f
f :b- ck .ex _k . _05 X _
‘ g"[(eXp(—1.645-0.05—0.5-0.052J J p(-k, -Q Q%)

(7-64)

(7-65)
=b-1.02-9,(f,) -exp(-k, -Q—-0.5-Q%)

For the model according to [PT18] with own calibration factors, the change from mean
to characteristic concrete strength fcx is incorporated by

rk =b - gr(fem™) - exp (- kn - Q-0.5-Q?) =
(7-66)

13
f
:b- ck -ex _k ' _0.5. ,
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Inserting Vi = 4.86 MPa / 98 MPa = 0.05 gives

1/3
f
f :b- ck -ex _k . _05 ) _
‘ g”[(eXp(—1.645-0.05—0.5-0.052jJ p(-=k, -Q Q?)

(7-67)
=b-1.03-g,(f, ) -exp(-k, -Q—-0.5-Q%)

7.4.5 Design Values for Anchorage and Lap Length according to [ECO0]

In chapter 5, the coefficients of variation were derived for the mean level of different
design models for anchorage and lap length without consideration of the least-squares
best fit slope b. In the following derivation of design values, the least-squares best fit
slope b as well as the COV of the concrete strength are taken into account.

Design Values for the Own Model Based on [FIB14] According to [ECO]

The total COV for the own model follows from Vi = 0.243 for concrete class C12/15
(cf. Table 7-4), the COV of the model uncertainty Vo = 0.144 and

In(V?+1)=0.25%-In(Vg +1) +In(V¢ +1) > V, =0.156 (7-68)

The standard deviation of the resistance function is

Q=,/In(V2+1) = /In(0.156? +1) = 0.155 (7-69)

The characteristic values are obtained by multiplication with the reduction factor

exp(—1.645-Q —0.5-Q?) = exp(-0.27) = 0.77 (7-70)

For design values, the reduction factor follows from

exp(~3.04-Q —0.5-Q?) = exp(-0.48) = 0.62 (7-71)

Under consideration of the concrete strength with the factor 1.02 according to chapter
7.4.4, the design bar stress in laps and anchorages is

f 0.25 25 0.2 I 0.55
s =1,02:54-052° (ZLEJ (5) (éj '[O‘c + oy, + octp} (7-72)

f

With fstq,0mn = o4, the design anchorage and lap length is

b _(__895_J" (00" (V7 (0 L
0] 1.02-54-0.62 435 fo 25 ¢ r P

I Oy L2 (25 nee g \*¥ -1.82 7.73
72103(4—35j [aj (%j '|:OLC +a’tr +Ottpi| ( - )

199



The partial safety factor ym of the anchorage and lap length is

1.82 1.82
, :lﬂ:(l/o.(szj {o.wj 148 774
Mown o (170,77 0.62

Since the partial safety factor is smaller than 1.5, the reliability of the design models is
evaluated in chapter 7.4.7.

For the standard parameters defined in chapter 7.4.1 (fo« = 25 MPa, fom = 33 MPa,
@ =25 mm, cmin = 1.5 - @), the design anchorage and lap length according to the own
model without transverse reinforcement is

Ibd G | 1.82 G | 1.82
Todom _103.0.83.[ Ot | _gs.[ O ]
2 (435) (435) (7-75)

Where transverse reinforcement with ZAst = As is positioned, the design anchorage and
lap length is

Ibd G | 1.82 G | 1.82
on _103.0.67-| O | —g9.| O ]
@ (435) (435) (7-76)

Design Values for the Model According to [PT18] with Own Calibration Factors
According to [ECO]

For the model according to [PT18] with own calibration factors and concrete class
C12/15, the total COV follows from V¢ = 0.243, Vo = 0.173 and

In(V?+1)=033%-In(Vg +1) +In( V7 +1) > V, =0.191 (7-77)

The standard deviation of the resistance function is

Q=,/In(V2+1) = /In(0.19° +1) =0.189 (7-78)

The characteristic value follows from multiplication with the reduction factor

exp(~1.645-Q—0.5-Q%) = exp(~0.33) = 0.72 (7-79)

The design values are obtained by multiplication with the reduction factor

exp(-3.04-Q —0.5-Q?) = exp(~0.59) = 0.55 (7-80)

The design bar stress in anchorages and laps is

1 2 2 1
3 9 3 3
£, —103-435.055.] 1 -(@jg.( l, j3, Cacont (7-81)
’ 25 7] @-31 15-0
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And the design length for fsw,pr = os follows from

12
lpg.pr ~ 31 ( 5, ]3/2. é 12 .(g)m. 15.0
@  (1.03.0.55)" 435 f, 20 Covcont (7-82)

/
%) 435 fo 20 Cy conf

The partial safety factor ym equals

1/ o.55j3’2
1/0.72

| 0.72)"
Yupr =7 = ( = (—0 55) =1.49 (7-84)

Ibk

The mean anchorage and lap length according to the [PT18] model with own
calibration factors without transverse reinforcement for the standard parameters
(fex = 25 MPa, fem = 33 MPa, @ =25 mm, Cmin = 1.5 - @) is

| a2 a2
bdPT _73.108.| Ot | —79.| Osi -
o 435 435 (7-85)

Where transverse reinforcement is positioned, the design anchorage and lap length is

reduced to
| 3/2 3/2
P _73.0.94.| > | =69, 2L (7-86)
0] 435 435

Comparison of Derived Design VValues

The resulting design lengths of the own model and the model according to [PT18] with
own calibration factors are compared to the design lengths according to [EC2],
[EC2/NA] and [MC2010] in Table 7-13.

Table 7-13 Comparison of design lap lengths for standard parameters (f« = 25 MPa, fon = 33 MPa,
=25 mm, Cmin = 15- @, Olg,EC — 1.5, Olg,NAD — 20)

Ibd,own Iba pT Iba.EC Ibd.NAD Iba,mc

os = 435 MPa, ZAst =0 85-0 79 -0 56 - @ 8l1-0 76 - @

os = 435 MPa, ZAst = As 69 -0 69 -0 50-@ 73-0@ 73-0@

os = 250 MPa, ZA¢ =0, as = 1.0 31-0 34-0 21 - @ 23- 0 44 - @
os =250 MPa, ZA¢=0.5-As,6=10 | 24-0 29- 0@ 19-0 21 - @ 38-0
Gs= 250 MPa, A0 =05A a5=10, | 1» o | 2.0 | 15.0 | 4.0 | 15.0

p=5 MPa (e.g. at beam ends)
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The design lap length according to [EC2/NA] exceeds the design lap length calculated
according to [EC2], since the lap factor asnap IS 2.0 in contrast to asec2 = 1.5. The
design lap lengths according to [MC2010], [EC2/NA], the own model and [PT18] with
own calibration factors are approximately 40 % greater than the length according to
[EC2] (cf. Figure 7-5, left).

The comparison for the design approaches at os = 250 MPa (cf. Figure 7-5, right) is
conducted assuming an anchorage at a beam end with p = 5 MPa. In this case, the lap
factor as equals 1.0 for os = 250 MPa in the graphs according to [EC2] and [EC2/NA].
For laps without transverse pressure at os = 250 MPa, the values according to the own
model and the model according to [PT18] with own calibration factors are close to the
values according to [EC2] with as = 1.5, but smaller than the values according to
[EC2/NA] with o = 2.0.

120 T own 30 + own
= = PT-cal - = PT-cal
100 "\ .............. [EC2] —_ 25 1o R {E&%]]
T 80 TSR3 — —-[NAD] =20 4. T~o ——-
Q 60 \.\_ﬂ_; —-[MC2010] § 15 L Q: ............... -~ - —~—~_[MC2010]
- 20 + 5 4 P=5MPa
0 without transverse reinforcement 0 WiFhoutl tranlsverlse rginforcemlent .
20 25 30 35 40 45 50 55 60 20 25 30 35 40 45 50 55 60
f.« [MPa] for o, = 435 MPa f.« [MPa] for o, = 250 MPa

Figure 7-5 Design anchorage length I,/ @ vs. characteristic concrete strength fo obtained for the
own model, the model according to [PT18] with own calibration factors and according to
[EC2], [EC2/NA] and [MC2010] for os = 435 MPa (left) and for os = 250 MPa, as = 1.0,
p =5 MPa (right) (@ = 25 mm, Cmin=1.5 - @, 2A¢ = 0, fem = f + 8 MPa)

The design lap lengths decrease where transverse reinforcement is positioned. The
resulting design lap length calculated from the own model and the model according to
[PT18] with own calibration factors are in the range of [EC2/NA] (cf. Figure 7-6, left).
The minimum transverse reinforcement in the design model according to [EC2] and
[EC2/NA] was taken into account with ZAstmin = 1.0 - As at os = 435 MPa and with
ZAstmin= 0.5 - As at os = 250 MPa.

At o5 = 250 MPa and the assumption of an anchorage at a beam end with transverse
pressure (with as = 1.0), transverse reinforcement influences the design bond length
stronger in the own model than in the models according to [EC2], [EC2/NA] and
[MC2010] (cf. Figure 7-6, right). For the defined limit in equation (2-43), additional
transverse reinforcement does not decrease the design lengths according to [PT18]
with own calibration factors.

For a direct comparison, the design lengths at fcx = 25 MPa are given in Table 7-13.
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120 - own = = PT-cal 30 + own = = PT-cal
100 | [ECZ] ___[NAD] 25 | s [ECZ] ___[NAD]
—-—-[MC2010] ~ |— —-[MC2010]
'780 -:\\ II—ZO -i \§§~
S 60 | ~——— 515 Foee T m—e
S o - RO TTT——=ssenan
_920" ...................... 3 5__p:5MPa
with transverse reinforcement with transverse reinforcement
0 } } } } } } } ! 0 } } } } } } } !
20 25 30 35 40 45 50 55 60 20 25 30 35 40 45 50 55 60
f.« [MPa] for o, = 435 MPa f.« [MPa] for o, = 250 MPa

Figure 7-6  Design anchorage length I,/ @ vs. characteristic concrete strength fo obtained for the
own model, the model according to [PT18] with own calibration factors and according to
[EC2], [EC2/NA] and [MC2010] for os =435 MPa and £As = 1.0 - As (left) and for
os = 250 MPa, a6 = 1.0, p =5 MPa and ZAs = 0.5 - As (right)
(@ =25mm, Cmin=1.5 - @, fomn = fuc + 8 MPa)

7.4.6  Comparison of Design Values with Acceptance Criteria

The design anchorage and lap lengths are assessed with their statistical characteristics
obtained from the database presuming a log-normal distribution given in Table 7-14.
For both models, the 5 % characteristic value of Gtest / Osdcarc IS larger than 1.0. The
proportion of measured to estimate strength below 1.0 does not exceed 5 % and no
individual ratio falls below 0.7.

Table 7-14 Statistical evaluation of ratio of measured strength to design strength Giest / Gsacaic for the
own model and the model according to [PT18] with own calibration factors

Model according to [PT18]
Gtest | Osd calc Own Model with own calibration factors
Number 669 669
Mean value 6 1.60 1.84
Standard deviation 0.230 0.318
Coefficient of variation Ve 0.144 0.173
Minimum value 0.84 0.98
5% characteristic value 1.25 1.37
Percentage of Gtest / Osd,calc < 1.0 0.6 % 0.1%

7.4.7 Reliability of Design Lengths for Anchorages and Laps

A reliability analysis of the own design model based on [FIB14] and of the design
model according to [PT18] with own calibration factors is conducted. Therefore,
statistical data for the influencing parameters are defined.

The index of reliability 3 = 3.8 describes both the reliability of action effects and of
the resistance of a structure. The distance between the mean resistance of the design
model and the design point equals the product of the reliability B, a factor or and the
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standard deviation of the resistance with or - B - or (cf. Figure 7-1). For the analysis
of the reliability of a resistance model only, the value ar - 3 = 3.04 shall be obtained
by comparison of the mean value of the resistance with the design point Eq = Ra.

In this thesis, the design point is Eq = R4 = os¢ = 435 MPa and the target index of
reliability is 3.04 (cf. Figure 7-7).

2 f=(0 2 f=(0

f.(r) ‘2.66-05_3.04-% f.(r) ‘2.66-0543.04-%
§
E s E
Lo
™
<
I
,IJIE’ R R
v bar bond
stress length
Em E95% R5% I:zm I-:_m EQS% R5% I:zm: Ibm

Figure 7-7 Visualisation of mean and design values for bar stress (left) and bond length (right) for an
index of reliability f = 3.8 with ae and ar according to [ECO]

The reliability of the design models is also analysed including the statistical
distribution of the action effects with Eq = (G + Q) - 435/2. The scatter of the action
effects is evaluated with a COV for the dead load Ve = 0.10 and a COV for the live
load Vo = 0.20 according to [RIC09] and a presumed ratio of G/ Q = 1.0. The mean
value of the dead load G equals 1.0 and the mean value of the live loads Q equals 0.7
[RICQ9]. For a more general evaluation, the ratio G / Q must be varied.

The reliability is evaluated for the own equation, the model according to [PT18] with
own calibration factors, [EC2] and [EC2/NA]. The parameters lom, &, ¢, Ast and py are
presumed to be deterministic and are not considered in the resistance function g
(cf. Table 7-11). Table 7-15 gives the statistical characteristics taken into account.

Table 7-15 Mean value, COV of model uncertainty and least-squares best fit slope b of own model,

model according to [PT18] with own calibration factors, concrete strength f.m, dead load
G and live load Q

own [PT18] cal.| [EC2] |[EC2/NA] fem G/Q
Mean value 1.00 1.04 1.02 1.26 20/33/43/58| 1.0/0.7
COVVi| 0.144 0.173 0.316 0.303 4.86 / fem 0.10/0.20
b 1.00 0.96 -1 -1 -1 -1

1 east-squares best fit slope b not taken into account

The resulting index of reliability was obtained by a first-order reliability method
(FORM) with the software COMREL. The FORM and the derivation of limit state
functions for reliability investigations are described in [RIC09]. A comparison of
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results of the FORM and a Monte-Carlo simulation with 1,000,000 samples give rather
similar values for 3 (cf. Table 7-16).

Table 7-16 Values for B3 for the design model according to [EC2] calculated with FORM and Monte-
Carlo simulation

FORM Monte-Carlo simulation
[EC2] (fox = 12 MPa) 1.628 1.575
[EC2] (fe = 50 MPa) 2.367 2.367

Limit State Function for the own Design Model for Anchorage and Lap Length

For the limit state functions, the statistical distribution of the model uncertainty and the
concrete strength are taken into account. The parameters are defined as @ = 25 mm
and [oc + awr + oup] = 1. Since the statistical distribution of these parameters is not
taken into account, their values do not influence the resulting reliability. For
fem = 20 MPa and osd = 435 MPa = Eq = Rq, the design model for mean bar stress can
be simplified to

fcm

=0, -460- (—
25

f

stm,own

0.25
j =0,,, -435 MPa (7-87)

For the mean concrete strength values 33 MPa, 43 MPa and 58 MPa, the calibration
factor 460 is modified. The design value is obtained by multiplication with the factor
0.62 (cf. equation (7-71)). For the resistance only, the limit state function for fcm =
20 MPa is

0.25
Oe+roomn = Rm = Ry = 0gun -460-(2—2) /0.62 - 435 (7-88)

Taking the statistical distribution of the action effects into account, the limit state
function is given by

m

0.25
Jerroomn = Rm — Ry = 0Oy -460(2—2) 10.62—-(G+Q) % (7-89)

The reliability of the design models for bond lengths is also evaluated. For the design
anchorage and lap lengths according to equation (7-73), the following limit state
function is defined

S (EET o
Rlbown | "54.0.62 f 54 20

cm

Taking the action effects into account leads to the limit state function for anchorage
and lap lengths

205



54.0.62 f 2.54 20

cm

435-0 \% (25" ((G+Q)-435)" [25\*
gR+E,Ib,own :(—ownj (_ - & ( j (7'91)

For all limit state functions, the target value is 0.8 - 3.8 = 3.04. The mean values and
COVs of the parameters considered are given in Table 7-15.

Limit State Function for the Design Model for Anchorage and Lap Length
According to [PT18] with Own Calibration Factors

Accordingly, the reliability was evaluated for the design model according to [PT18]
with own calibration factors including the least-squares best fit slope b = 0.96 with

U3
fompr =0.96-65; '468-5'(2—2j =0.96-0,; - 435 (7-92)

13
Oropr = Rin =Ry =0.96-0pr -468-5-(2—2j /0.55—435 (7-93)

Taking the statistical distribution of the action effects into account, the limit state
function for fcm = 20 MPa and Eq = R4 = osd = 435 MPa is

435

= ()

1/3
Orieopr = Ry —Ry =0.96-0,; -468.5-(2—2) /0.55-(G+Q)

The limit state functions for the design anchorage and lap lengths according to this
model (cf. equation (7-82)) follow from

0.96-0,, V° (25" 435\ (25\%°
=31, ==— —PT == -31.| — g == 7-95
Jranpr ( 0.55 j (fcmj (435) (20) (7-99)
. 05 15 .
o g1 [096:0 )" (25)7 4 ((GQ)VT (257 ;g0
REIPT 0.55 f 2 20

Limit State Function for Design Model According to [EC2] and [EC2/NA]

For [EC2], the evaluation is conducted with the following limit state functions and the
statistical data given in Table 7-15. The design tensile concrete strength according to
[EC2] is fea=0.7 - fam / 1.5= 0.7 - 0.3 - f4?®/ 1.5. For a mean concrete strength
fem = 20 MPa:

o eco = Ocy 83 (f., —8)*" =435 MPa (7-97)
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Oroece = Rm —Ry =0gc,-83:1.5/0.7-(f,, —8)" —435 (7-98)

Where the action effects are taken into account, the limit state function for [EC2] is
defined as follows
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435
Orieoeco = Rm —Ry = 0c, -83-15/0.7-(f,, —8)"° —(G +Q)-T (7-99)

The limit state functions for the design anchorage and lap lengths without gr,i,ec2 and
with gr+E,ibEc2 action effects are

o Occ, 435 ) 435
M 4.225.07-03.(f,, —8)"° /15 4-2.25-0.3-12%° (7-100)
Occ, - 435 G +Q)-435/2
Or+e b EC2 = e ( ) (7-101)

4.2.25-0.7-03-(f,, -8)"° /15 4-2.25-0.3.12°"

Since the lap factor ae is larger in [EC2/NA] than in [EC2], the database analysis gave
different statistical values for [EC2] and [EC2/NA], although the design model is very
similar. The reliability of the design model according to [EC2/NA] was evaluated with
the limit state functions (7-98) to (7-101) with the statistical characteristics of the
model uncertainty Onap instead of Oeca.

Comparison of Reliability Indices Obtained for Different Design Models

The indices of reliability  obtained by the FORM evaluation of the design models for
bar stress with constant action effects described by the limit state functions (7-88),
(7-93) and (7-98) are shown in Figure 7-8 (left). The results of the FORM evaluation
of the design models taking the statistical variation of the action effects into account
by limit state functions (7-89), (7-94) and (7-99) are shown in Figure 7-8 (right). In
both cases, the target value is ar - p = 0.8 - 3.8 = 3.04.

The reliability increases with increasing concrete strength, since the standard deviation
of the concrete strength is constant according to [EC2] and the COV consequently
decreases with increasing concrete strength.

40T p—— 3 40 T e
gty N B | e e —— —— — ]
3.0 _..—_—-—_g 3.0 _.&g ......... :
= 207 — - ——e— own model @ 20 - =—e— oWwn model
— « - PT model — « - PT model
1.0 + - — — .EC2 1.0 + o — «— . EC2
s ] e EC2/NAD s | e Ec2/NAD
0.0 } I I i 0.0 } I I i
10 20 30 40 50 10 20 30 40 50
fo [MPa] fo [MPa]

Figure 7-8 Indices of reliability ar - B of the own design model for bar stress, the model according to
[PT18] with own calibration factors, according to [EC2] and [EC2/NA] obtained with
FORM for constant action effects (left) and for statistically distributed action effects
(right), target value ar - = 3.04
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When evaluating the limit state functions for anchorage and lap lengths at constant
action effects, the indices of reliability given in Figure 7-9 (left) result. Where the
statistical distribution of the action effects is considered with Gm = 1.0, and Qm = 0.7,
Ve = 0.10 and Vq = 0.20, the B values shown in Figure 7-9 (right) were obtained. For
the design bar stress osq and the design bond length lwg, the target value or - = 3.04 is
accomplished with and without consideration of the action effects.

401 . e . 80 T e
______* — = = — — — -3 e
I e 3.0 HE=——— — :
= 20— =— own model “ 20 et OWN Model
— « - PT model — « - PT model
10 + I, — — EC2 10 T | —+—-EC2
............. Ec2/NAD b e EC2/NAD
0.0 } ! ! i 0.0 } I I |
10 20 30 40 50 10 20 30 40 50
fo [MPa] fo [MPa]

Figure 7-9 Indices of reliability or - B of the own design model for bond length, the model according
to [PT18] with own calibration factors, according to [EC2] and [EC2/NA] obtained with
FORM for constant action effects (left) and for statistically distributed action effects
(right), target value ar - = 3.04

Partial Safety Factor for Bond

Bond failure in anchorages and laps is rather splitting failure than pull-out failure.
Therefore, the partial safety factor shall reflect the influence of tensile concrete failure.
Presuming a log-normal distribution of concrete failure under tension with a COV
Vi = 4.86 MPa / 20 MPa = 0.243, the partial safety factor is y. = 1.4 with

_ exp(-3.04-Q-05-Q%)  exp(-3.04-0.243-0.5-0.243%)
Yo exp(—1.645-Q—05-Q%)  exp(—1.645-0.243—0.5.0.243)

14 (7-102)

Instead, [EC2] defines a conservative partial safety factor yc = 1.5. The partial safety
factor for the bar stress developed in bond zones may be smaller than y. = 1.5 at the
same reliability. Firstly, since the influence of concrete strength on bar stress
developed in anchorages and laps is small, as it is described with an exponent 0.25 or
1/3, respectively. Secondly, the statistical scatter of the design equations for bar stress
in bond zones is smaller than for concrete strength. Therefore, the total scatter of the
design model including the concrete strength is smaller than the scatter of concrete
strength and a partial safety factor smaller than 1.5 leads to the same reliability.

The partial safety factors for the bar stress in bond zones are ysown = 0.77 / 0.62 = 1.24
for the own model and yspr =0.72/0.55 = 1.31 for the model according to [PT18]
with own calibration factors. According to equations (7-74) and (7-84), the partial
safety factors for bond length reach the value 1.5.
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7.5 Possible Reduction of Design Anchorage and Lap Length

The design lengths derived in chapter 7.4.5 without transverse pressure are longer than
the design lengths according to [EC2]. To allow for a definition of shorter design
lengths in future codes, different measures are considered.

The maximum bar stress in bond zones increases where transverse reinforcement is
positioned. Therefore, the values for necessary design lengths can be reduced by the
definition of minimum transverse reinforcement. Secondly, laps could only be
permitted in zones with bar stresses well below the yield stress. In this case, the
necessary bond lengths decrease significantly. Furthermore, staggered anchorages or
laps slightly increase the bearing capacity of bond zones for increasing concrete cover.
Design values can also be reduced by a reduction of database scatter, since smaller
coefficients of variation are taken into account.

To reduce the required anchorage and lap length, it is eventually most effective to take
the bar stress into account during design and to position transverse reinforcement that
also provides robustness.

7.5.1 Reduction of Bond Length for Minimum Transverse Reinforcement

The database includes anchorages and laps with an without transverse reinforcement.
Not all tests with transverse reinforcement fulfil the minimum reinforcement
requirement with ZAstmin = 1.0 - As, but have transverse reinforcement ratios ZAst / As
between 0.2 and 3.3. Taking only laps with minimum transverse reinforcement
YAsmn= 1.0 - As into account, leaves only 35 of 231 lap tests with transverse
reinforcement in the dataset. Just three anchorage tests in the database fulfil the
requirement Astmin= 0.5 - A:s.

The exclusion of tests with transverse reinforcement smaller than the minimum
transverse reinforcement gives a mean value of the model uncertainty 6 = 1.03 and a
COV of 0.175 for the remaining 35 tests if evaluated with the own design model. The
total COV of the model uncertainty for the own model is Vg = 0.153 for 473 tests
instead of Vg = 0.144 for 669 tests. Since this COV exceeds the value (Ve = 0.144)
considered in the derivation of design values in chapter 7.4.5, this method would even
increase the design anchorage and lap length.

A reduction of the calibration factors on the basis of smaller coefficients of variation
for minimum transverse reinforcement is therefore not possible. Still, the resulting lap
and anchorage lengths according to the proposed design equations are smaller if
transverse reinforcement is positioned (cf. Figure 7-6).

7.5.2  Reduction of Bond Length for Small Utilization of Bars

EUROCODE 2 [EC2] recommends not to locate laps in areas of high moments and bar
forces. Where reinforcing bars are only utilized up to about 60 %
(250 MPa / 435 MPa), the anchorage and lap lengths given in Table 7-13 for
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os = 250 MPa are sufficient. For the own model, the necessary bond length is reduced
by 63 % t0 lbg,own = 31 - @ for the standard parameters (fok = 25 MPa, fem = 33 MPa,
@ =25mm, Cmin=1.5-@). According to the [PT18] model with own calibration
factors, the necessary bond length is reduced by 57 % to lpapr = 34-@ for
os = 250 MPa and the standard parameters (cf. Figure 7-5).

7.5.3 Reduction of Bond Length for Staggering

The investigations described in [CAll4a] and [MET15] show that staggering has no
positive effect on the ultimate bar stress (cf. chapter 8.2). Only the increasing
anchorage or lap spacing contributes to the confinement to the bond zone, where laps
are staggered. Often, the lap spacing cs is not considered during design, because most
codes account for the minimum cover cmin = {Cy/ @; cx / @; ¢s [ (2 - D)}. Since the
values of the vertical cover cy and the horizontal cover cx are often decisive, the lap
spacing cs is not taken into account.

To account for the effect of bar spacing in the own model according to equation
(5-26), the following change could be made for the concrete contribution

0.25 0.1 0.1
o :(CLJ [ Comx ( Cy j (7-103)
'\ @ Conin 2-@
With

Cmin = Min {cy/ @; cx | @}

Applying this cover contribution in equation (5-26) gives the ratio of bar stress
obtained in the tests comprised in the database otst to calculated results cown Shown in
Figure 7-10 (left).

2.0 1.6
— 1.4
S 15 -
d e, ° = 1.2
= «_ o [e¢]
%05 : g -
(o) 0.6
0.0 0.4
0 1 2 3 4 0 25 50 75 100
c./ D[] percentage of lapped bars [%)]

Figure 7-10 Ratio of bar stress obtained in tests ot to calculated bar stress according to equations
(5-26) and (7-103) over bar-spacing to bar-diameter ratio cs / @ (left) and increase in
necessary lap length at increasing percentage of lapped bars (right)

The minimum lap spacing according to [EC2] is ¢s = 2 - @, while the minimum bar
spacing is 1 - @. Accordingly, the minimum lap spacing is 2 - @ where 100 % bars are
lapped. In case, 50 % bars are lapped, the minimum allowable lap spacing is 3 - @ and
for 25 % bars lapped, the lap spacing increases to at least 7 - @ (cf. Figure 7-11).
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Figure 7-11 Minimum permissible lap spacing for different percentages of lapped bars

Applying these values to equations (5-26) and (7-103) gives a bar stress increase by
4% for 50 % laps and by 13 % for 25 % laps. For laps without confinement by
transverse reinforcement and transverse pressure, fe = 25 MPa, @ = 25 mm and Cmin /
@ = 1.0, the necessary lap length decreases at increasing lap spacing by o.*82 with

., 5 & - 5 & o O\ -1.82
2 —103-| = . =103 = . 5 -
2 (435) Lo (435) ( 5. j (7-104)

The design anchorage length can therefore be reduced by the factor 0.93 for the 50 %
lap (cs =3 - @) and 0.8 for the 25 % lap (¢cs = 7 - @) (cf. Figure 7-10 (right)).

Contrarily, tests do not show a positive effect for percentages of lapped bars below
100 %, but the post-peak behaviour of the test specimens is enhanced as continuous
bars provide robustness to laps [MET15], [HEG18].

7.5.4 Classification of Bar Stress in Database

For the own model based on [FIB14], the design lap and anchorage length was derived
on the basis of a COV of the model uncertainty Vo = 0.144. If the COV were reduced,
the resulting design lengths according to [ECO] were also smaller. To investigate a
possible bond length reduction by smaller COVs, classes for the measured bar stress
were defined. Table 7-17 gives the COV of the model uncertainty obtained from the
database described in chapter 5 for different bar-stress classes.

Table 7-17 Coefficients of variation (COV) for different bar stress classes according to own model

COV Vy Mean value © | Test number n
200 MPa < o5 < 300 MPa 0.155 1.05 73
300 MPa < os < 400 MPa 0.125 1.03 194
400 MPa < o5 < 500 MPa 0.128 1.03 228
os< 1.2 fym 0.144 1.00 669

For the bar stress 400 MPa < o5 < 500 MPa, the total COV for the own model follows
from Vi = 0.243 and Ve = 0.128 with
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In(V?+1)=0.25%-In(Vg +1) +In(V¢ +1) > V, =0.142 (7-105)

The standard deviation of the resistance function is

Q=,/In(V2+1) = /In(0.142* +1) =0.141 (7-106)

The reduction factors for characteristic and design values are

exp(—1.645-Q—0.5-Q%) =0.785 (7-107)

and

exp(—3.04-Q - 0.5-Q?) = exp(—0.48) = 0.645 (7-108)

The design bar stress in laps and anchorages with 400 MPa < o5 < 500 MPa is

f 0.25 25 0.2 I 0.55
:1.02-54-0.645(%) (6) (éj fog+o, +a,|  (7-109)

With fstq.0mn = o5, the reduced design anchorage and lap length is

Ibd,own :( 435 )1.82 ( GS )1.82 | é 0.455 ‘(gjo.% .|:a ot i|71.82
@  (1.02-54.0.645 435 f, 25 e T % T

f

std,own

| o 1.82 o5 0.455 @ 0.36 L8
bd,own s o
g 95.5 (435j (aj (2_5} ' I:ac + 0y OLtloi| (7-110)
In this case, the partial safety factor ym of the anchorage and lap length is
| 1 . 4 1.82 7 1.82
- :ﬂ:( /06 5) :(wj ~1.43 (7-111)
’ I, \1/0.785 0.645

Table 7-13 shows that the calibration of the own design model after classification for
400 MPa < 65 < 500 MPa with a COV of 0.128 instead of 0.144 would enable to a
reduction in design anchorage and lap lengths by 7 %. The same method can be
applied for stress values from 300 MPa to 500 MPa resulting in a similar reduction.

Table 7-18 Comparison of design lap lengths for standard parameters
(fck = 25 MPa, fcm = 33 MPa, @ = 25 mm, Cmin = 15 . g)
for the own model with Ve = 0.144 and Vy (400 MPa < o5 < 500 MPa) = 0.128

Iodown | lbd,own (400<cs<500) | lodec | lbanap | lbamc
os=435MPa, ZA+=0 | 85 -0 79-0 56-0 | 81-0|76-0
os =435 MPa, ZAt«=A;s | 69 -0 64 - @ 51-@ | 73-@ | 73-0
os =250 MPa, ZA¢+=0 | 31- 0 29 - @ 21-@ | 23-0 | 44-0
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7.6 Difference Between Anchorages and Laps

The governing difference between anchorages and laps lies in the stress state of the
bars. While the maximum bar stress at beam ends of simply supported beams is
usually much smaller than the yield strength, laps must transfer bar forces up to the
yield strength. Accordingly, the necessary lap lengths must be longer than anchorages.
The increase in lap or anchorage strength and developable bar force respectively does
not increase linearly with the bond length. Therefore, the lap length must be increased
by a certain factor in case the bond strength is presumed constant over bond length.
This is done in [EC2] by the lap factor as. When the non-linear effect of bond length is
taken into account within the design equation as in [FIB14], [MC2010], [ELI79],
[BUROOQ], [LETO06a] and [CANO5]) a lap factor for the increase in anchorage length is
not necessary. In contrast, a factor is necessary in [EC2], [EC2/NA] and [ACI14].

Where a linear relationship is presumed, the ratio of the required bond length Ip,in at
500 MPa to the reqired bond length Iy iin at 250 MPa is
@-500 ,@-250 _

loin (500) /14 (250) = ===/ ==

2.0 (7-112)

Where the non-linearity of the bond length effect is accounted for, e.g. with the
exponent 0.5, the ratio of the required bond length Iy non-iin at 500 MPa to the regired
bond length lpnon-iin at 250 MPa is

@-500° , @-250°
= —/ —=4.
(4-0)" (47)

Where design models neglect the non-linear relationship, a lap factor 4.0 /2.0 = 2.0 is
required. [EC2] gives lap factors as up to 1.5 and [EC2/NA] up to 2.0. The necessary
lap factor — that is only needed in design models if the bar stress is considered linearly
— actually depends on the bar stresses. Subsequently, anchorages that transfer the same
reinforcing bar stress as laps require the same length as laps.

Ib,non—lin (500)/ Ib,non—lin (250) (7-113)
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8 Anchorage and Lap Detailing

8.1 General

The definition of design models strongly correlates with the detailing provisions
defined. Minimum cover values, bars spacing, the permissible percentage of bars
lapped and minimum transverse reinforcement requirements influence the resulting
coefficients of variation obtained in the database analysis and consequently the design
anchorage length.

8.2 Percentage of Bars Anchored or Lapped at a Section

Where laps are staggered or adjacent to continuous bars, the percentage of lapped bars
is lower than 100 %. Tests with staggered laps have rarely been conducted [SCH88],
[CAI14a] since their realisation requires substantial lengths, especially when subjected
to bending. The required length becomes smaller in case reinforcing bars with
maximum stresses are tested well below the yield strength [CAl14a]. The original ACI
[ACIO1] and fib databases [FIBO5] hardly include tests with less than 100 % lapped
bars. The tests documented in [FER69], [STO77], [THO79] had 50 % and 67 % laps,
but only three tests fulfilled the filter criteria defined in chapter 5.1. Due to the limited
experimental expressiveness, all tests with continuous bars were excluded from the
database for this thesis.

The presence of continuous bars increases the spacing between anchored or lapped
bars and accordingly, the strength of the bond zone (cf. chapter 7.5.3). Where laps are
staggered or combined with continuous bars, the stress in the surrounding concrete is
not superimposed by the stress state of adjacent anchored or lapped bars. A reduced
percentage of bars lapped at a section additionally contributes to the robustness of the
structural member [CAIll4a], [MET15].

Staggering adjacent lap centres by 1.0 - lp is unfavourable, since the highly stressed
ends of the laps are still positioned at the same cross-section [STO77]. The large crack
widths at lap ends are not reduced for this lap positioning. If laps are staggered by a
distance of 0.5 - Iy, the highly utilised lap ends are positioned adjacent to the lower
utilised lap centres. According to REHM [REHT79], this positioning is preferable. In
[DEUS8S], staggering of lap centres by 1.3 - Iy was recommended. Where lap centres
were staggered by 0.5 - Iy, less transverse reinforcement was required. The described
longitudinal distances of the lap centres are shown in Figure 8-1.

[EC2] recommends that lapped bars should normally be staggered and that laps should
not be located in areas of high moments or forces. The longitudinal distance between
two adjacent laps should not be less than 0.3 times the lap length Iy.

[EC2/NA] permits a maximum percentage of lapped bars of 50 % for large diameter
bars. In this case, laps are defined as staggered, for a longitudinal distance between lap
centres of at least 1.5 - Ip.
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|
j 1.3,

Figure 8-1 Laps centres staggered by 0.5 - I, (1), 1.0 - I (2) and 1.3 - Iy (3)

CAIRNS [CAIl4a] describes the strain state in staggered lapped joints. If the positive
effect of increased lap spacing is taken into account, an increase in lap strength could
not be found. For equilibrium, the steel strain at lap centres increases where less than
100 % of the reinforcing bars are lapped at a section. The compatibility of
deformations in lapped and continuous bars must be fulfilled within the lap length. But
compatibility is only given if lapped-bar strains at the beginning of the lap are greater
than those in continuous bars. CAIRNS [CAIl14a] recommends longitudinal distances of
staggered lap centres by 0.5 - Iy, where 50 % of the bars are lapped.

Summarising the effects described, the following detailing rules for staggered laps are
recommended:

— Where the longitudinal distance of lap centres is greater or equal to 1.3 - Iy, laps
may be considered staggered and the lap length may be reduced for the
increased bar spacing

— Laps staggered by 0.5 - Ipalso increase the lap strength. Since this effect was not
extensively analysed yet, the application of this distance is recommended at
highly utilised laps, although the effect may not be considered in design

8.3 Minimum Anchorage and Lap Length

The minimum lap length accepted in the database was 15 - @ (cf. chapter 5.1). This
value conforms with the minimum lap length defined in [EC2]. For the anchorage
length, no limit was defined for the database evaluation. For the parameters
@ =25 mm, fo« =25 MPa and [oc + our + ap] = 1.0, the design lap length g = 15 - @
would enable a longitudinal bar stress of 150 MPa according to

1.82
by :103.( Os j -1.0-1.0-1.0=15— o, =150 MPa (8-1)
) 435

The minimum anchorage and lap lengths defined in [MC2010] approximately equal
the minimum values defined in [EC2].
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The minimum anchorage length is

@-f,
ly min£c = Max < 0.3 fy ;10- ;100 mm (8-2)

“Thd

And the minimum lap length follows from

D1,
lomingc =Max 0.3y - ;15-@; 200 mm (8-3)
o 4'fbd
The values of minimum length depending on the bar diameter (10 - @ and 15 - @,
respectively) were defined to account for execution inaccuracies during reinforcing
works. For safety reasons, in case the anchorage length is reduced by the term
Asreq/ Asprov according to [EC2], the application of at least 30 % of the design yield
strength represents an additional lower limit.

When applying the design model derived in chapter 7, the following minimum values
for anchorages and laps with minimum transverse reinforcement are recommended

0.3.f \M%2 1.82
Iy min = Max {Q . 70.( -435yd ] - 20-0- [j—?s)dsj 100 mm} (8-4)

The coefficient 70 accounts for confinement by concrete cover and minimum
transverse reinforcement. The second value was defined in accordance with the own
tests, where a bar stress of approximately 200 MPa was developed with I, =5 - @
(=20 - @ - (200 / 435)'82). For laps at osa = 435 MPa, this minimum bond length
conforms with an increase in comparison to [EC2] by 20 - @/ 15 - @ = 1.33. The
database evaluation shows that the design model for lap length according to [EC2]
overestimates the developable bar stress, while the design model according to
[EC2/NA] with an increased lap factor as meets the test results better. The proposed
increase in minimum bond length corresponds to the ratio of the lap factors with
osnap / aeec = 2.0/ 1.5 =1.33.

8.4 Laps of Bars with Different Bar Diameters

The tests described in chapter 3.4 showed an increase in ultimate lap strength, where
@40 mm bars were lapped with @ 28 mm bars. One lap test was conducted
conforming with the requirements according to [EC2] for the @ 40 mm bar
(Il =33 - @10). The second lap test had a reduced lap length designed in accordance
with [EC2] for the @ 28 mm bar (Ib = 23 - @40 = 33 - @2s), but with additional surface
reinforcement. In both cases, the yield strength of the @ 40 mm bar was reached.

Since this effect was neither evaluated on the basis of larger test numbers nor of the
database, it is advisable to neglect this positive effect for the time being. For laps of
bars with different bar diameters, the anchorage length of both bars shall be calculated.
In case bars with different bar diameters but equal cross-sectional areas are lapped, the
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bar with the larger bar diameter is decisive. If the bar number is equal, the smaller bar
has a smaller cross-sectional area, develops higher bar stress than the bar with the
larger diameter and is thus governing.

8.5 Anchorages and Laps in Several Layers

[EC2] allows for laps with up to 100 % lapped bars in a single layer, but only up to
50 % in case several layers are positioned. This requirement was justified by increased
loads and the lack of experimental data [REH79]. [FIB14] finds no argument in favour
of modifying bond length where there is more than a single layer of reinforcement.

In anchorage tests with a double layer of bonded bars, JIRSA ET AL. [JIR95] observed
that the bond resistance of the well confined inner layer increased after failure, while
the resistance of the outer layer dropped sharply.

For the confinement of anchorages and laps in several layers, additional transverse
reinforcement is required. [EC2] defines increasing transverse reinforcement parallel
to the tension face for anchorages of large diameter bars in several layers.
Additionally, [EC2/NA] requires additional edge reinforcement of at least 0.18 - Aq
[cm?/m], where A is the cross-sectional area of the lapped reinforcement. This value
originates from the requirements for @ 50 mm bars that were defined in [JUN77].

The own lap tests showed that the confinement by transverse surface reinforcement
with U-shaped bars, which were not adequately anchored in the compression zone, did
not confine the bond zone sufficiently. It is therefore recommended to mind proper
anchorage of transverse reinforcement for the upper layers as well. U-shaped
horizontal edge reinforcement is recommended that encloses the longitudinal bars in
the upper layers. This reinforcement crosses the potential splitting plane for side and
face splitting of the bars in the upper layer.

8.6 Casting Position

The position of reinforcement during casting influences the quality of bond between
reinforcing bars and concrete. In case bars are positioned at the top of the cross-
sectional height, their bond strength is often smaller than for bottom cast bars.
Furthermore, the bond conditions of bars positioned horizontally during casting differ
from bars positioned vertically during casting. MARTIN AND NOAKOWSKI [MAR81]
found that the bond strength of vertical bars was up to twice as high as the bond
strength of horizontal bars. This bond strength reduction is due to slump and pore
formation below reinforcing bars. The loss in circumference contributing to bond
caused by poor bond conditions is limited to 50 % [REH61]. While pores can form
below all horizontal reinforcing bars, bars at the top of a member’s height are most
likely to suffer from concrete slump. Therefore, bars at top of the cross-sectional
height develop significantly smaller bond strength than bars positioned at the bottom
of the structural member during casting. Top cast laps at low slump showed a bond
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strength reduction by 20 % in tests, while top cast laps at high concrete slump showed
a bond strength reduction by 60 % [HAM98].

DIN 1045 [DEU88] defined a bond strength reduction by 50% for anchorages and by
30% for laps. Since splitting failures are usually decisive in both cases, the reduction
was harmonised in the following codes. While [EC2], [MC90] and [MC2010] define a
bond strength reduction by 30 % for poor bond conditions, the proposal for the next
generation of EUROCODE 2 [PT18] gives a smaller strength decrease for anchorages
and laps by 20 %.

The range of reduction factors for poor bond conditions given in literature varies
widely, since the effect strongly depends on the concrete characteristics. While the
reduction is up to 50 % in pull-out failures, the reduction is only 30 % for splitting
failures that rather depend on the tensile strength of the surrounding concrete [ELI79].
ACI CoMMITTEE 408 [ACIO3] gives a comprehensive overview of publications on
bond strength reduction caused by unfavourable casting positions.

The original fib lap database [FIB05] comprises several lap tests in the top cast
position (e.g. [AZ193], [FER69], [FER62], [FER71], [HAM98], [HES93], [STOT77],
[TRE89], [ZEKS81]). However, the single investigations often focused on other
influencing parameters or showed contradictory results for the effect of casting
position.

8.7 Transverse Reinforcement

The positioning of minimum transverse reinforcement in laps and anchorages is
strongly recommended. Transverse reinforcement effectively controls the longitudinal
crack width if the tensile strength of the confining concrete cover is exceeded in bond
zones. This effect implies that transverse reinforcement is not necessary where small
bars with large concrete cover are anchored. The recommended minimum
reinforcement is XAst = 1.0 - As. If the longitudinal bar stress is well below the yield
stress, the minimum reinforcement may be reduced to XAs = 0.5 As. Lower
longitudinal bar stresses are reached e.g. at supports of simply supported beams. The
additional transverse reinforcement for anchorages of large diameter bars defined in
[EC2] is covered by the afore mentioned values. The bond securing transverse
reinforcement required along the entire beam length for bars with large diameters
defined in [EC2/NA] is only covered in anchorages and laps. Anyhow, tests conducted
with @ 40 mm bars proved that longitudinal cracks only occurred in bond zones.

8.8 Surface Reinforcement

According to [EC2], the crack control of reinforced concrete members with large
diameter bars can be accomplished either by direct calculation of crack width or by
positioning of surface reinforcement. Tests conducted with direct tension members
reinforced with @ 40 mm bars ([HEG15], [HEG18]) showed that crack calculation
can be omitted where surface reinforcement is positioned, which is equal to 2 % of the
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tensile area outside the stirrups Assurf = 0.02 - Acext and where the crack width limit
Wiim 1S 0.2 mm. For a crack width limit wiim of 0.3 mm, the required cross-sectional
area of the surface reinforcement may be reduced to Assurf = 0.01 - Acext [HEG15],
[HEG18].

Alternatively, the necessary cross-sectional area of the surface reinforcement may be
calculated following the originally proposed design equation for surface reinforcement
that was derived by JUNGWIRTH [JUNT77] for bars with a diameter of @ 50 mm.

The measured crack widths in the lap tests described in chapter 3.4 conform with the
calculated values according to [EC2]. When taking the equivalent bar diameter @eq, the
increased reinforcement ratio pefr and the decreasing bar stress os into account, the
crack widths measured in the tests with surface reinforcement also agree with the
calculated values. In most test specimens, the maximum crack widths at the lap ends
were smaller than the 95%-fractile values of the beam increased by 25 %.

The lap tests also showed that the 95%-fractile values of the crack widths along the
beam length were larger than 0.4 mm. The crack widths decreased to values below
0.2 mm, in case surface reinforcement with Assurt= 0.02 - Acext Was positioned.

The test results in chapter 3.4 show that the attainment of the yield stress in lap tests
with @ 40 mm bars without surface reinforcement was only possible where the lap
length was long (44 - @) and transverse reinforcement was present. Still, robust
failures were only enabled by surface reinforcement in the conducted lap tests.

8.9 Robustness of Anchorages and Laps

Robustness in structures is given where certain deformability is enabled. The
robustness of structural concrete elements can be defined by the ratio of deformation —
such as deflection or rotation — at the ultimate strength Amax to the yield point of the
structure Ay. The displacement ductility ratio defined by AzIZINAMINI ET AL. [AZI199]
for lap tests in high strength concrete is given in Figure 8-2 (left).

4 load 4 load A
0.85: |
i — 085P |-/ >
| i1 |
| | I |
| | I |
| displacement | | |
I ductility=A_, . I I :
I A, - | I |
. | .
| displacement | | displacement
| | > | | >
Ay Amax Ay AO-SS

Figure 8-2 Displacement ductility ratio according to AzIZINAMINI [AZI99] (left) and COHN AND
BARTLETT [COH82] (right)
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Alternatively, robustness can be described by the ratio of displacement corresponding
to a percentage (e.g. 85 %) of the maximum load to the displacement at the
intersection of maximum load and tangent of the initial load-displacement curve
corresponding to the first yield displacement of a structure [COH82] (cf. Figure 8-2,
right).

If possible, anchorages and laps should not be placed in cross-sectional areas with
maximum reinforcing bar stress. Robustness is given where continuous reinforcing
bars in zones with high utilisation yield before anchorages and laps outside these zones
fail. Transverse reinforcement, continuous longitudinal bars and long bond lengths
contribute to the robustness of anchorages and laps.

In [FIB14], minimum amounts of confining reinforcement are recommended to reduce
the brittleness of splitting failure. Smaller stirrup sizes and spacing result in increased
robustness [RAK14]. However, even if transverse reinforcement is provided and
splitting cracks are crossed by links, experimental evidence shows that links will not
be capable to provide a fully ductile failure [FIB14].

In case of staggered laps, the ductility index increases for greater stagger-distance to
lap-length ratios (cf. Figure 8-1). CAIRNS [CAIl14a] finds that brittleness is reduced if
laps are staggered, while the additional positive effect of positioned transverse
reinforcement was not clearly distinguishable. The own tests also showed that
percentages of lapped bars below 100 % increased the robustness of the test specimens
at failure.

Surface reinforcement in the directions parallel and orthogonal to the longitudinal
reinforcement effectively contributes to the robustness of laps and anchorages. The
positioning of surface reinforcement is advisable for large diameter bars if all bars are
to be lapped at one section, the concrete cover and bar spacing are small, the
reinforcement shall reach its yield strength and substantial ductility is required.

Another possibility for providing robustness to anchorages and laps are long bond
lengths to reach the yield strength of the reinforcing bars. Therefore, the PT1 WORKING
DRAFT [PT18] recommends the design of tension laps for 1.2 - o4 at plastic hinges and
in sections where maximum effcts are expected.

220



9 Summary and Conclusions

9.1 Summary

Anchorages and laps of reinforcing bars are required in most structural concrete
members. The characteristics of bond between concrete and reinforcement also
determine the crack formation in structural concrete members. The bond between
reinforcement and surrounding concrete has therefore been subject to research over the
last decades. Numerous investigations on the bond behaviour between different kinds
of reinforcement, concrete characteristics and anchorage types have been published.
Still, bond mechanisms in reinforced concrete are not fully understood and different
models for the structural design of bond zones exist. For large diameter reinforcing
bars above @ 32 mm, additional detailing rules — mostly regarding the bond behaviour
— are defined in [EC2]. Large diameter bars are especially suitable for heavily
reinforced concrete members with high reinforcement ratios. In this case usually only
little cover and bar spacing contribute to the confinement of the bond zone.

European [EC2] and American [ACI14] codes as well as MobpeL Cobe 2010
[MC2010] comprise different design models for bond zones. The design model for
anchorages and laps in the proposal for the next generation of EUROCODE 2 [PT18]
differs from the model currently applied in [EC2]. For this new model, suitable
calibration factors for the contributions of concrete cover, transverse reinforcement
and transverse pressure had not been validated.

To investigate the bond behaviour of large diameter bars in structural elements,
beam-end tests and simply supported beams were tested. Beam-end tests were
conducted to obtain bond strength slip relationships for the investigated @ 40 mm bars.
The significance of the rather simple beam-end test specimens was analysed by
variation of several test parameters. Subsequently, their influence was compared to the
effects observed in the simply supported beams. The applicability of this test specimen
for the investigation of the effects of confinement by concrete cover, transverse
reinforcement and transverse pressure was confirmed.

The question whether design rules are equally applicable to anchorages and laps had
not been resolved, yet. Hence, 17 four-point bending tests with laps in the constant
moment zone were conducted to investigate the ultimate strength and crack
development in laps with large diameter bars. While the focus of the research
programme was set on @ 40 mm bars, two lap tests with @ 28 mm bars were executed
to compare the bond behaviour of bars below and above the defined value of large
diameter bars according to [EC2] (> @ 32 mm).

To investigate the bond behaviour of anchorages with @ 40 mm bars, six simply
supported beams were tested at each side. The anchorage lengths (5- @ to 11 - @)
were much shorter than the lap lengths applied in the four-point bending tests (33 - @
to 44 - @). Another major difference to the lap tests was the presence of transverse
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pressure provided by the support. In contrast to the beam-end test specimens, which
had been developed for the testing of single reinforcing bars, anchorage tests in simply
supported beams allow for the positioning of adjacent longitudinal reinforcing bars
with very small bar spacing.

The ultimate stress in the lapped reinforcing bars reached the design yield strength
(435 MPa), where the laps were designed according to [EC2]. In case the lap length
was increased by 30 %, the stress obtained was above the actual yield strength (about
570 MPa). Surface reinforcement positioned in the lap tests effectively reduced
longitudinal and transverse cracks and increased the ultimate strength.

Since the stress to be developed in anchorages was much lower than in laps, the tested
anchorage lengths were much smaller. The conducted anchorage tests revealed that the
anchorage length at the ends of simply supported beams actually extends over the
length of the support plus the distance to the bending crack next to the support. This
distance adds a certain safety to anchorages at beam ends. But beam-end tests are
generally suitable to characterise the bond behaviour of single bars. In case two or
more bars are anchored, the load application has some issues. Thus, actual anchorage
tests are favourable for the investigation of groups of anchored bars at beam ends.

Since the known mechanisms of bond behaviour are equally applicable to large
diameter bars, additional rules for these bars are not necessary where a thorough crack
control is provided. In case the crack width cannot be verified by direct calculation,
surface reinforcement is recommended.

A bond test database with more than 1200 lap and anchorage tests was compiled to
analyse the influence of single parameters and the applicability of design models given
in literature. Originally, partly coinciding databases were compiled by
ACI ComMmITTEE 308 [ACIO1], FIB TASK GRouP 2.5 [FIBO5] and AMIN [AMIOQ9].
Many tests were excluded from the combined database in this thesis, since the test
parameters were not state of the art, poor bond conditions were tested or only single
bars were anchored or lapped. After filtering, the database comprised 669 anchorage
and lap tests including 123 tests with bar diameters above @ 32 mm.

In this thesis, single parameter influences were analysed for the entire database and —
since comparability is only given where the remaining parameters are equal — for
selected test series. The analysis revealed very good conformity for the effects of
concrete strength, anchorage length, bar diameter and concrete cover with the design
model proposed in [FIB14]. However, this design model was modified for the
contributions by transverse reinforcement and transverse pressure. The proposed own
design model on the basis of [FIB14] is the sum of the three contributions by concrete
cover, transverse reinforcement and transverse pressure.

In the PT1 WORKING DRAFT for the next generation of EUROCODE 2 [PT18] a design
model for anchorage and lap length based on the design model according to [FIB14]
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was proposed. In this thesis, calibration factors for the proposal were derived on the
basis of the database.

Since the design model according to [FIB14] shall be adopted in the next generation of
EUROCODE 2, design values were derived for the own modified model and for the
model defined in [PT18] with own calibration factors. The design values were derived
according to annex D in [ECO]. To verify the desired index of reliability p = 3.8, a
reliability analysis applying the first-order reliability method was conducted.

If minimum transverse reinforcement is positioned, the resulting lap lengths are similar
to the lap lengths according to [EC2/NA] at os = 435 MPa. The design bond lengths at
os = 250 MPa exceed the values according to [EC2] and [EC2/NA] if calculated with
as = 1.0. The design lengths according to the own model and the [PT18] model with
own calibration factors are smaller when the values according to [EC2] and [EC2/NA]
are calculated with as = 1.5 and as = 2.0, respectively.

The key findings of this investigation are:

— Beam-end tests are suitable to characterise the parameter effects in lap and
anchorage tests

— The effect of bar diameter on crack width strongly depends on the increasing
concrete cover with increasing bar diameter

— Surface reinforcement effectively reduces the crack width in members with
large diameter bars and provides robustness

— The design model according to [FIB14] captures the parameter effects very
well, only for transverse reinforcement and pressure, modifications are
proposed

— The contribution of transverse pressure was defined considering the non-linear
effects of transverse pressure and bond length

— The contribution of transverse reinforcement was modified to a factor that
neither includes the leg number of the transverse reinforcement nor the number
of lapped or anchored bars

— Calibration factors were derived for the design model proposed in [PT18]
model, the calibration factor for design bond length shall be 73 instead of 40

— The design models are equally applicable to large diameter bars

— Design values for anchorages and laps were derived applying the method in
[ECO]. The partial safety factors for bar stress developed in bond zones are
smaller than 1.5, while the desired reliability B = 3.8 is accomplished

— Design anchorage and lap lengths can be calculated with the own design model
based on [FIB14] or — with simplified exponents — with the design model
according to [PT18] with own calibration factors
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9.2 Design Anchorage and Lap Length
Own Design Model Based on [FIB14]

The own model based on [FIB14] given in equation (5-26) sums up the contribution by
concrete cover (equation (5-27)) as well as the own proposals for the contribution of
transverse reinforcement (equation (5-28)) and transverse pressure (equation (5-29)).
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Where foc = fom — 8 MPa, Ast - nst > As (for os = 0.5 - fya: Ast - nst > 0.5 - As) and
km = 7 or 4 according to Figure 5-54.

Robustness in anchorages and laps is provided by transverse reinforcement, little bar
stress utilisation and by continuous longitudinal reinforcement. The minimum bond

length is
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Design Model According to [PT18] with Own Calibration Factors

The model given in [PT18] was rearranged for the calculation of bar stress developed
by bond and own calibration factors were derived from the database for the mean bar
stress. The design values for bond length were derived applying the method according
to [ECO]. The derived calibration factor for the design bond length is 73 in contrast to
the value 40 in the current proposal [PT18].
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Summary of Design Bond Lengths

For the standard confinement parameters (c = 1.5 - @, ZA« = As and py = 0), the design
anchorage and lap lengths are given in Table 9-1.

Table9-1 Comparison of design lap lengths for Cmin = 1.5 - @, ZAst = As, pr =0
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9.3 Necessity of Additional Rules for Large Diameter Bars

The derived design equations for lap and anchorage length are equally applicable to
large diameter bars up to @ 40 mm. Additional rules for the bond behaviour these bars
are not necessary where a thorough crack control in the longitudinal and transverse
direction is provided. A lap test without surface reinforcement designed according to
[EC2] except for an increased lap length by the factor 2.0 / 1.5 = 1.33 only just reached
the vyield strength before lap failure (T3). Therefore, certain provisions are
recommended to provide robustness. The following findings for large diameter bars
shall be incorporated in future codes:

— The additional rule according to [EC2] that permits laps in members with
dimensions above 1.0 m may be removed
— The positioning of transverse reinforcement that sufficiently confines the bond
zone is necessary to allow for laps of @ 40 mm bars
— This transverse reinforcement for large diameter bars shall be covered by the
minimum confining reinforcement in anchorages and laps for all bar diameters
— The percentage of lapped bars may exceed 50 %
— Robustness in laps may be obtained by transverse reinforcement, surface
reinforcement and small utilisation such as os < 0.8 - fyg
— In laps with large diameter bars, bar stresses well above the yield strength may
only be obtained by a percentage of bars lapped at a section below 100 % or by
additional continuous bars such as surface reinforcement
— Where surface reinforcement is provided, the additional rule that excludes laps
with bar stresses above 0.8 - fyg may be removed
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The crack widths in beams with large diameter bars with and without surface
reinforcement can be calculated with the [EC2] equations for crack widths. However,
the measured and calculated 95%-fractile values were larger than 0.4 mm. Where
additional reinforcement with smaller bar diameters for crack control such as surface
reinforcement is positioned, this value may be reduced. Surface reinforcement with a
cross sectional area equal to 2% of the cross-sectional concrete area under tension
outside the stirrups according to [EC2] leads to a crack width reduction of the
95%-fractile values below 0.2 mm.

The cracks at lap ends have the largest crack widths along structural concrete members
independent from the bar diameter. In contrast, crack widths within laps are smaller
than outside laps, since the reinforcement ratio is increased along the lap length. Since
crack width limits are not maximum values, but 95%-fractile values along the entire
structural member, large crack widths at lap ends are acceptable and do not require
additional rules.

Not all additional rules for large diameter bars defined in [EC2/NA] were investigated,
such as rules concerning curtailed reinforcement or shear. But under consideration of
the detailing recommendations defined for all bar diameters in [EC2], the additional
rules for large diameter bars in [EC2/NA] do not seem necessary.

9.4 Proposal for Future Research

During the analysis of the database, the small number of anchorage tests in structural
elements subjected to bending, such as anchorages at beam-ends with transverse
pressure as well as curtailed reinforcement was apparent. This fact is probably due to
the lower costs of simplified tests. To investigate reinforcing bar stresses up to the
yield strength, other test setups have to be used. Still, to derive design models and
recommendations for detailing for anchorages, such structural member tests are
advisable. Anchorage tests with transverse pressure and @ 40 mm bars were tested
within the test programme described in this thesis, but tests with conventional bar
diameters have hardly been tested. Although the design model according to [FIB14]
was calibrated with a large number of lap tests and validated with anchorage tests, the
validity of these simplified, mainly one-bar anchorage tests should be reviewed on the
basis of anchorages in actual beams. Especially anchorages with low transverse
pressure up to the tensile strength of concrete should be validated.

The number of available tests with reinforcement lapped at the same position is
sufficient for the statistical analysis of design models and for the derivation of
necessary detailing rules. But certain special anchorage and lap parameters only exist
in small numbers and were excluded from the database. Laps with staggered
reinforcing bars are one example of deviating test setups. If the lap end of one lap ends
right at the beginning of the following lap, the crack width presumably equals the
crack width at 100 % laps. For detailing rules in codes, such crack analysis of
staggered laps is recommended.
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The tests performed by the author and the tests included in the database were
performed under short term monotonic loading. Investigations have shown that the
crack widths at lap ends subjected to sustained and cyclic loads depend on the lap
length, since the bond strength decreases under such loads. Therefore, the influence of
sustained or fatigue load on the required bond length should be analysed. An
investigation would clarify whether an increased lap length or additional reinforcement
such as surface reinforcement contributes to crack control under sustained or cyclic
loads more effectively.

The effect of poor bond conditions was only briefly discussed in this thesis. The
compilation of a database including the effects of slump and porosity below horizontal
reinforcing bars is recommended. To define reduction factors for lap and anchorage
strength for the next generation of EUROCODE 2 and MODEL CODE, a more profound
review of this effect is advisable.

The non-linear strain development in laps was derived from discrete strain
measurements in several lap investigations in the past. For anchorages, this
measurement becomes increasingly difficult to accomplish, since anchorage lengths
are usually small and strain gauges shall not impair the entire bond zone. Therefore,
continuous measurements of the strain development in anchorages and laps — such as
distributed fibre-optic strain measurements — would contribute to the understanding of
bond behaviour to a great extent.
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10 Additional publications in database

The described database includes further publications not cited within the thesis but
within annex A.3:

AHLBORG [AHLO02], ATKINS [ATK97], BEEBY, BRUFFEL AND GOUGH [BEE73],
CHAMBERLIN [CHA56], [CHAS58], [CHA87], HAmAD [HAM90], [HAM95],
[HAM96], HASAN AND CLEARY [HAS96] , HWANG [HWAO94], [HWA96] , MORITA
AND FuJI [MORS82], PERRY AND JUNDI [PERG69], REZANSOFF, AKANNI AND SPARLING

[REZ93]
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A.1l. Design Approaches for Anchorages and Laps
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(with |0 = 33.@) (with f:Y’ [MPa]=5.48 instead f."’[psi]=66)
with With n, fc and fy in [MPa]

km = effectiveness factor for confinement

12 where the bar is less than 5d or 125 mm
from the stirrup leg, 6 where the bar is further
apart and 0 for slabs without vertical
transverse reinforcement and for transverse
bars behind the longitudinal bars

(25/)°2

Cmin = Min {Cs/2; Cx; Cy}

Cmax = Max {cs/2; ¢y}

Cy = Cvert

Cx = Chori

Cs = clear bar spacing

0.5<cmn/@d<35

Crmax / Cmin < 5.0

l,b>10-0

K, =M A '.':St <005

I,

Transverse reinforcement factor:

o3 = kg - (Kir- ot/50) >0

Ke=ng - Ast/(nb -0 - St) <0.05

(this was derived from the semi-empirical
expression from fib bulletin 72 where the
denotation is km'Ky)

Note:

o is always added to oz

foa = (a2t 0z)-foa0 — 2:prelye

and for bars > 20 mm

TAs>on - ag - ZAs

n; = number of legs crossing a potential splitting
failure surface

Ag = are of one leg

ny = number of anchored or lapped bars

kq = factor for efficiency

YA = area of a single bar for straight transverse
bars

YA = total area of all bars for transverse links
ow = 0.5:@/25

o1 = As,req/ As,prov. <10

ns = (25/9)°3 for @ > 25 mm

Cmin = Min (Cs/2; ¢, Cy)

Cmax = Max (Cs/2; cx; Cy)

Cs,min = 2:@

o2 = (Cminlg)o's' (Cmax/Cmin)0'15

0.5 <cmin/@ <3.5

1.0 < Cmax/Cmin <5.0

| EUROCODE 2: 2011 [EC2]
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¢’Gs
4.0.675-12°

(1 Kk (ZAst _Ast,min J

AS
os 4-1,-0.675-f*°
¢
. 1
1-k- 2:'As,t _Ast,min
AS
c 2/3
Os 4-1, -O.675-fc ' 0_15.((;min _¢)/¢ . . .
¢ 1_0'15'(Cmin _(I))/(I) 38.fl* (ij (Cmi”j (].Oj 2
¢ ¢ ¢ 1+ Gs,min
Gs,max
st 2/3
Os 4-Ib-0.675~fc 42§14 Ib-n,-Ast-fyt
¢ ¢ s-n-A,
k .[nst'Ast_025j
AS
1- k~[nS‘AA5‘—O.25j
Units Sl Sl
o [SI] | See above See above
o [SI] | See above \/fllz dyony Ay
4.74. |-=<
2
s-n-¢
with fys: = 300 MPa:
82. fcm : Ib -n - Al
s-n- ¢’
For the IMB constellation
A, -l - Jf .
—r2 N¢.7.2 (with fe = 435 MPa)
(1) .s-n
with As = one bar With ny
A, -ZA i With fy < 300 MPa
0.7< o =1-K-—————— <10 o is added to the concrete contribution os°

S
0.7<02=1-0.15 (ca- B)/D<1.0
2Astmin = 0.25 for anchorages
>Astmin = 1.0 for laps
The transverse reinforcement should be positioned
at the outer thirds of the lap
¢s = clear bar spacing
n2=(132-d) /100
¢d = min {cs/2; cx; cy}
ni is not considered

ni = number of legs per stirrup orthogonal to the lap
plane

ns = number of lapped bars

st = clear spacing of stirrups

As = area of one lapped bar

Burkhardt only tested beams where side splitting was
most likely

0.75 <K =(10/@)? < 1.0

Cm = min {cx,Cy,Cs/2}




ELIGEHAUSEN [ELI179]

LETTOW [LETO6B]

Gs Equations for corner laps, for laps without L)° |\
lateral influence of cover and for beams witha | 11.1-f2® [bJ -1.0-1.1-[bj
combination of both ¢ S

Factor 1.0 for concrete cover

Where no stirrups are present,
| 1/10

1.1.| = =1.0
S

vz 2/3 05
o5’ o —22.[% '[Cyj'fcm(lbj/ (Ej 2 g I_b 3/5 ¢, 1/4 ¢, 1/2
c, 2 ] @) 4, minc Lol ‘ :
max o 0 0 0
1.0 fiir good bond, otherwise 0.8

os™ n._A 35 110

6. [=—-f, 111625 ()10 11 '—b) -1
A ¢ \g s

Units Sl Sl

ot [SI] | Seeabove See above

o [S1] 118 Iy - Ag For th;e IMchonsteIIation

2 . .
ST Atr+\/_°.6.4 (with f. = 435 MPa)
For the IMB constellation ¢°-s-n
MAB (with f. = 435 MPa)
¢°-s-n
with fc and fy in [MPa], fc obtained in cube tests fc and fy in [MPa]

With fy: < 300 MPa

No other boundaries for transverse reinforcement
os™ is added to the concrete contribution os°
for stirrups around one bar:

aom=6.0 2, aga=3.2

for stirrups around two bars:

oaQm =6.0, agd=2,3

for straight transverse reinforcement outside the lap:
oaQm=1.8, agd=1,0

for transverse reinforcement inside the lap:
ag=0

As = area of one lapped bar

K = kd -Kg' kv

0.75<ks=10/0<1.0

kg =2/ (1+ks)

k1= mince/ maxce > 0.6

kv = 1,0 for bond condition |

Cy =Cvert

es = clear width of the crack plane per lap
es = 2 cx (bars with side effect) <8-cy

es = 2 e (bars without side effect) < 3.4.cy
cx = side cover

er = half clear bar distance

2-e1 = clear bar distance

az=1/(1.1-(lo/s)Y0)
Cx = Chori

Cy = Cvert

No factor for bar diameter
No boundaries defined




ACI 318 [ACI14]

ORANGUN [ORAT7]

3-0,-0

n, - ——=-50
40-f, - Cmin , 40-N;-Agy {4 \/_ ]
) $-s-n
AT
12+—
¢ 500-n-s- ¢
Os b \/> mm 4'O'nl"o‘st [12+3C 5?¢+5n(')(')&'fyl}
c TTosn o, n-s-¢
4'Ih'\/TC
¢
o’ 40 |b Cmin {12+3c 50 ﬂ A f
K 6, ¢
Wlth cover values to bar centres
o™ 4O‘Ib.x/f—.40-nl‘ASl n-A-f, .4.|h.\/f_c
3¢ 7 ¢sn 500-n-s-¢ ¢
units in.- psi in? _ psi in. psi in? p3|_pSI
in. in? in. in?
o™ [SI] 402 | b ff 6.895-n,- A n-Ayf, 6.895-4-1-f
¢ 1000-¢-s-n 500-n-s-¢ 1000- ¢
st
o5 [Sl] r]I st b \/> .3.68 n-Agcly \/ﬁ~3.3l (with fyt = 60000)
b?-s-n ¢*-s-n
with A is the total cross sectional area of all transverse A ‘n,
reinforcement within the spacing s that crosses the A, = n

potential plane of splitting through the reinforcement
being developed

fc and fy in [psi]
B B
CmintKy 25
(For other values, pull-out failure is expected)
=0.8 for d < #6 ys = 1.0 for other cases
(Cb+Ktr) 1@8<25
Chmin = min {cx, Cy; Cs/2}
The values cx and cy are the distances to the bar center
Cs = center to center spacing
Cmin = 1/1/2 [in.] =38 mm

Ast = cross sectional area of the single stirrup,

ni = number of legs and n = number of lapped bars,

fc and fy in [psi]

design model including fy

Ch = Cy

¢s = half clear spacing or half available concrete width
per bar

¢ = min {c, Cs}

both values do not include half the bar diameter like
ACI 318 does

no reduction factor for bar diameter

/B <25
A, -fy,
"~ 600-3- ¢




ZuUo / DARWIN [ZUO00]

CANBAY / FROsCH [CANO6]

s [59.8-1, - (C,y, +0.5-¢)+2350- A,
fl/4
(O 1-max +O9J
Cmin As
3/4
+[31.14 N-Aq +3. 99} fe
n S
of | B9800 6200 A 388~Ii’2~fs"‘~[c1/2+<n_1>(°s]m](side)
1/4 X
(01 max +09J ; n~¢~tan[3 2
c
min s 388. |1/2~f1/4~ 1/2
0 G 101509+ (n-1)-| 0152409
n-¢-tanf C, Cy
(face)
o™ 3114.NAs  5g9). fo' _ St~n|-Ast~fyt~ns~fc”2 n A I, -ffe (side)
n AS n,-tanp-A,-170 S- 48 -°
1, -A f3/4 with3 =20°
bt e
31.14 sn A Ny Ag fong f2 i foorlyAffe (face),
n,-tanp-A,-170 5-48-¢°
this equ. included ns
units in.- psi in? . in.psi in?-psi .
- p TS pS| —p . 2p szIZ
n. n. n. n.
st 3/4
os 311400 Ac £ 6.895 n,-Ay \/T 6.895 (side)
[SI] ssn A, 1000 s- 48 o 1000
Ayt lyAfe .6.895 (face)
s-48-¢° 1000
o™ n-Ag -l -f
[§I] : ‘/> -2.22 | " st b € .1.29 (mitfy:=9000andn=3)
(I) -S-n (1)2 .S.n
(mit ¥/ £/%=8.1)
with With fe and fy in [psi]

N = number of stirrups = lo/s

Ast = cross sectional area of the single stirrup
n = number of lapped bars

fc and fy in [psi]

the fc exponent remains unclear

ta = coefficient for the effect of bar diameter
t, =0.03-¢+0.22[SI]

c= (Cmm +0.5- Q) (O 1Cmax / Cmin + 09)

Cs = min (Csi+0,25in.; Cso)

Csi = clear spacing d|V|ded by2=cs

Cso = Side cover = cx

Co = bottom cover = ¢y

Cmin, Cmax = Minimum or maximum value of ¢s

or Cp
Cmax / Cmin < 3.5
(c+Ky) /@ < 4.0

Design model including fy
Mote: fytm = 9000 psi = 62 MPa only. This is a mean value
along the splice.

The factor 1 \/ﬂ may be omitted The factor equals 1.0 for
170

n=3 and fc = 22 MPa

With ny

No factor for bar diameter

Co is the bottom cover (cy)

Cso IS the side cover (cx)

Csi is half the bar spacing (cs/2 in fib notation)

Canbay and Frosch have two publications. In one (2005) they

give effective covers:

ci* = ¢0,77N(cild)

where i stands for b, so and si.

Other boundaries were not found.

In the 2006 publication they give weighted cover dimensions

with:

Cs = (2-Cso*+2:(n-1)csi / (2:n)

that’s the mean concrete cover for each lap or anchored bar.

Canbay investigated bars from 9.5 to 35.8 mm, larger

diameters than 35.8 mm were not considered as laps are not

permitted according to ACI 318-05 (12.14.2.1)




A.2. Additional Information on Experimental Programme

A.2.1. Material
Table Al Mean concrete properties of the lap tests
e | Mooy | Mebe | SO | e | vougs
fem.cube strength fet spait|  fem,cube28d

[MPa] [MPa] [MPa] [MPa] [MPa]
Tl 40.2 44.4 2.8 48.2 27041
T2 32.5 39.6 3.1 41.4 25008
T3 33.0 41.5 2.8 45.3 25328
T4 54.8 74.9 3.8 78.3 28890
T5 34.6 40.4 2.7 47.9 25819
T6 39.2 46.0 - 48.8 25718
T7 34.5 43.6 3.1 49.7 24377
T8 36.8 43.6 3.2 50.4 25850
T9 37.6 49.5 3.1 47.8 25275
T10 40.8 46.6 3.4 48.2 24473
T11 37.3 43.4 2.9 44.1 24201
T12 33.6 36.8 2.8 47.1 24632
T13 32.5 37.8 2.7 45.6 24137
T15 38.4 43.2 2.8 46.8 23133
T16 34.4 43.9 2.8 47.6 24611
T17 38.3 45.1 3.2 46.2 25041
T18 39.6 45.0 3.0 44.4 24717




Table A2

Mean concrete properties of the beam end tests

Mean Mean cube Splitting Mean cube Young’s
Test cylinder strength tensile strength 28d | modulus
strength fem Tem,cube strength fet spait| ~ fem,cube,28d Ecm

[MPa] [MPa] [MPa] [MPa] [MPa]
BET-1(1+2) 29.4 36.5 2.5 41.6 24829
BET-1(3+4) 26.4 29.3 2.7 39.6 21675
BET-2 55.4 70.3 3.7 719 30525
BET-3 104.0 116.4 - 139.3 37388
BET-4(1+2) 28.6 34.0 2.5 42.4 23543
BET-4(3+4) 325 39.6 3.1 414 25008
BET-5(1+2) 29.7 35.7 2.8 42.4 24383
BET-5 (3) 325 36.5 3.1 41.4 25008
BET-6 29.9 35.9 2.9 42.4 24539
BET-7 32.0 37.3 2.7 41.8 24663
BET-8 34.3 40.8 2.7 42.2 24936
BET-9 38.2 43.0 3.2 48.2 25296
BET-10 (1+2) 335 36.4 3.1 43.7 24052
BET-10 (3+4) 36.9 41.8 2.9 48.8 25792
BET-11 37.3 42.9 2.8 48.8 24378
BET-12 29.5 34.7 2.8 44.0 24540
BET-13 30.5 35.4 2.7 44.0 20912
BET-14 50.5 63.1 4.1 59.1 27193
BET-15 50.4 632.7 4.1 59.1 28315
BET-16 31.1 36.8 2.6 47.1 24173
BET-17 31.1 36.8 2.6 47.1 24173
BET-18 50.5 63.1 4.1 59.1 27193
BET-19 50.5 63.1 4.1 59.1 27193
BET-20 37.7 44.1 3.0 46.8 22877
BET-21 37.7 44.1 3.0 46.8 22877
BET-22 50.4 62.7 4.0 59.1 28315




Table A3

Mean concrete properties of the anchorage tests

Mean cylinder Mean cube Splitt_ing Mean cube Young’s
Test strength fun strength tensile strength 28d modulus Ean
fem.cube strength fet spait|  fem,cube28d

[MPa] [MPa] [MPa] [MPa] [MPa]
V1-1 38.3 44.2 3.2 - 24641
V1-2 39.8 45.0 3.6 - 24399
V2-1 - 73.6 3.7 85.8 -
V2-2 60.4 74.5 4.1 85.8 31233
V3-1 35.2 39.1 3.0 45.1 23277
V3-2 35.2 39.3 - 45.1 -
V4-1 34.2 38.8 3.1 45.7 23694
V4-2 34.6 39.7 3.1 45.7 23495
V5-1 37.0 42.5 2.7 44.7 23820
V5-2 37.0 40.0 3.2 44.7 23909
V6-1 319 355 3.0 42.3 22225
V6-2 32.0 37.3 3.1 42.3 22487




Table A4 Relative rib area of the tested reinforcing bars
Rolling Mill Measurement Bar diameter Relative rib area fr
- - 10 mm 0.052
Clektrosaniwerke - 20 mm 0056
Stahlwerk Annahitte ibac 40 mm 0.064
Stahlwerk Annahitte ibac 50 mm 0.067
Badische Stahlwerke Rolling mill 40 mm 0.079
Table A5 Steel properties of the tested reinforcing bars
s | Aean | Yildsuengn| T | Teslesrngnl | ongs
[mm] [mm?] [MPa] [MPa] [-] [MPa]
10 80 535 637 1.19 206446
20 314 570 661 1.16 195267
40 1257 572 690 1.21 201170
50 1964 540 627 1.16 196430
40 (BSW) 1257 583 694 1.19 -




A.2.2. Beam-End Tests: Reinforcement and Instrumentation

A2.21. BET-1,BET-13 and BET-2

Beam-End Test 1 and 13 Erraverce steel sheet 320 x 200 x 10
. 320 ) 200 200 , 200 , 200
1 ( 1 i 1 1 1
3/
©
s
=
o
(@]
RIS 430 230
ol o
2 3 N
52 52 (test setup)
60 | L | 160 Frraverse steel sheet
! T i 320x120x10
28 40 28
(casting position)
= teel sheet 320 x 200 x 10
Traverse
Beam-End Test 2 ,200 AZ , 200 , 200 ,
N s
@ 8 mm
o
35 35 g o Q
Sk
o
R L
®) o
@ - Q) 8 &{
) test set
52 52 ( Up) FTraverse?
60| || |[]] |60 350150010
28 40 28 X2eoX

(casting position)

Figure A1 Reinforcement layout of Beam-End Tests 1, 13 and 2
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A2.2.2. BET-3and BET-4

Beam-End Test 3 FTraverS/steel sheet 320 x 200 x 10
320 ) b200¢ ~ 200 , 200, 200
1 i 1 1 1 1
NS TR
@ 8 mm
35 35 3
22 &
O
o
qlla L
O o
O - @ 8 g
52 52 (teSt Setup) FTraverse?
60 || || | |60 350X 20w10
28 40 28 X2
(casting position)
teel sheet 80 x 50 x 5
Beam'End TeSt 4 FTraverseS eeishee X X
80 o ?ﬁl .50 ,50,50 ,
f—o - T 1 7 7
10 S o >
To}
= 1 104} S o 10 105 55 S
O =S © |4o|
O Q ?— SA: OI:S
10 10
17 17 (teSt SetUp) * steelogheet 80x30x5
8 10 8 FTraverse

(casting position)

Figure A2 Reinforcement layout of Beam-End Tests 3 and 4
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A.2.23. BET-5and BET-6

steel sheet 160 x 100 x5

Beam-End Test 5 Frraverse
100 00,1001
160 3 A 100, 100109
o_*' ]
O P Fs
o
S SIpS S| | 205 Jool10s| |3
i i
| S 3l “F,
2626 (testsetup) 4 3
30 30 FTraverse
14 20 14

. i steel sheet 160 x 60 x 5
(casting position)

Beam-End Test 6

teel sheet 400 x 250 x 15
FTraverse
400 /
f 1 ) 250¢ , 250 . 250 , 250
1 7 1 1
u'\) Fs
—
38
~ 2
=
o N i
a § FS
4 4 A
}80 %55 4|554LCJ 80} (test setup) Frraversel /8
. 50 .-, . H
(casting position) gtgg)l(lsggio

Figure A3 Reinforcement layout of Beam-End Tests 5 and 6
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A.2.24. BET-7and BET-8
Beam-End Test 7

F teel sheet 320 x 200 x 10
Traverse

320 /

p . (2001 200 . 200 . 200

or
% ™ Fs
@ 8 mm
35 35f | 3
o ™
S S 430
i 1 i
@) o slo
O Q N N
8 — —
N
N (test setup)
52 52 F
60 | Ll || | |60 Traverse ztgglfggeio
28 40 28 XLetx
(casting position)
teel sheet 320 x 200 x 10
Beam-End Test 8 ARttt
) 320 . 200
1 1
> Fs
ol O
2|8 -
O
(0]
=)
S S
52 52 (teSt SetuD) FTraverse*
60 4L H 4L -t H 4L60 steel sheet
28 40 28 320x120x10

(casting position)

Figure A4 Reinforcement layout of Beam-End Tests 7 and 8

A-13



A225.

Beam-End Test 9

BET-9 and BET-10

320 )
1 1
@8 mm
o
ok
o
)i
o O o'
(o]
52 52
60 | ALAL L)Ll |60
28 40 28
Beam-End Test 10
’ 480 ’
1 1
o
0| O
S8
o
(o]

80| 40, /80|40 _|80]
" 4040 2040 -
(casting position)

FTraverse
steel sheet
320 x200 x 10
) 400 2 ] 200 I
1 T D 1 1
I &
P Fs
o
) 3
™
430 140 230
o F|Q
— —
FTraverse*
steel sheet
320x120x10
steel sheet 480 x 200 x 10
FTraverse
200 200 ., 200 | 200 .
1 i 7 1 1
o
> Fs
o
q
o
< o
@ )
4 xjfL40 c 90
8A Fs _8
— —
(teSt setu p) FTraversef
steel sheet
480x120x10

Figure A5 Reinforcement layout of Beam-End Tests 9 and 10
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A.2.2.6.

Beam-End Test 11

BET-11 and BET-12

teel sheet 560 x 200 x 10

Fraverse
200 AZ , 200 200
1 i i i i

’ 560 .
1 7
1 o8 Sl =
2340 o o
(supplementary) © 3 e
2@ 40 s
tested
&
© 8 —
80 160 80 (test setup) Frrase]
40 4 . 4 ) ! steel sheet
(casting position) 560x120x10
Beam-End Test 12 steel sheet 560 x 200 x 10
560 Frraverse slip measurement
ﬂy f K K 200 ¥ 200 , 200 y
1 1 1 1 1
o
______ @A.
_>
T @ 8 ————— 57& B FS
<
2040 o
(supplementary) 3o 3 %
2 @40 |8
(tested)
ol o
© S S o
180, 40 . 160 |40 |80] (test setup) Frmeel
40 4 40 4 steel sheet
(casting position) 560x120x10
220
plastic pip ——
@ 15 mm ol o
. O O
and wire —| N
@5 mm - |
120,80

Figure A6 Reinforcement layout of Beam-End Tests 11 and 12
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A.2.2.7. BET-14 and BET-15

Beam-End Test 14

5 320 )
1 1
744 172 §74
o
[{e)
L0
o
T
O ®
0 ©2 52 |0
28 40 28

(casting position)

Beam-End Test 15

steel sheet 320 x 200 x 10
FTraverse

200 / 200
1 1
o]

I,200 )

120"

(test setup)

Frraverse steel sheet
320x120x10

steel sheet 320 x 200 x 10
FTraverse

320 ,
/I ;T
> Fs
S—
o
o
5 2
S _ ©
of ©
S| i o
o @) Fs S
el N
10| 90100} 9010 4L 375 125 1125 175T 4L steel sheet
50 > 60 IlO 5@010, (test setup) Fr  320x120x1(
= cm
28 40 28

(casting position)

Figure A7 Reinforcement layout of Beam-End Tests 14 and 15
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A228. BET-16

Beam End Test 16

teel sheet 320 x 200 x 10

v

(casting position) FTraverse/s
320 ) 1" 200 , 200 +200

o
©
®
o| — 3
[e0] Lo
™ o
a3
4305
© o
© (QV
T —
S o
(test setup)

Figure A8 Reinforcement layout of Beam-End Tests 16

Frraverse T

steel sheet
320x120x10
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A.2.29. BET-17 and BET-18

Beam End Test 17

(casting position)
320

560

1039100,100,100 35,

C=60

Beam End Test 18
(casting position)

320 )
1 1

_

560

60

10.39100,100,100 35,

C

FTrave

teel sheet 320 x 200 x 10
//fggz , 200, 200 ,
1 1 1

1

425 K
g
(test setup) Fraverse ]
steel sheet
320x120x10

steel sheet 320 x 200 x 10

FTraverse

., 200 | 200 ,
1 1

(teSt setu p) FTraverse?
steel sheet
320x120x10

Figure A9 Reinforcement layout of Beam-End Tests 17 and 18
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A.2.2.10. BET-19 and BET-20

Beam End Test 19 steel sheet 320 x 200 x 10
(casting position) Frraverse
. 320 ) v200¢ 7200 , 200 , 200 ,
1 1 1 T | T 1
o
s
o
olo ~
35 358 12| B 2 o
@8 ~ 28 ®
o 300 1203804804120 J100
O
I ~
@) Fs | S
o 8 <3
S > 52 (teSt Setup) FTraverse?
60 4L 4LAL 4L 4|’ 4|4L 4L6O steel sheet
28 40 28 320x120x10
B(%ggln%ngolﬁga)zo steel sheet 320 x 200 x 10 Frraverse
320 ) ) 400 , 200, 200
1 T i N 1 i
> Fs
LO]
Q o
= - ©
= B
o
-
o v
= o
N AN
™ —
S‘ —X
@ 14 FTraverse?
steel sheet
320x120x10

Figure A 10 Reinforcement layout of Beam-End Tests 19 and 20
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A.2.2.11. BET-21 and BET-22

Beam End Test 21 steel sheet

(casting position) 320 x 200 x 10 ‘ Frraverse
320 » 400\ 200 , 200

—_

[ —
o
Q
H
o
560

10,39100,100,100 35,
T
()]
(@]
(@]
3

C=60

SR
LQLYQO 00 90 0 FTraversef

1
ol 52, |52| |60 steel sheet
28 4 320x120x10

steel sheet 225 x 140 x5

Beam End Test 22
(casting position)
225

F Traverse

140 | / 140 , 140 140 .
1 i 7 1 7

oogz_l_Y.L
h @ I | I I i > FS
30 30 < 0
Tlr‘ ™ 305 90| 165 N
O R
T B (3'* s
L0
4OL 28 L40 (teSt SetUp) FTraverse? o
A / A
20 |20

Figure A 11 Reinforcement layout of Beam-End Tests 21 and 22
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Instrumentation of Beam-End Tests

A2.2.12.
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Lap Tests: Reinforcement and Instrumentation
Lap Test T1

A23.
A.2.3.1

_”C._EH L | | | L |
109108708708 7087087091 To90# 02T D# 02T D# 00T!

(o)) (@)]
N ol el 1T
o @9
LE/IOE O o 2 21z o a0
o o o
TL1 = a4 S |
o CET Qe
ol Yt rAN 4 an (0] (01 9T 9T 9
L 9Ta¢ F 9T1@¢C
[wo]
0cZs 0cZs
e vifere T v Tetxellv Vv
Y102
Wwo GTE Wwd TET wo gT1¢€
wd 092
o <A. wo 9 =9| m_A_ ovae
L) 3
o ) | |
o N .
1 |
4 I ot 0202
\v d
Wo 82 /9T @97 WOLZ/ZTDE  wietvidy Wdstpigy WOLUCIOE W62/ 9T @ 91
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Figure A 12 Reinforcement layout lap test T1
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Lap Test T2
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Figure A 14 Reinforcement layout lap test T2
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Figure A 15 Instrumentation lap test T2
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Figure A 16 Reinforcement layout lap test T3
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Figure A 17 Instrumentation lap test T3
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Lap Test T4

A2.3.4.

I'se |

Ll Ll L L | L |
[Lw To¥1 287087281087 .8707 lov# 22T Tv 2¢T v v8 1
5 5
w w
71 o | 3 |
(2] o
S |© o
V-V
_”EU”_ S\. I L Ll
vIEeETXe] 1€ TgeTxdlv
wo €€ wd €6 wd €€
wo 092
I <A_ woy=29 m_A_ (014%}3
= | |
v 94l gt 9T@C
WIS ET/9TPE WIS ET/9TDE
wo /T/9T JET YRARAN )Y wo /z wo /z VXA RAN %)% wo /T/9TCT
€ wd 10¢ wo ¥eT wo T¢ wo yeT wd 102 €

Figure A 18 Reinforcement layout lap test T4
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Figure A 19 Instrumentation lap test T4
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Lap Test TS5

A.2.35.
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Figure A 20 Reinforcement layout lap test T5
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Figure A 21 Instrumentation lap test T5
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Lap Test T6
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Figure A 22 Reinforcement layout lap test T6
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Figure A 23 Instrumentation lap test T6



Lap Test T/
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Figure A 24 Reinforcement layout lap test T7
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Figure A 25 Instrumentation lap test T7
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Figure A 26 Reinforcement layout lap test T8
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Lap Test T9
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Figure A 27 Reinforcement layout lap test T9
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Figure A 28 Instrumentation lap test T9
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A.2.3.10. Lap Test T10
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Figure A 29 Reinforcement layout lap test T10
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Figure A 30 Instrumentation lap test T10
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A.2.3.11. Lap Test T11
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Figure A 31 Reinforcement layout lap test T11
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Figure A 32 Instrumentation lap test T11
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A.2.3.12. Lap Test T12
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Figure A 33 Reinforcement layout lap test T12
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Figure A 34 Instrumentation lap test T12
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A.2.3.13. Lap Test T13
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Figure A 35 Reinforcement layout lap test T13
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Figure A 36 Instrumentation lap test T13
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A.2.3.14. Lap Test T15
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Figure A 37 Reinforcement layout lap test T15
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Figure A 38 Instrumentation lap test T15
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Figure A 39 Reinforcement layout lap test T16
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Figure A 40 Instrumentation lap test T16
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A.2.3.16. Lap Test T17
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Figure A 41 Reinforcement layout lap test T17
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Figure A 42 Instrumentation lap test T17
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A.2.3.17. Lap Test T18
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Figure A 43 Reinforcement layout lap test T18
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Figure A 44 Instrumentation lap test T18
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Anchorage Tests: Reinforcement and Instrumentation

A2.4.

Anchorage test V1
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Figure A 45 Reinforcement layout anchorage test V1
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Figure A 46 Instrumentation anchorage test V1
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Figure A 47 Crack development in anchorage tests V1-1 and V1-2
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Anchorage test V2
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Figure A 48 Reinforcement layout anchorage test V2
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Figure A 49 Instrumentation anchorage test V2
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Figure A 50 Crack development in anchorage tests V2-1 and V2-2
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Anchorage test V3
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Figure A 51 Reinforcement layout anchorage test V3
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Figure A 52 Instrumentation anchorage test V3
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Figure A 53 Crack development in anchorage tests V3-1 and V3-2
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Anchorage test V4
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Figure A 54 Reinforcement layout anchorage test V4
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Figure A 55 Instrumentation anchorage test V4
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Figure A 56 Crack development in anchorage tests V4-1 and V4-2
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Anchorage test V5
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Figure A 57 Reinforcement layout anchorage test V5
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Figure A 58 Instrumentation anchorage test V5
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Anchorage test V6

A.2.4.6.

WWw 00Z X 0ZE X G Jawolse|d
yiim suodddns e

N\

€Tl 0¢ 06T 68 0c¢ ¢

[wo]

0L

¥ ¥ ¥

€ MooHMooH%uN

¢-9N1saL

87

0ve
P

0v[ 09T 0vT

SEY

wo T Buoeds
ww g g

wo T Buioeds

fwo] ] ., OF ‘Juswadlojulal 8depns \v4 Jﬁ
S ep clllsv A_ z
sl les IR I B IR |8 [sNle |s |
s PP B IE B OIECRE B
9aTge s e g Ie I |8 & |o IoI|3 |ale|s
] RO ORI IR Il loe-lele |6 H
- - 1
V-V ’ V4
UONJ9S-SS0.ID olge A_
91T ey WOOT/9TD S wo oT/YTD 1 wd 9T/9TQ S
08 1T1¢ 08 eTleT 19

JUBWIB2I0JUISY 9A 1SBL

Figure A 60 Reinforcement layout anchorage test V6
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Figure A 63 Strain measurements along the anchorage length in tests V1-1, V1-2, V2-1 and V2-2

A-73



3.0

0

T os —e— 480 kN
X~ I - - 700 kN
- 2.0 b
S 15 RSN
7 «
_ 10 ’ N
3 05 ,:'f AN
2 5o outer bar
0 100 200 300 400 500
beam-end distance V3-1 [mm]
3.0
g 25 —— 480 kN
=, & - +- 700 kN
c 20 I
S 15 >
2 10 :r
[«H) VRN
% 0.5 VAN
00 ~ outer par
0 100 200 300 400 500
beam-end distance V3-2 [mm]
3.0
— —— 920 kN o
L 25 7 - - 1600kN
c 2.0 {{--+--1948 kN P A
8 15 el
2 AIE___»,;"’? _»
% o5 e T
5 A ter bar
D 00 & outer ba
0O 100 200 300 400 500 600
beam-end distance V4-1 [mm)]
3.0
—_ —— 920 kN
£ 25 7 -+- 1600 kN o
c 2.0 {{--4--1737 kN P
S
7
©
2
(%]

100 200 300 400 500 600
beam-end distance V4-2 [mm]

steel strain [%o] steel strain [%o] steel strain [%o]

steel strain [%o]

3.0
25 —— 480 kN
: - -+- 700 kN
2.0 ly
1.5 ’
/ AN
1.0 7 *
/ N
0.5 - > _ 5
00 & . inner par
0 100 200 300 400 500
beam-end distance V3-1 [mm]
3.0
—— 480 kN
25 - - 700 kN
2.0 I
15 >
1.0 I.*\
05+ I>G —"
0.0 P inner bar
0 100 200 300 400 500
beam-end distance V3-2 [mm]
3.0
—— 920 kN
2.5 1 - +- 1600 kN >
2.0 4 ----1948 kN N
1.5 Ib ,", - - A J
1.0 A o T =4
0.5 /’,/j - - ///
44 " nner bar
0.0
0 100 200 300 400 500 600
beam-end distance V4-1 [mm)]
3.0
—— 920 kN
2.5 9l - - 1600 kN
2.0 4 --4--1737 kN 4
15 e 5%
1.0 g e S
Prag 7’
0.5 . o A
et inner |bar
0.0 4uin —
0O 100 200 300 400 500 600

beam-end distance V4-2 [mm]

Figure A 64 Strain measurements along the anchorage length in tests V3-1, V3-2, V4-1 and V4-2
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Figure A 65 Strain measurements along the anchorage length in tests V5-1, V5-2, V6-1 and V6-2

A-75



A.3. Test series included in lap database

A.3.1. General

Numbers given in Table 2-1:

1 Tests with transverse reinforcement

2 Tests without transverse reinforcement

3 fib database 2005 [FIBO5]

4 fib database 2006 with filter

5 ACI database 2001 [ACI01] (bottom bars only)
6 LETTOW database 2006 [LETO06a]

7 own database 2018

8 own database 2018, filtered:
laps only, lo/ @ > 14.5, fcm> 20 MPa, Cmin>0.95, 65 < 1.2 - fy

9 fib bulletin 72, filtered:
IO / @ >15, fcm > 20 I\/IPa, Cmin > 095, Os < 12fy

10  CAIRNS AND ELIGEHAUSEN [CAI14], filtered:
fc > C20/25, Cmin > @, Os < 12 : fy

! cantilever

2 tension member
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Table A6

Considered lap tests in the different evaluations of the database

1 2 3 4 5 6 7 8 9 10
Total test number 807 | 555 | 494 | 793 | 807 | 507 781 457 | 807 | 555
Number with
transverse
reinforcement 370 | 370 | 253 | 391 | 402 | 251 388 231 | 370 | 370
Number without
transverse
reinforcement 437 | 437 | 241 | 402 | 405 | 256 393 226 | 437 | 437
Author
[AZ195] 7 0 X - X X
[AZ197] 25 32 X X X X
[AZ193] 0 18 X - X X
[BET80] 5 0 X - X X
[CHA56] 0 11 X X X X
[CHAS8] 0.0 6.0 X X X X
[CHI55] 0.0 | 320 X X X X
[CHO91] 0 8 X X X X
[DAR95] 60 13 X X X X
[DEVI1] 10 0 X X X X
[ELI79] 0 8 X - X X
[FER65b] 9 26 X X X X
[FER65a]* 0 4 X X X X
[FERG9] -
[FER62] -
[FERT71] -
[HAM99] 0 8 X X X X
[HAMO96] 0 17 X - X X
[HAMOI0] -
[HAS96] 2 0 X X X X
[HEG99] 5 4 X - X X
[HES93] 10 7 X X X X
[HWA94] 4 4 X - X X
[HWA96] 8 2 X - X X
[KAD94] 34 0 X X X X
[MAT61] 0 14 X X X X
[OLS90] 21 0 X - X X
[REH77] 19 1 X - X X
[REZ93] 11 4 X X X X
[REZ92] 0 34 X X X X
[STO77] 25 0 X - X X
[TEP73] 12 169 X - X X
[THO75] 4 11 X X X X
[TRE89] -
[ZEK81] 10 2 X X X X
[Z2U098] 63 28 X X X X
[HEG15] [HEG18] 16 1 - - X X
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A.3.2. AHLBORG [AHLO0Z2]

lo | %) Cx Cs Cy fem Dt |nst| st || fr fy O's,max
Author | Test o T~ | [mm] | fmm] | [mm] | [mm] | [MPa] | [mm]| - |[mm]| - | - | [MPa] | [MPa]
[55] | mwexi| 153 [ 1] 191 |382] 0 |827] 370 | - |-| - [-| * | 500 | 252
[55] | mwexz | 153 [ 1] 191 |382] 0 |827] 379 | - |-| - [-| * | 500 | 300
[55] | mwexs | 153 | 1] 191 |382] 0 |827] 379 | - |-| - [-| * | 500 | 300
[55] | mwFxa | 153 [ 1] 101 |382] 0 |827] 379 | - |-| - [-| * | 500 | 305
[55] | mwexs | 153 1] 101 |382] 0 |827] 379 | - |-| - [-| * | 500 | 311
[55] | mmexe | 153 | 1] 101 |382] 0 |827] 379 | - |-| - [-| * | 500 | 315
[55] | mmex7 | 204 [1] 191 |382] 0 |827] 379 | - |-| - [-| * | 500 | 304
[55] | mmFxs | 204 | 1] 101 |382] 0 |827] 379 | - |-| - |- * | 500 | 405
[55] | mmFxo | 204 [ 1] 101 |382] 0 |827] 379 | - |-| - [-| * | 500 | 381
[55] |mvrxwo| 204 [1] 101 |382] 0 |827] 379 | - |-| - [-| * | 500 | 301
[55] [mvrxii] 204 [1] 101 |382] 0 |827] 379 | - |-| - [-| * | 500 | 363
[55] |mvrxiz| 204 | 1] 101 |382] 0 |827] 379 | - |-| - [-| * | 500 | 389
[55] |mvrxis| 255 | 1] 191 |382] 0 |827] 379 | - |-| - [-| * | 500 | 318
[55] |mvrxia| 255 | 1] 101 |382] 0 |827] 379 | - |-| - [-| * | 500 | 381
[55] |mvrxis| 255 | 1] 191 |382] 0 |827] 379 | - |-| - [-| * | 500 | 423
[55] |mvrxis| 255 | 1] 191 |382] 0 |827] 379 | - | -] - [-| * | 500 | 440
[55] |mwrxi7| 255 | 1] 191 |382] 0 |827] 379 | - |-| - [-| * | 500 | 361
[55] |mvrxis| 306 | 1] 191 |382] 0 |827] 379 | - |-| - [-| * | 500 | 378
[55] |mvrxis] 306 | 1] 191 |382] 0 |827] 379 | - |-| - [-| * | 500 | 418
[55] |Mvrxzo] 306 | 1] 191 |382] 0 |827] 379 | - |-| - [-| * | 500 | 382
[55] |mvrxe1]| 306 | 1] 191 |382] 0 |827] 379 | - |-| - [-| * | 500 | 413
[55] [mvrxe2| 306 | 1] 191 |382] 0 |827] 379 | - |-| - [-| * | 500 | 382
[55] |mvrxes] 306 | 1] 191 |382] 0 |827] 379 | - |-| - [-| * | 500 | 371
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A.3.3. AMIN [AMI09]

= = = P
type | type Il
Fl
i - =
type lll

lo |no %) Cx Cs Cy fem Dt |nst| st || fr fy O's,max
Author | Test e 0T T Tmm] | fmm] | fmm] | [mm] | (MPa] | [mm] | - | [mm]| - | - | [MPa] | [MPa]
[43] | B4 [ 150 [2] 16 | 25 | 247 ] 25 | 282 | - 0] - |- * | 521 | 202
[43] | B | 160 |2 | 16 | 25 | 247 | 25 | 276 | - 0] - |-| * | 521 | 102
[43] | B% | 240 |2 | 16 | 25 | 247 | 25 | 224 | - 0| - |-| * | 521 | 196
[43] | Bs7 | 320 |2 | 16 | 25 | 247 | 25 | 216 | - 0| - |-| * | 521 | 175
[43] | B | 160 |2| 16 | 55 | 243 | 25 | 216 | - 0| - |-| * | 521 | 151
[43] | B | 240 |2| 16 | 55 | 243 | 25 | 216 | - |0 - |-| * | 521 | 240
[43] | Bs10 | 150 |2 | 16 | 55 | 243 | 25 | 224 | - |0| - |-| * | 521 | 231
[43] | Bsi1 | 100 |2 | 16 | 25 | 247 | 25 | 239 | - |0| - |-| * | 521 | 155
[43] | Bs12 | 100 |2 | 16 | 55 | 243 | 25 | 239 | - [0] - |-| * | 521 | 239
[43] | Bs13 | 150 |2 | 16 | 25 | 247 | 25 | 275 | - |o0| - |-| * | 521 | 127
[43] | Bs14 | 150 |2 | 16 | 55 | 243 | 25 | 275 | - 0| - |-| * | 521 | 210
[43] | Bs15 | 150 |2 | 16 | 25 | 247 | 25 | 275 | - 0| - |-| * | 51 | 134
[43] | Bsi6 | 150 |2 | 16 | 55 | 243 | 25 | 264 | - 0| - |-| * | 521 | 146
[43] | Bsi7 | 240 |2 | 16 | 25 | 247 | 25 | 264 | - 0] - |-| * | 521 | 189
[43] | Bsi8 | 240 |2 | 16 | 55 | 243 | 25 | 264 | - 0| - |-| * | 521 | 255
[43] | Bs19 | 100 |2 | 16 | 25 | 247 | 25 | 316 | - 0] - |-| * | 521 | 131
[43] | B20 | 100 |2 | 16 | 25 | 247 | 25 | 316 | - 0| - |-| * | 521 | 166
[43] | B2t | 95 |2| 16 | 25 | 197 | 25 | 4048 | - |0] - |-| * | 560 | 149
[43] | B2 | 150 |2 | 16 | 25 | 197 | 25 | 29.28 | - 0| - |-| * | 560 | 160
[43] | B3 | 150 |2 | 16 | 25 | 197 | 16 | 2552 | - |0] - |-| * | 560 | 183
[43] | B24 | 100 |2 | 16 | 25 | 197 | 25 | 3144 | 6 |2 100 |[2| * | 560 | 170
[43] | B25 | 150 |2 | 16 | 25 | 197 | 25 | 2696 | - |0| - |-| * | 560 | 177
[43] | B26 | 150 |2 | 16 | 25 | 197 | 16 | 304 | - |0| - |-| * | 560 | 167
[43] | B27 | 100 |[1| 16 | 67 | 0 | 16 | 308 | - 0] - |-| * | 560 | 333
[43] | B8 | 100 | 1| 16 | 67 | 0 | 16 | 308 | - 0] - |-| * | 560 | 542
[43] | B29 | 150 | 1| 16 | 67 | 0 | 16 | 3456 | - 0] - |-| * | 560 | 488
[43] | B30 | 150 | 1| 16 | 0 | 0 | 16 | 3456 | 6 |2 100 2| * | 560 | 580
[43] | B31 | 100 |2 | 16 | 25 | 197 | 25 | 3456 | - [0 - |-| * | 560 | 114
[43] | B2 | 150 |2 | 16 | 25 | 197 | 25 |3184| - 0] - |-| * | 560 | 159
[43] | B33 | 150 | 2| 16 | 25 | 197 | 25 | 2736 | - |0 - * | 560 | 156
[43] | B34 | 150 |2 | 16 | 25 | 197 | 25 | 3192 | 6 | 2| 100 |2| * | 560 | 189
[43] | B35 | 100 | 2| 16 | 25 | 197 | 25 | 2552 | - 0| - |-| * | 560 | 85
[43] | B3 | 100 | 2| 16 | 16 | 198 | 25 | 2872 | - 0| - |-| * | 560 | 88
[43] | B37 | 150 | 2| 16 | 16 | 198 | 25 | 328 | - 0] - |-| * | 560 | 165
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A.3.4. ATKINS [ATKI7]
) 0.30 ]
) 0.23 l |
] T
. o
g
1 o
(@)
n Ns n
Autho | Tes lo b 10/] Cx Cs Cy fem Dt . St | fr fy O's,max
rot [”}m - | [mm] [”}m [”}m [”}m mpa] | MM | Imm | ivpag | (MPal
[56] | B7 [ 230 1] 20 [ 10 | 0 | 140 | 36.2 - -] = ] 500 | 270
[56] | B8 [ 230 1] 20 [ 20 | 0 | 140 | 362 - -] = ] 500 | 318
[56] | B9 [ 230 1] 20 [ 30 | 0 | 140 | 362 - -] = ] 500 | 382
[56] |B10] 230 1| 20 [ 10 | 0 | 140 | 36.2 - -] = ] 500 | 334
[56] |B11] 230 1| 20 [ 20 | 0 | 140 | 36.2 - -] = ] 500 | 334
[56] |B12] 230 [1] 20 [ 30 | 0 | 140 | 36.2 - -] = ] 500 | 366
A.3.5.  AZIZINAMINI; CHISALA; GHOSH[AZI95]

"l

ly

|

y

iF

<
A A
0.3‘ 1,=2.13-2.90 ‘ L=1.52-2.74 ‘ L,=2.13-2.90 ‘0.3
L=5.78-8.54
lo Nb %) Cx Cs Cy fem Dt |nst| st |nm| fr fy O's,max
Author | Test 7o o1 Tmm] | fmm] | [mm] | [mm] | [MPa] | [mm] | - |[mm]| - | - | [MPa] | [MPa]
[01] | 575550 | 1461 | 2 | 35 | 35 | 70 | 35 | 104 | 6 |6 254 [2] * | 508 | 513
[01] | 575560 | 1461 | 3 | 35 | 35 | 70 | 35 | 114 | 10 |5 305 | 2| 0.06 | 483 | 504
[01] |575s100 | 1461 | 3 | 345 | 35 | 70 | 35 | 104 | 10 | 9| 178 [2| * | 488 | 552
[01] |575s150 | 1461 | 3 | 345 | 35 | 70 | 35 | 104 | 10 |12]| 127 [2| * | 488 | 548
[01] | 45560 | 1143 | 3 | 35 | 35 | 70 | 35 | 103 | 10 | 4 | 305 | 2| 006 | 488 | 521
[01] | 455100 | 1143 | 3 | 35 | 35 | 70 | 35 | 102 | 10 | 6| 203 | 2| 0.06 | 488 | 523
[01] | 405150 | 1016 | 3 | 35 | 35 | 70 | 35 | 109 | 10 | 8| 127 | 2| 0.06 | 488 | 508
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A.3.6. AZIZINAMINI; PAVEL; HATFIELD; GHOSH [AZI199]

Fi ’ : ' iF

:
o_J L,=2.14-2.75 ‘ L,=1.83-2.44 ‘ L,=2.14-2.75 ‘0.3
1 =6.10-7.93
800 T 600 T
— fom= 96 10 108 Nimm2__—"" ¢, & eep 1 : o
£ 600 + 0 £ o ? g
£ o0 ® o £ 500 o 8
% 400 T Z, 450 + 01/d=30,c/d=1
8 1 o 1/d=25,c/d=1
5200 T ¢/?=1,c/@ =2 g 400 o l/d=19,c/d=2
c/P=2,c/B=4 350 T ® 1/d=20,c/d=2
0 t t t t 1 300 t ! f |
O 20 40 60 80 100 0 100 200 300 400
Azizinamini 99 |, / D Sq
lo Nb 1) Cx Cs Cy fem Dt |nst| st || fr fy O's,max
Author | Test o T mm] | [mm] | [mm]| [mm]| [MPa] | [mm]| - |[mm]| - | - | [MPa] | [MPa]
[02] | 1 | 1041 | 2 254 | 25 | 76 | 25 | 104 | - | -] - [-] * | 537 | 481
[02] | 2 | o14 | 3 254 | 25 | 51 | 25 | 100 | - | -] - |-|o0.074] 497 | 494
[02] | 3 | 813 | 2 254 | 25 | 76 | 25 | 107 | - |-| - |-|o0.074| 497 | 475
[02] | 4 | 813 | 2 254 | 25 | 76 | 25 | 107 | - |-| - |-|o0.074| 497 | 462
2] | 5 | 762 | 3 254 | 25 | 51 | 25 | 104 | - |-| - |-|o0.074| 497 | 461
[02] | 6 | 635 | 2 254 | 25 | 76 | 25 | 106 | - |-| - |-|0.074] 497 | 430
[02] | 7 | 584 | 2 254 | 25 | 76 | 25 | 36 | - |-| - |[-| * | 537 | 308
[02] | 8 | 508 | 2 254 | 25 | 76 | 25 | 106 | - |- | - |-|o0.074] 497 | 361
[02] | 16 | 914 | 2 254 | 51 | 102 | 51 | 100 | - |-| - |-|o0.074] 497 | 510
[02] | 17 | 508 | 2 254 | 51 | 102 | 51 | 104 | - |- | - |-|o0.074| 497 | 488
[02] | 18 | 483 | 2 254 | 51 | 102 | 51 | 107 | - | -] - |-|o0.074] 497 | 460
[02] | 19 | 483 | 2 254 | 51 | 102 | 51 | 107 | - |- | - |-|o0.074| 497 | 463
[02] | 20 | 381 | 2 254 | 51 | 102 | 51 | 106 | - |- | - |-|o0.074| 497 | 447
[02] | 21 | 254 | 2 254 | 51 | 102 | 51 | 106 | - |- | - |-|o0.074| 497 | 283
[02] | 29 | 2032 | 2 36 35 | 92 | 35 | 104 | - |-| - [-| * | 508 | 488
[02] | 30 | 1461 | 2 36 35 | 92 | 35 | 9 | - |-| - [-| * | 508 | 465
[02] | 381 | 1143 | 3 36 35 | 86 | 35 | 109 | - |-| - |-]0086| 493 | 495
[02] | 32 | 1143 | 2 36 35 | 92 | 35 | 107 | - |-| - |-l0.086] 493 | 471
[02] | 33 | 1143 | 2 36 35 | 92 | 35 | 107 | - |-| - |-]0.059| 488 | 478
[02] | 34 | 1143 | 3 36 35 | 86 | 35 | 75 | - |-| - |-]0059] 488 | 336
[02] | 36 | 1016 | 2 36 35 | 92 | 35 | 90 | - |-| - [-| * | 488 | 403
[02] | 37 | 1016 | 3 36 35 | 86 | 35 | 94 | - |-| - |-]0059] 488 | 314
[02] | 39 | 1016 | 2 36 35 | 92 | 35 | 35 | - | -] - [-| * | 488 | 297
[02] | 40 | o14 | 3 36 35 | 86 | 35 | 100 | - |-| - |-]0059| 488 | 393
[02] | 42 | 914 | 3 36 35 | 86 | 35 | 100 | - |-| - |-]0.059| 488 | 395
[02] | 43 | 914 | 3 36 35 | 86 | 35 | 43 | - |-| - |-]0059| 488 | 322
[02] | 45 | 610 | 2 36 35 | 92 | 35 | 88 | - |-| - |- * | 488 | 306
lo Nb 1) Cx Cs Cy fem Dt |nst| st |nm| fr fy O's,max
Author | Test o T mm] | [mm] | [mm]| [mm]| [MPa] | [mm]| - |[mm]| - | - | [MPa] | [MPa]
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[02] 46 610 2 36 35 92 35 35 - - - - * 488 205
[02] 48 330 2 36 35 92 35 99 - - - - * 508 192
[02] 58 1067 2 36 76 | 162 | 76 104 - - - - 10.086 | 493 516
[02] 59 914 2 36 76 | 162 | 76 100 - - - - 10.059 | 493 486
[02] 60 711 2 36 76 | 162 | 76 104 - - - - 10.086 | 493 481
[02] 10 635 2 254 25 76 25 110 10 | 5] 152 [2/0.074| 499 554
[02] 11 635 2 254 25 76 25 108 10 | 4] 203 |2|0.074] 499 529
[02] 14 813 2 254 25 76 25 108 10 | 31305 [2)|0.074] 499 556
[02] 15 813 2 254 25 76 25 101 10 | 31381 |2/0.074] 491 523
[02] 22 381 2 254 51 | 102 | 51 108 10 | 5] 76 [2]/0.074] 499 529
[02] 23 381 2 254 51 | 102 | 51 108 10 | 4] 114 |2/0.074| 499 465
[02] 24 381 2 254 51 | 102 | 51 108 10 | 3] 165 [2/0.074] 499 448
[02] 25 483 2 254 51 | 102 | 51 110 10 | 5] 114 |2|0.074| 497 512
[02] 26 483 2 254 51 | 102 | 51 110 10 | 4] 152 |2/0.074| 497 494
[02] 27 483 2 254 51 | 102 | 51 108 10 | 3] 203 |[2)|0.074] 499 498
[02] 28 483 2 254 51 | 102 | 51 101 10 | 21305 (20074 491 493
[02] 49 1016 3 36 35 86 35 109 10 | 8] 127 | 2|0.059| 488 480
[02] 52 1143 3 36 35 86 35 102 10 | 6] 203 | 2|0.059| 488 567
[02] 53 1143 3 36 35 86 35 103 10 | 4] 305 |2)|0.059| 488 501
[02] 56 1461 2 36 35 92 35 104 6 6| 254 |2 * 508 490
[02] 61 508 2 36 76 | 162 | 76 105 10 | 8] 64 |2)/0.086| 517 490
[02] 62 508 2 36 76 | 162 | 76 110 10 | 5] 114 |2/0.086| 493 456
[02] 63 508 2 36 76 | 162 | 76 110 10 | 4] 152 |2/0.086| 493 403
[02] 64 610 2 36 76 | 162 | 76 105 10 |10 64 |2)/0.086| 517 521
[02] 65 610 2 36 76 | 162 | 76 101 10 | 5] 127 |2/0.086| 493 449
[02] 66 610 2 36 76 | 162 | 76 101 10 | 4] 178 |2/0.086| 493 459
[02] 67 711 2 36 76 | 162 | 76 106 10 | 7] 102 |2|0.086| 517 560
[02] 68 711 2 36 76 | 162 | 76 106 10 | 5] 152 |2/0.086| 517 531
[02] 69 711 2 36 76 | 162 | 76 108 10 | 4] 203 |2|0.086| 493 512
[02] 70 711 2 36 76 | 162 | 76 108 10 | 3] 305 [2)/0.086]| 493 507
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A.3.7. AZIZINAMINI; STARK [AZI193]

Fi :

iF

1 1
<
A A
O_J L,=2.13-2.90 L=152-2.74 L,=2.13-2.90 ‘0.3
| =5.78-8.54
600 T 500 +
T 500 T ° ° T 400 T Loy
£ 4007 suxe £ 300 1 o o
£, 300 T ® o = ©10=17,5d
Eo001 X o O NSC £200 T o
5 e HSC ¢ 100 1 ®(0=26d
100 Tt X HSC; top bars 010=29d
0 } } } } } i 0 } } } } {
0O 10 20 30 40 50 60 O 20 40 60 80 100
s / B fem
lo |np %) Cx Cs Cy fem Dt |nst| st || fr fy O's,max
Author Test mm] | - | [mm] | [mm]|[mm] | [mm] | [MPa] [[mm]]| - [[mm]|-| - | [MPa] | [MPa]
[03] | BB11524 | 610 |2 3493 | 35 | 92 | 35 | 33 | - |- - [-| * | 488 | 192
[03] | BB11540 | 1016 |2 3493 | 35 | 92 | 35 | 33 | - |-| - |-| * | 488 | 283
[03] | BB-i11224 | 610 | 2| 3493 | 35 | 92 | 35 | 84 | - |-| - |-| * | 488 | 297
[03] | BB-i11240 | 1016 | 2| 3493 | 35 | 92 | 35 | 86 | - |-| - |-| * | 488 | 394
[03] | BB-i1145 | 1143 |3 | 3493 | 35 | 86 | 35 | 71 | - |-| - |-| * | 488 | 393
[03] | BT111145 | 1143 |3 | 3493 | 35 | 86 | 35 | 71 | - |-| - |-| * | 488 | 348
[03] | BB-i11536 | 914 | 3| 3493 | 35 | 86 | 35 | 95 | - |-| - |-| * | 488 | 384
[03] | BT111536 | 914 | 3| 3493 | 35 | 86 | 35 | 95 | - |-| - |-| * | 488 | 402
[03] | BB11536 | 914 | 3| 3493 | 35 | 86 | 35 | 41 | - |-| - |-| * | 488 | 308
[03] | BT1153 | 914 | 3| 3493 | 35 | 86 | 35 | 41 | - |-| - |-| * | 488 | 282
[03] | BB-111340 | 1016 | 3| 3493 | 35 | 86 | 35 | 89 | - |-| - |-| * | 488 | 386
[03] | BT-111340 | 1016 |3 | 3493 | 35 | 86 | 35 | 89 | - |-| - |-| * | 488 | 392
[03] | BB11153 | 330 | 2| 3493 | 35 | 92 | 35 | 99 | - |-| - |-| * | 508 | 194
[03] | BT111517 | 432 |2 | 3493 | 35 | 92 | 35 | 99 | - |-| - [-| * | 508 | 219
[03] | ABs3-11-15575 | 1461 | 2 | 3493 | 35 | 92 | 35 | 9 | - |- - |-| * | 508 | 468
[03] | ABse-11-1580 | 2032 | 2 | 3493 | 35 | 92 | 35 | 104 | - |-| - |-| * | 508 | 490
[03] BB8523 | 584 | 2| 254 | 25 | 76 | 25 | 36 | - |-| - |-| * | 537 | 307
[03] | ABsssi541 | 1041 | 2| 254 | 25 | 76 | 25 | 104 | - |- | - |-| =* | 537 | 482
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A.3.8.

BATAYNEH [BAT93]

Fi iF ¥ ¥p v ¥p
>F
R €«
R <
S>F
-l o T p
| ]
varied
Beam test Pull-out
lo |no %) Cx Cs Cy fem Dt |nst| st || fr fy O's,max
Author | Test e 7T~ | [mm] | [mm] | [mm] | [mm] | [MPa] |[[mm]| - [[mm]| -] - | [MPa] | [MPa]
[44] | seBzt | 120 (2| 8 | 16 | 227 | 16 | 152 | - |-| - |[-| * | 500 | 407
[44] | seBzz | 120 [2| 8 | 16 | 227 | 16 | 152 | - |- | - |-| * | 500 | 385
[44] | seczt | 120 [2| 8 | 16 | 227 | 16 | 23 | - |-| - [-| * | 500 | 590
[44] | seczz | 120 [2| 8 | 16 | 227 | 16 | 23 | - |- | - [-| * | 500 | 502
[44] | seczs | 120 [2| 8 | 16 | 227 | 16 | 23 | - |-| - [-| * | 500 | 565
[44] | seBsL | 120 2| 8 | 24 | 211 | 24 | 148 | - |- | - [-| * | 500 | 503
[44] | seBs2 | 120 2| 8 | 24 | 211 | 24 | 148 | - |-| - |-| * | 500 | 400
[44] | seBss | 120 2| 8 | 24 | 211 | 24 | 148 | - |- | - |-| * | 500 | 453
[44] | secsL | 120 2| 8 | 24 | 211 | 24 | 174 | - |- | - [-| * | 500 | 478
[44] | secsz | 120 2| 8 | 24 | 211 | 24 | 174 | - |- | - |[-| * | 500 | 446
[44] | Pezr21 | 80 |2| 8 | 16 | 227 | 16 | 257 | - |- | - |-| * | 500 | 376
[44] | pezr2z | 80 |2| 8 | 16 | 227 | 16 | 257 | - |- | - |-| * | 500 | 412
[44] | pezr2s | 80 |2| 8 | 16 | 227 | 16 | 257 | - |- | - |-| * | 500 | 402
[44] | Pearzs | 80 |2| 8 | 16 | 227 | 16 | 257 | - |- | - |-| * | 500 | 448
[44] | pear2z | 80 |2| 8 | 16 | 227 | 16 | 257 | - |- | - |-| * | 500 | 453
[44] | peakat | 80 |2| 8 | 16 | 227 | 16 | 333 | - |- | - |-| * | 500 | 511
[44] | pe2kez | 80 |2| 8 | 16 | 227 | 16 | 333 | - |- | - |-| * | 500 | 516
[44] | pezkes | 80 |2| 8 | 16 | 227 | 16 | 333 | - |- | - |-| * | 500 | 511
[44] | peaxat | 80 |2| 8 | 16 | 227 | 16 | 366 | - |- | - |-| * | 500 | 536
[44] | peaxez | 80 |2| 8 | 16 | 227 | 16 | 366 | - |- | - |-| * | 500 | 542
[44] | Peaxes | 80 |2| 8 | 16 | 227 | 16 | 366 | - |- | - |-| * | 500 | 531
[44] | sizeu | 180 | 2| 12 | 12 | 227 | 12 | 194 | - |- | - [-| * | 500 | 269
[44] | sizeiz | 180 | 2| 12 | 12 | 227 | 12 | 194 | - |- | - [-| * | 500 | 298
[44] | sizez | 180 |2 | 12 | 12 | 227 | 12 | 194 | - |-| - [-| * | 500 | 286
[44] | stzcu | 180 |2 | 12 | 12 | 227 | 12 | 177 | - |- | - [-| * | 500 | 397
[44] | sizc1z | 180 |2 | 12 | 12 | 227 | 12 | 177 | - |- | - [-| * | 500 | 415
[44] | sizc3 | 180 |2 | 12 | 12 | 227 | 12 | 177 | - |- | - [-| * | 500 | 363
[44] | sizBar | 180 |2 | 12 | 24 | 203 | 24 | 186 | - |- | - |-| * | 500 | 461
[44] | sizB22 | 180 | 2| 12 | 24 | 203 | 24 | 186 | - |- | - |-| * | 500 | 462
[44] | sizB2s | 180 |2 | 12 | 24 | 203 | 24 | 186 | - |- | - |-| * | 500 | 472
[44] | stzca1 | 180 |2 | 12 | 24 | 203 | 24 | 16 | - |-| - |-| * | 500 | 506
[44] | sizczz | 180 |2 | 12 | 24 | 203 | 24 | 16 | - |-| - [-| * | 500 | 468
[44] | sizczs | 180 |2 | 12 | 24 | 203 | 24 | 16 | - |-| - |-| * | 500 | 523
[44] | sizear | 180 | 2| 12 | 36 | 179 | 36 | 192 | - |- | - |-| * | 500 | 48l
[44] | sizBs2 | 180 | 2| 12 | 36 | 179 | 36 | 192 | - |- | - |-| * | 500 | 488
[44] | sizess | 180 | 2| 12 | 36 | 179 | 36 | 192 | - |- | - |-| * | 500 | 557
[44] | stzcar | 180 | 2| 12 | 36 | 179 | 36 | 217 | - |- | - |-| * | 500 | 558
lo |no %) Cx Cs Cy fem Dt |nst| st || fr fy O's,max
Author | Test [ T T [ [mm] | [mm] | [mm] | [mm] | [MPa] [[mm]] - |[mm]| - | - | [MPa] | [MPa]
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[44] | si2cs2 | 180 | 2| 12 | 36 | 179 | 36 | 217 | - |-| - |-| * | 500 | 565
[44] | sizcss | 180 2| 12 | 36 | 179 | 36 | 217 | - |- | - |- * | 500 | 537
[44] | Prazrer | 120 2| 12 | 24 | 203 | 24 | 272 | - |- | - |-| * | 500 | 428
[44] | Prazrz2 | 120 2| 12 | 24 | 203 | 24 | 272 | - |-| - |-| * | 500 | 354
[44] | Prazres | 120 2| 12 | 24 | 203 | 24 | 272 | - |- - |- * | 500 | 392
[44] | Praarzs | 120 2| 12 | 24 | 203 | 24 | 284 | - |- | - |- * | 500 | 466
[44] | Praarz2 | 120 2| 12 | 24 | 203 | 24 | 284 | - |- | - |- * | 500 | 456
[44] | Praxer | 120 2| 12 | 24 | 203 | 24 | 335 | - |- | - |- * | 500 | 415
[44] | Przaxez | 120 2| 12 | 24 | 203 | 24 | 335 | - |-| - |-| * | 500 | 450
[44] | Przaxes | 120 2| 12 | 24 | 203 | 24 | 335 | - |- | - |- * | 500 | 456
[44] | Przaxar | 120 2| 12 | 24 | 203 | 24 | 344 | - |-| - |- * | 500 | 520
[44] | Przaxez | 120 2| 12 | 24 | 203 | 24 | 344 | - |- | - |[-| * | 500 | 5%
[44] | Pzaxas | 120 2| 12 | 24 | 203 | 24 | 344 | - |- | - |- * | 500 | 498
[44] | swes1 | 240 [2| 16 | 16 | 211 | 16 | 152 | - |- | - |-| * | 500 | 368
[44] | swes12 | 240 [2| 16 | 16 | 211 | 16 | 152 | - |- | - |-| * | 500 | 366
[44] | swecit | 240 [2| 16 | 16 | 211 | 16 | 202 | - |- | - [-| * | 500 | 39
[44] | sweciz | 240 [2| 16 | 16 | 211 | 16 | 202 | - |- | - [-| * | 500 | 446
[44] | swec1s | 240 [2| 16 | 16 | 211 | 16 | 202 | - |-| - |-| * | 500 | 410
[44] | swes21 | 240 [2| 16 | 32 | 179 | 32 | 179 | - |-| - |-| * | 500 | 450
[44] | swes22 | 240 [2| 16 | 32 | 179 | 32 | 179 | - |-| - |-| * | 500 | 450
[44] | swem2s | 240 2| 16 | 32 | 179 | 32 | 179 | - |- | - |-| * | 500 | 486
[44] | swecar | 240 [2| 16 | 32 | 179 | 32 | 176 | - |- | - |-| * | 500 | 516
[44] | sweczz | 240 [2| 16 | 32 | 179 | 32 | 176 | - |-| - |-| * | 500 | 510
[44] | swema1 | 240 [2| 16 | 48 | 147 | 48 | 211 | - |-| - |-| * | 500 | 534
[44] | swem3s | 240 |2 | 16 | 48 | 147 | 48 | 211 | - |-| - |-| * | 500 | 540
[44] | swecar | 240 [2| 16 | 48 | 147 | 48 | 21 | - |- - |-| * | 500 | 536
[44] | swecs2 | 240 [2| 16 | 48 | 147 | 48 | 21 | - |- - |-| * | 500 | 516
[44] | swecas | 240 [2| 16 | 32 | 64 | 32 | 21 | - |- - |[-| * | 500 | 546
[44] | Piozr2s | 160 2| 16 | 32 | 64 | 32 | 293 | - |- | - |- * | 500 | 471
[44] | Piozr22 | 160 2| 16 | 16 | 211 | 16 | 293 | - |- | - [-| * | 500 | 459
[44] | Piozr2s | 160 2| 16 | 16 | 211 | 16 | 293 | - |- | - |-| * | 500 | 466
[44] | Piearzs | 160 2| 16 | 32 | 179 | 32 | 273 | - |- | - |-| * | 500 | 425
[44] | Pioarz2 | 160 2| 16 | 32 | 179 | 32 | 273 | - |- | - |-| * | 500 | 439
[44] | Pioarzs | 160 2| 16 | 32 | 179 | 32 | 273 | - |- | - |-| * | 500 | 467
[44] | Peaxer | 160 2| 16 | 32 | 179 | 32 | 348 | - |- | - |-| * | 500 | 488
[44] | Peaxzz | 160 2| 16 | 32 | 179 | 32 | 348 | - |- | - |-| * | 500 | 478
[44] | Peaxzs | 160 2| 16 | 32 | 179 | 32 | 348 | - |- | - |-| * | 500 | 499
[44] | Pearar | 160 2| 16 | 12 | 77 | 12 | 352 | - |- | - |[-| * | 500 | 515
[44] | Pieaxez | 160 2| 16 | 12 | 77 | 12 | 352 | - |- | - |[-| * | 500 | 515
[44] | Pieaxes | 160 2| 16 | 16 | 211 | 16 | 352 | - |- | - |-| * | 500 | 502
[44] | beamor | 180 |2 | 12 | 12 | 77 | 12 | 189 | - |-| - |-| * | 500 | 200
[44] | beam2i | 180 |2 | 12 | 12 | 77 | 12 | 217 | - |- - [-| * | 500 | 366
[44] | beamiz | 180 |2 | 12 | 12 | 77 | 12 | 218 | - |-| - |-| * | 500 | 464
[44] | beamoz1 | 180 |2 | 12 | 50 | 118 | 24 | 202 | - |- | - |-| * | 500 | 416
[44] | beamoz2 | 180 |2 | 12 | 50 | 118 | 24 | 182 | - |- | - [-| * | 500 | 396
[44] | ssAzr | 120 [2| 8 | 16 | 32 | 16 | 185 | - |- | - |- * | 500 | 233
[44] | seAzz | 120 [2| 8 | 16 | 32 | 16 | 185 | - |- | - |- * | 500 | 229
[44] | ssast | 120 [2| 8 | 24 | 48 | 24 | 212 | - |-| - |- * | 500 | 360
[44] | sseAm | 120 [2| 8 | 24 | 48 | 24 | 212 | - |- - [-| * | 500 | 382
[44] | ssas: | 120 [2| 8 | 24 | 48 | 24 | 212 | - |-| - |-| * | 500 | 364
[44] | sea | 180 2| 12 | 12 | 24 | 12 | 194 | - |-| - |-| * | 500 | 104
[44] | seaz | 180 2| 12 | 12 | 24 | 12 | 194 | - |- - [-| * | 500 | 212
[44] | seas | 180 2| 12 | 12 | 24 | 12 | 194 | - |- - [-| * | 500 | 232
[44] | szazz | 180 2| 12 | 24 | 48 | 24 | 166 | - |- | - |- * | 500 | 256
[44] | sizazs | 180 |2 | 12 | 24 | 48 | 24 | 166 | - |- | - |- * | 500 | 267

lo |no %) Cx Cs Cy fem Dt |nst| st || fr fy O's,max
Author | Test o T T [mm] [ [mm] | [mm] | [mm] | [MPa] [[mm]| - [[mm]| - | - | [MPa] | [MPa]
[44] | seast | 180 |2| 12 | 36 | 72 | 36 | 165 | - |-| - |-| = | s00 | 317
[44] | sizass | 180 [2| 12 | 36 | 72 | 36 | 165 | - | -] - |- * | 500 | 319
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[44] S16-All | 240 | 2 16 16 32 16 20 * 500 228
[44] S16-A12 | 240 | 2 16 16 32 16 20 * 500 186
[44] S16-A21 | 240 | 2 16 32 64 32 21.9 * 500 282
[44] S16-A23 | 240 | 2 16 32 64 32 21.9 * 500 264
[44] S16-A31 | 240 | 2 16 48 96 48 20.2 * 500 325
[44] S16-A32 | 240 | 2 16 48 96 48 20.2 * 500 326
[44] S16-A51 | 240 | 2 16 80 | 160 | 80 19.3 * 500 301
[44] S16-A52 | 240 | 2 16 80 | 160 | 80 19.3 * 500 289
[44] P8-OF21 | 80 |2 8 16 32 16 30.2 * 500 284
[44] P8-OF22 | 80 |2 8 16 32 16 30.2 * 500 289
[44] P8-OF23 | 80 | 2 8 16 32 16 30.2 * 500 287
[44] | P12-OF21 | 120 | 2 12 24 48 24 31.8 * 500 308
[44] | P12-OF22 | 120 | 2 12 24 48 24 31.8 * 500 265
[44] | P12-OF23 | 120 | 2 12 24 48 24 31.8 * 500 274
[44] | P16-OF21 | 160 | 2 16 32 64 32 28.5 * 500 284
[44] | P16-OF22 | 160 | 2 16 32 64 32 28.5 * 500 288
[44] | P16-OF23 | 160 | 2 16 32 64 32 28.5 * 500 288
[44] P8-OK21 | 80 |2 8 16 32 16 33.6 * 500 372
[44] P8-OK22 | 80 |2 8 16 32 16 33.6 * 500 360
[44] P8-OK23 | 80 |2 8 16 32 16 33.6 * 500 368
[44] | P12-0K21 | 120 | 2 12 24 48 24 34 * 500 297
[44] | P12-0K22 | 120 | 2 12 24 48 24 34 * 500 282
[44] | p16-0K21 | 160 | 2 16 32 64 32 30.8 * 500 245
[44] | p16-0K22 | 160 | 2 16 32 64 32 30.8 * 500 249
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A3.9.

BEEBY: BRUFFEL; GOUGH [BEET73]

lo |no %) Cx Cs Cy fem Dt |nst| st || fr fy O's,max
Author | Test e ™ T Tmm] | fmm] | [mm] | [mm] | [MPa] [Imm]| - |[mml| - | - | [MPa] | [MPa]
B | L | 230 2| 16 | 16 | 136 16 | 3 | - |- - |-| * | 500 | 267
51 | 2 | 230 2] 16 | 32 | 72 | 32 | 3 | - |-| - |-| * | 500 | 316
A.3.10. BETzLE [BETS80]

Fl | Fi
O
)
I I I I I I IO O O O 0O O O O O O O O OI I I I I I
> a

lh |[mv| O Cx Cs Cy fem Dt |nse| st |[ni| fr fy O's,max
Author | Test e o™ Tmm] | fmm] | [mm] | [mm] | (MPa] | [mm] | - | [mm]| - | - | [MPa] | [MPa]
[04] | BL | 1900 | 5] 28 | 28 | 56 | 50 | 20 | 16 | 9 | 205 | - |0.075] 440 | 450
[04] | B2 | 1530 | 5| 28 | 56 | 56 | 90 | 22 | 16 | 8 | 200 | - |0.075| 440 | 440
[04] | B3 | 1210 | 2 | 28 | 84 | 168 | 50 | 22 | 12 | 7 | 200 | - |0.072| 440 | 510
[04] | B4 | 640 [10] 16 | 48 | 32 | 50 | 24 | 10 | 5] 125 |- |0.078] 420 | 380
[04] | B5 | 420 | 5| 16 | 80 | 160 | 30 | 22 | 6 |5 135 | -|0.078] 420 | 320
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A.3.11. CHAMBERLIN [CHA56]

e
— -
0_6\1 L,=9.75 0.6l
L=10.36

lo [no %) Cx Cs Cy fem Dt |nst| st |nm| fr fy O's,max
Author | Test o tmm] | fmm] | [mm] | fmm] | [MPa] | [mm] | - [fmm] | - | - | [MPa] | [MPa]
[05] | s | 152 1] 127 |127] 0 |254] 308 | - | -1 - -] * | * | 238
[05] |smis | 152 1] 127 |191] 0 | 254 308 | - |- - |-] * | * | 263
[05] |smst | 152 1] 127 |127] 0 | 254 405 | - |-| - |-| * | * | 273
[05] |sms2 | 152 | 1] 127 |191] 0 |254] 405 | - |-| - |-] * | * | 320
[05] |smss | 152 | 1| 127 | 254 | 0 |254] 405 | - |-| - |-] * | * | 334
[05] | s | 152 1] 127 |127] 0 | 254 254 | - |- - |-] * | * | 285
[05] |smz7 | 152 | 1] 127 |127] 0 |254] 405 | - |-| - |-] * | * | 320
[05] |smzs | 152 | 1] 127 |191] 0 |254] 405 | - |-| - |- * | * | 340
[05] | smzs | 152 | 1| 127 | 254 | 0 |254] 405 | - |-| - |-] * | * | 340
[05] | sivss | 152 | 2| 127 | 508 | 254 | 254 | 313 | - |- - |-| * | * | 3%
[05] | smzs | 220 [1] 194 |191] 0 | 254 308 | - | -] - |- * | * | 289
[05] | s | 2541 127 |635] 0 |635] 254 | - |- - |-] * | * | 212
[05] | s |381]1] 127 |127] 0 |127] 254 | - |-| - |-] * | * | 253
[05] | w |508 1] 127 |191] 0 |190] 254 | - |-| - |-] * | * | 2%
[05] | e |635|1] 127 |254| 0 | 254 254 | - |- - |-| * | * | 337
[05] | w1 |254 1] 127 |635] 0 |635] 308 | - |- - |-] * | * | 161
[05] | we |381]1] 127 |127] 0 |127] 308 | - |-| - |-| * | * | 223
[05] | ws |508 1] 127 |191] 0 |191] 308 | - | -] - |- * | * | 249
[05] | ws |254 |1 127 |635] 0 |635] 308 | - |-| - |-] * | * | 76
[05] | we |381|1] 127 |127] 0 |127] 308 | - |-| - |- * | * | 1127
[05] | w7 |508 1] 127 |191] 0 |191] 308 | - |-| - |- * | * | 1617
[05] | we |382 1] 127 |635] 0 |635] 308 | - |-| - |-| * | * | 2437
[05] | wwo | 572 1] 127 |127] 0 |127] 308 | - |-| - |-| * | * | 21
[05] | w13 | 254 [ 1] 127 |635] 0 |635] 404 | - |- - |-] * | * | 259
[05] | w7 | 254 1] 127 |635] 0 |635] 404 | - |-| - |-] * | * | 210
[05] | wis | 3811 127 |127] 0 |127] 404 | - |- - |-] * | * | 241
[05] | wio |508 1] 127 |191] 0 |191] 404 | - |-| - |-] * | * | 201
[05] | w2t | 254 1] 127 |635] 0 |635] 404 | - |- - |-] * | * | 105
[05] | w2z 3811 127 |127] 0 [127] 404 | - |- - [-] * | * [ 12
[05] | w25 |508 | 1| 127 |191] 0 | 191 404 | - |- | - |-| * | * | 145
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A.3.12. CHAMBERLIN [CHA58]

"l

1
%
A A
O_CJS L,=0.23 L,=0.35 L,=0.23 ‘0.05
L=0.91
Autho | Tes lo ? 10/] Cx Cs Cy fem st | Nst St ni fr fy O's,max
r t | [mm
] - | [mm] | [mm]|[mm]|[mm]| [MPa] | [mm]| - |[mm]]| - - [MPa] | [MPa]
[06] 3a | 152 | 2| 127 13 76 25 31 - - - - * 345 227
[06] 3b | 152 | 2| 12.7 13 51 25 31 - - - - * 345 228
[06] 3c | 152 | 2| 12.7 13 25 25 31 - - - - * 345 231
[06] 4a | 152 | 1| 127 64 - 25 30 - - - - * 345 294
[06] 4b | 152 | 1| 12.7 57 - 25 30 - - - - * 345 303
[06] 4c | 152 | 1| 127 51 - 25 30 - - - - * 345 299
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A.3.13. CHAMBERLIN [CHAS87]

"l

1 1
e
a A
L,=3.96 ‘ L=2.74 ‘ L,=3.96
L=10.66

lo |no %) Cx Cs Cy fem Dt |nst| st || fr fy O's,max
Author | Test rr o™ T Tmm] [ [mm] | [mm] | [mm] | [MPa] | [mm]] - [[mm]| - | - | [MPa] | [MPa]
577 | R3 | 76 |1| 95 |587| 0 |587] 198 | - |- | - |-| * | 414 | 313
7] | W3 | 76 |1| 95 587 | 0 [587| 21.7 | - |- - |-| * | 414 | 254
[57] | 75 | 76 |1| 95 |587| 0 |587| 25 — o - x| a14 | 207
7] | W7 | 76 |1| 95 |587| 0 [587] 307 | - |-| - |-| * | 414 | 305
7] | V10 | 76 | 1| 95 |587| 0 |587] 286 | - |-| - |-| * | 414 | 201
[57] | V14 | 76 |1| 95 |587| 0 [587] 292 | - |-| - [-| * | 414 | 282
[57] | S28 | 76 | 1| 95 |587| 0 [587] 292 | - |-| - |- * | 414 | 322
[57] | Q28 | 76 |1| 95 |587| 0 |587] 313 | - |-| - |-| * | 414 | 317
[57] | R28 | 76 | 1| 95 |587| 0 |587] 374 | - |-| - |- * | 414 | 412
[57] | B2 | 127 1| 95 |587| 0 |587] 192 | - |-| - |- * | 414 | 416
[57] | 75 | 127 1| 95 |587| 0 |587] 196 | - |-| - |-| * | 414 | 344
[57] | E5 | 127 |[1| 95 |587| 0 |587] 21.2 | - |-| - |- * | 414 | 376
[57] | M5 | 127 |[1| 95 |587| 0 |587] 214 | - |-| - |- * | 414 | 369
[57] | 017 | 127 |[1| 95 |587| 0 |587] 273 | - |-| - |-| * | 414 | 453
[57] | F28 | 127 |1| 95 |587| 0 |587] 298 | - |-| - |-| * | 414 | 425
7] | R3 | 177 |1| 95 |587| 0 |587] 198 | - |-| - |-| * | 414 | 488
7] | V10 | 177 |1| 95 |587| 0 |587] 286 | - |-| - |-| * | 414 | 455
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A.3.14. CHINN; FERGUSON; THOMPSON [CHI55]

"l

l

—

iF

A A
o.o‘s L,=0.61-0.84 ‘ L,=0.43-0.84 L,=0.61-0.84 ‘0.05
L=1.85
— 500 — 400 Py
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Author | Test lo Nb %) Cx Cs Cy fem Dt | nst | St ni fr fy O's,max
[mm] - [Mm] | [mm] | [mm] | [mm] | [MPa]|[mm]| - |[[mm]| - - [MPa] | [MPa]
[07] D31 | 140 1 9.53 37 - 21 32 - - - - * 545 417
[07] D36 | 140 1 9.53 37 - 14 30 - - - - * 545 338
[07] D10 | 178 1 19.05 27 - 38 30 - - - - * 393 182
[07] D20 | 178 1 19.05 29 - 36 29 - - - - * 393 186
[07] D22 | 178 1 19.05 28 - 20 31 - - - - * 393 165
[07] D13 | 279 1 19.05 74 - 37 33 - - - - * 393 338
[07] D14 | 279 1 19.05 28 - 21 33 - - - - * 393 226
[07] D15 | 279 1 19.05 73 - 16 30 - - - - * 393 292
[07] D21 | 279 1 19.05 74 - 37 31 - - - - * 393 300
[07] D29 | 279 1 19.05 28 - 35 52 - - - - * 393 308
[07] D3 279 2 19.05 38 25 38 30 - - - - * 393 255
[07] D32 | 279 1 19.05 73 - 37 32 - - - - * 393 318
[07] D38 | 279 1 19.05 40 - 39 22 - - - - * 393 195
[07] D39 | 279 1 19.05 28 - 40 22 - - - - * 393 192
[07] D5 279 1 19.05 51 - 38 29 - - - - * 393 307
[07] D6 279 2 19.05 38 32 29 30 - - - - * 393 230
[07] D7 279 1 19.05 27 - 32 31 - - - - * 393 234
[07] D8 279 2 19.05 38 32 38 32 - - - - * 393 249
[07] D9 279 1 19.05 27 - 37 30 - - - - * 393 242
[07] D34 | 318 1 19.05 27 - 38 26 - - - - * 393 256
[07] D12 | 406 1 19.05 29 - 41 31 - - - - * 393 317
[07] D17 | 406 1 19.05 28 - 20 25 - - - - * 393 277
[07] D19 | 406 1 19.05 74 - 43 29 - - - - * 393 405
[07] D23 | 406 1 19.05 27 - 20 31 - - - - * 393 272
[07] D24 | 406 1 19.05 73 - 21 31 - - - - * 393 298
[07] D30 | 406 1 19.05 28 - 40 52 - - - - * 393 365
[07] D4 406 2 19.05 38 25 38 31 - - - - * 393 325
[07] D40 | 406 1 19.05 75 - 19 36 - - - - * 393 349
[07] D25 | 610 1 19.05 27 - 39 35 - - - - * 393 397
[07] D26 | 610 1 19.05 28 - 19 35 - - - - * 393 388
[07] D35 | 610 1 19.05 27 - 37 26 - - - - * 393 386
[07] D33 | 514 1 35.81 51 - 39 33 - - - - * 393 196
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A.3.15. CHol; HADJE-GHAFFARI; DARWIN; MCCABE [CHO91]

"l

ly

iF

1 1
A A
0 ‘ L,=1.22-1.37 L,=1.37-1.83 L,=1.22-1.37 ‘0
| =3.66-4.57

lo |no %) Cx Cs Cy fem Dt |nst| st || fr fy O's,max
Author | Test e s T Tm] | fmm] | fmm] | [mm] | [MPa] | fmm] | - |[mm]| - | - | [MPa] | [MPa]
[08] | 15No120U | 305 | 2 | 15.875] 51 | 102 | 25 | 37 | - | -| - |-|0086| 440 | 424
[08] | 15No120U | 305 | 3 | 15875 51 | 102 | 25 | 37 | - |- | - |-|0.086] 440 | 441
[08] | 26C0120U | 305 | 2 | 19.05 | 51 | 102 | 25 | 41 | - | -| - |-|0.079| 476 | 354
[08] | 2:65012:0-U | 305 | 2 | 19.05 | 51 | 102 | 25 | 41 | - |-| - |-| 006 | 490 | 315
[08] | 38No160U | 406 | 2 | 254 | 51 | 102 | 38 | 41 | - |- | - |-]008 | 440 | 297
[08] | 3850-16:0-U | 406 | 2 | 25.4 | 51 | 102 | 38 | 41 | - |- | - |-|0064] 490 | 295
[08] |411co240U | 610 |2 | 36 | 51 | 102 | 51 | 40 | - |-| - |-|0069] 476 | 261
[08] | 411502400 | 610 |2 | 36 | 51 | 102 | 51 | 40 | - |-| - |-|oo071] 490 | 278
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A.3.16. DARWIN, THOLEN; IDUN [DAR95]

Fi ’ : ' iF

:
0.]J5 L,=1.24-1.39 ‘ L,=1.22-1.83 ‘ L=1.24-1.39 ‘0.15
1=3.99-4.91

lo |no %) Cx Cs Cy fem Dt |nst| st || fr fy O's,max
Author | Test I 71 Tmm] | fmm] | [mm] | [mm] | [MPa] | [mom] | - |[mm]| - | - | [MPa] | [MPa]
[09] | L1 | 406 |2 | 254 | 75 | 149 ] 75 | 35 | - |-| - |-|0101] 414 | 356
[09] | 1.2 | 406 |2 | 254 | 52 | 116 | 49 | 35 | - |- | - |-|0.01] 414 | 308
[09] | 1.3 | 406 |3 | 254 | 52 | 73 | 49 | 35 | - |-| - |-|o0101] 414 | 311
[09] | 24 | 610 | 2| 254 | 51 | 97 | 33 | 36 | - |-| - |-|o014 | 517 | 374
[09] | 25 | 610 |2 | 254 | 52 | 94 | 46 | 36 | - |- | - |-|o0.14 | 517 | 406
[09] | 45 | 610 | 2| 254 | 52 | 98 | 47 | 28 | - |-| - |-|odol| 414 | 354
[09] | 65 | 610 | 2| 254 | 51 | 97 | 50 | 29 | - |-| - |-|o014 | 517 | 371
[09] | 83 | 610 | 2| 254 | 51 | 99 | 51 | 26 | - |- | - |-|0072] 545 | 427
[09] | 102 | 660 | 2| 254 | 52 | 95 | 49 | 29 | - | -| - |-|0119] 558 | 424
[09] | 13.4 | 406 |3 |15875] 53 | 52 | 34 | 28 | - | -| - |-|0109| 441 | 414
[09] | 143 | 432 |3 |15875] 52 | 52 | 33 | 29 | - | -| - |-|0109]| 441 | 430
[09] | 155 [1016|2 | 36 | 78 | 152 | 48 | 36 | - | -| - |-|0.127| 558 | 374
[09] | 162 [ 10162 | 36 | 77 | 151 | 48 | 36 | - |- | - |-|0.127] 558 | 362
[09] | 12.1 | 254 | 4 |15875] 48 | 26 | 34 | 28 | 13 | 2 | 254 | 2]0.082| 448 | 314
[09] | 12.2 | 254 | 4 | 15875] 50 | 26 | 33 | 28 | 13 | 2| 254 |2]0.109| 441 | 314
[09] | 12.3 | 254 |3 |15.875] 52 | 53 | 33 | 28 | 10 | 1| 254 |2|0.082| 448 | 335
[09] | 12.4 | 254 |3 |15.875] 52 | 52 | 32 | 28 | 10 | 1| 254 |2|0.109| 441 | 359
[09] | 13.1 | 305 | 3 |15.875] 39 | 65 | 33 | 28 | 10 | 1| 305 |2|0.109| 441 | 386
[09] | 13.2 | 305 | 3 | 15.875| 40 | 64 | 33 | 28 | 10 | 1| 305 |2|0.082| 448 | 388
[09] | 145 | 305 | 2 | 15.875] 40 | 160 | 3L | 29 | 10 | 2 | 305 | 2|0.082| 448 | 415
[09] | 14.6 | 305 | 2 | 15.875| 39 | 162 | 32 | 29 | 10 | 2 | 305 | 2|0.109| 441 | 432
[09] | L5 | 406 |3 | 254 | 52 | 70 | 49 | 35 | 13 |5 102 |2|0.101| 414 | 361
[09] | 1.6 | 406 |3 | 254 | 52 | 73 | 49 | 35 | 13 | 3| 203 |2]0.101] 414 | 360
[09] | 21 | 610 |2 | 254 | 57 | 87 | 34 | 36 | 10 | 7| 102 |2|0.071] 483 | 432
[09] | 2.2 | 610 |2 | 254 | 54 | 91 | 36 | 36 | 10 | 7| 102 | 2] 0.14 | 517 | 536
[09] | 23 | 610 | 2| 254 | 54 | 90 | 50 | 36 | 10 | 4| 203 | 2] 0.14 | 517 | 509
[09] | 34 | 610 | 2| 254 | 54 | 94 | 51 | 35 | 10 | 4| 203 |2]0085] - | 386
[09] | 35 | 711 |3 | 254 | 25 | 49 | 48 | 26 | 10 |8 102 |2]0085] - | 362
[09] | 41 | 610 | 2| 254 | 52 | 98 | 32 | 28 | 13 | 6| 122 |2]0071| 483 | 434
[09] | 42 | 610 | 2| 254 | 53 | 94 | 33 | 28 | 10 | 8| 87 |2] 0.14 | 517 | 503
[09] | 44 | 610 |2 | 254 | 52 | 100 | 3L | 28 | 10 | 4| 203 |2|0.101| 414 | 408
[09] | 5. | 610 |3| 254 | 51 | 97 | 32 | 29 | 10 | 7| 102 |2]0065] - | 448
[09] | 52 | 610 |3| 254 | 53 | 95 | 35 | 29 | 10 | 7| 102 |2] 0.14 | 517 | 454
[09] | 53 | 610 | 2| 254 | 52 | 94 | 33 | 29 | 10 | 7] 102 |2| 0.14 | 517 | 471
[09] | 54 | 610 | 2| 254 | 50 | 101 | 32 | 29 | 10 | 7| 102 |2|0065] - | 408
[09] | 55 | 610 | 2| 254 | 52 | 97 | 36 | 29 | 10 | 4| 203 |2]0085] - | 321
[09] | 56 | 559 | 2| 254 | 53 | 92 | 33 | 29 | 13 | 5] 140 | 2] 0.14 | 517 | 460
[09] | 6. | 610 |3| 254 | 52 | 21 | 48 | 29 | 13 | 8| 87 |2]0065]| - | 441
[09] | 6.2 | 610 |3| 254 | 51 | 22 | 51 | 29 | 13 | 8| 87 |2] 0.14 | 517 | 521
[09] | 6.3 | 406 |2 | 254 | 51 | 97 | 34 | 29 | 10 | 2| 406 | 2| 0.14 | 517 | 319
[09] | 64 | 406 |2 | 254 | 53 | 94 | 34 | 29 | 10 | 2| 406 |2]0085]| - | 253
[09] | 7.L | 406 |2 | 254 | 53 | 91 | 48 | 29 | 10 | 2| 406 | 2| 0.14 | 517 | 323
Author | Test lo |mv| @ Cx Cs Cy fem Dst |nst| st || fr fy O's,max
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[mMm]| - | [mm] |[mm]|[mm]|[mm]| [MPa] |[mm]| - |[mm]]| - - [MPa] | [MPa]
[09] 7.2 | 457 | 2| 254 37 | 129 | 33 29 13 | 5] 114 |2]0.101| 414 387
[09] 75 | 610 | 3| 254 52 20 51 29 13 | 8| 87 |2] 014 | 517 512
[09] 76 | 406 | 2| 254 52 | 100 | 49 29 10 | 2| 406 | 2]0.101 | 414 307
[09] 81 | 610 | 3| 254 52 23 50 26 13 | 8| 87 |2]0.069| 545 489
[09] 82 | 610 | 3| 254 52 22 50 26 13 | 8| 87 |2]0.119| 558 547
[09] 84 | 406 | 2| 254 52 96 48 26 10 | 2| 406 | 2]0.119| 558 339
[09] 9.1 | 610 | 2| 254 52 95 50 29 10 | 2| 610 | 2]0.119| 558 440
[09] 9.2 | 457 | 2| 254 52 94 33 29 10 | 6] 91 | 2] 014 | 517 479
[09] 93 | 610 | 2| 254 53 97 46 29 10 | 2| 610 | 2]0.069| 545 383
[09] 94 | 610 | 2| 254 51 96 49 29 10 | 2| 610 |2] 0.14 | 517 451
[09] 103 | 660 |2 | 254 53 94 46 29 10 | 2| 660 | 2]0.069| 545 408
[09] 104 | 508 |2 | 254 53 95 49 29 13 | 5] 127 | 2]0.069| 545 430
[09] 111 | 457 | 3| 254 51 23 49 30 13 | 6] 91 |2] 014 | 517 467
[09] 112 | 457 | 2| 254 53 94 48 30 13 | 4] 152 | 2]0.069| 545 429
[09] 113 | 457 | 2| 254 52 94 49 30 13 | 4] 152 | 2]0.119| 558 433
[09] 114 | 610 |2 | 254 53 94 49 30 10 | 2| 610 |2] 0.14 | 517 433
[09] 141 | 914 | 3| 254 52 25 48 29 10 | 3| 457 |2]0.101| 414 418
[09] 142 | 533 | 3| 254 51 24 48 29 13 | 7] 89 |2]0.101| 414 438
[09] 151 | 686 | 2 36 38 76 48 36 13 | 9| 8 |2]0.127| 558 470
[09] 152 | 686 | 2 36 41 75 49 36 13 | 9] 8 |2]0.072| 441 438
[09] 153 | 1016 | 2 36 39 78 46 36 10 [10] 113 |2]0.072| 441 433
[09] 154 11016 | 2 36 40 75 48 36 10 [10] 113 |2]0.127 | 558 537
[09] 16.3 | 1016 | 2 36 77 | 151 | 45 36 10 | 4] 339 |2]0.127| 558 426
[09] 16.4 1016 | 2 36 78 | 152 | 47 36 10 | 4] 339 | 2] 0.07 | 483 424
[09] 173 | 965 | 2 36 77 | 152 | 48 32 10 | 8] 138 | 2]0.127 | 558 479
[09] 174 | 965 | 2 36 79 | 152 | 47 32 10 | 8] 138 | 2| 0.07 | 483 457
[09] 175 | 762 | 2 36 78 | 152 | 48 32 13 | 7] 127 | 2] 0.07 | 483 406
[09] 176 | 762 | 2 36 78 | 151 | 49 32 13 | 7] 127 | 2]0.127| 558 479
[09] 18.1 | 1016 | 2 36 38 | 229 | 47 32 10 [10] 113 |2]0.127 | 558 557
[09] 18.3 | 1016 | 2 36 77 | 152 | 49 32 10 | 6] 203 | 2]0.127 | 558 482
[09] 18.4 11016 | 2 36 77 | 154 | 48 32 10 | 6] 203 | 2] 0.07 | 483 459
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A.3.17. DE VRIES: MOEHLE; HESTER [DEV91]

"l

ly

1 1
<
0.41 L,=0.99 L,=2.18 ‘ L,=0.99 ‘0.31
L=4.78
lo |no %) Cx Cs Cy fem Dt |nst| st || fr fy O's,max
Author | Test o o T ] | fmm] | fmm] | fmm] | [MPa] [ fmm] | - [fmm]| - | - | [MPa] | [MPa]
[10] | 8c9B-P6 [ 229 [ 2] 19.05 [ 48 [ 108 | 29 [ 61 [ 10 [3] 114 [2] * | 528 [ 485
[10] | 8n-9B-P6 | 229 [ 2] 19.05 | 41 [ 124 | 32 | 57 [ 10 [ 3| 114 [2] * | 528 | 389
[10] | 8c-228-P9 | 559 | 2 [28.6512] 38 | 89 | 29 | 51 [ 10 [4| 186 [2| * | 458 | 364
[10] | 8n-188-P9 | 457 | 2 |28.6512] 35 | 98 | 38 | 53 | 10 [ 3| 229 [2] * | 485 | 356
[10] | 8c-16B-P9 | 406 | 2 [28.6512] 35 | 95 | 27 | 51 [ 10 [ 3] 203 [2| * | 458 | 292
[10] | 8c-188-P9 | 457 | 2 |28.6512] 43 | 79 | 32 | 59 | 10 [ 3| 229 [2] * | 485 | 361
[10] | 1on-12B-P9 | 305 | 2 |28.6512] 49 | 66 | 30 | 67 | 10 [ 3| 152 [2| * | 485 | 258
[10] | 10G-12B-P9 | 305 | 2 |28.6512] 41 | 82 | 32 | 67 | 10 [ 3| 152 [2| * | 485 | 258
[10] | 15G-128-P9 | 305 | 2 |28.6512] 35 | 98 | 30 | 111 [ 10 [ 3| 152 [2| * | 485 | 337
[10] | 15N-128-Po | 305 | 2 [28.6512] 38 | 92 | 32 | 93 [ 10 [ 3] 152 [2] * | 485 | 349
A.3.18. ELIGEHAUSEN [ELI79]
Eligehausen, R.: UbergreifungsstoRe zugbeanspruchter Rippenstabe mit geraden
Stabenden. In: DAfStb, 1979.
lh || @ Cx Cs Cy fem Dt |nst| st |ni| fr fy O's,max
Author| Test o T rm] [ fmm] | fmm] | fmm] | [MPa] | fom] | - | fmm] | - | - | [MPa] | [MPa]
[11] [ HiA [ 612 2] 20 [ 40 [ 160 | 40 [ 28 - [ -1 - [-]*71 550 | 402
[11] | HeAa [ 209 |2 12 | 24 | 48 | 40 | 28 - -1 - [-[*] 550 | 44
[11] [ seoat | 600 [2] 20 | 40 | 60 | 140 | 31 - | -] - [-]*] 550 | 344
[11] [ seoa2 | 600 [2] 20 | 40 | 60 | 140 | 31 - -] - [-[*] 550 | 311
[11] [ seoas | 600 [ 2| 20 | 40 | 60 | 140 | 31 - | -] - [-]*] 550 | 353
[11] [s120a1] 600 [2] 20 | 40 | 120 | 140 | 31 - -1 - [-[*] 550 | 421
[11] [s120a2] 600 [ 2] 20 | 40 | 120 | 140 | 31 - -1 - [-]*] 550 | 417
[11] [s120a3] 600 [2] 20 | 40 | 120 | 140 | 31 - | -1 - [-]*1] 550 | 416

A-96




A.3.19. FERGUSON; BRICENO [FERG69]

[

A A

Autho Test lo IZ () Cx Cs Cy fem Dst I':s St rl] fr fy G's,max
" [”]‘m - | [mm] [”]‘m [”]‘m [”]‘m [MPa] [”]‘m : [”]‘m -1 - | mPal | [MPa]

[13] | 24 | 146 | 2| 36 | 23 | 47 | 51 | 25 | 6 |8 188 |2| * | 448 | 448
[13] | 25 | 107 |3| 36 | 23 | 50 | 51 | 23 | 10 | 8| 152 2| * | 448 | 439
[13] | 26 | 107 | 3| 36 | 20 | 54 | 51 | 22 | 10 | 8| 152 2| * | 483 | 415
[13] | 17 | 127 |2 | 36 | 73 | 143 | 51 | 24 | - |-| - |-| * | 448 | 410
[13] | 22 | 127 |2] 3 | 57 | 175 51 | 27 | - |-| - |-| * | 448 | 531
[13] | 14 | 84 |2| 3 | 73 | 143 | 51 | 21 | - |-| - |-| * | 448 | 283
[13] | 138 | 112 |2 | 36 | 54 | 111 | 51 | 23 | - |-| - |-| * | 448 | 386
[13] | 16 | 112 |2| 36 | 56 | 108 | 51 | 21 | - | -| - |-| * | 448 | 379
[13] | 15 | 165 |2 | 36 | 56 | 108 | 51 | 23 | - | -| - |-| * | 448 | 497
[13] | 28 | 112 |2| 36 | 56 | 108 | 51 | 23 | - |-| - |-| * | 483 | 414
[13] | 12 | 165 2] 3 | 30 | 75 | 51 | 29 | - |-| - |-| * | 448 | 492
[13] | 2a | 8L |2| 25 | 38 | 76 | 51 | 27 | - |-| - |-| * | 483 | 407
[13] | 27 | 107 |2] 3 | 8 | 65 | 51 | 23 | - |-| - |-| * | 483 | 276
[13] | 1a | 119 |2| 25 | 25 | 51 | 51 | 19 | - |-| - |-| * | 483 | 352
[13] | 7 | 146 |2| 36 | 23 | 47 | 51 | 20 | - |-| - |-| * | 448 | 308
[13] | 1L | 216 |2 | 36 | 22 | 47 | 51 | 22 | - | -1 - |-| * | a48 | 410
[13] | 19 | 146 |2 | 36 | 23 | 43 | 51 | 26 | - |-| - |-| * | 248 | 410
[13] | 20 | 146 1] 36 | 23 | 43 | 51 | 22 | - |-| - |-| * | 448 | 386
3] | L | 216 |2] 3 | 22 | 43 | 51 | 19 | - |-| - |-| * | 448 | 317
[13] | 9 | 216 |2] 3 | 22 | 43 | 51 | 21 | - |-| - |-| * | 448 | 407
[13] | 5 | 216 |2] 3 | 21 | 43 | 51 | 27 | - |-| - |-| * | 448 | 417
[13] | 3a | 107 2] 25 | 17 | 30 | 51 | 26 | - |-| - |-| * | 483 | 438
[13] | 4a | 107 |2] 25 | 15 | 28 | 50 | 30 | - |-| - |-| * | 483 | 410
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A.3.20. FERGUSON; THOMPSON [FER62]

VN

) b }

lo [no %) Cx Cs Cy fem Dt |nst| st |nmi| fr fy O's,max
Author | Test e o T ] | fmm] | fmm] | fmm] | (MPa] | fmm] | - [fmm]| - | - | [MPa] | [MPa]
4] | B3 |400 |[1] 22 | 44 [ 0 [ 4 | 26 | - [ -] - [-] * | 417 | 4s
[14] | B9 400 [1] 22 | 42 | 0 | 43 | 20 | - |-| - [-| * | 383 | 380
[14] | B20 | 400 [1| 22 | 43 | 0 | 43 | 37 | - |-| - |-] * | 541 | 541
[14] | B46 | 533 |1] 22 | 37 | 0 | 37 | 28 | - |-| - |-| * | 517 | 513
[14] | B47 | 533 1] 22 | 41 | 0 | a1 | 18 | - |-| - [-| * | 398 | 400
[14] | B16 533 1] 22 | 20 | 0 | 20 | 27 | - |-| - [-| * | 433 | 434
[14] | B27 | 533 1] 22 | 38 | 0 | 30 | a1 | - [-| - [-] * | 617 | 6l6
[14] | B34 |53 1] 22 | 65 | 0 | 65 | 16 | - |-| - |-] * | 457 | 458
[14] | B38 |53 1] 22 | 66 | 0 | 66 | 25 | - |-| - |-] * | 595 | 593
[14] | B4 [ 533 1] 22 | 38 | 0 | 3 | 24 | - |- - [-| * | 400 | 400
[14] | B4 |579 1] 22 | 43 ] 0 | 43 | 32 | - |-| - [-] * | 561 | 557
[14] | B21 | 579 [1] 22 | 42 | 0 | 42 | 3 | - |-| - |-] * | 540 | 539
[14] | B3% | 710 1] 22 | 61 ] 0 | 62 | 20 | - |- - [-] * | 623 | 623
[14] | B3 | 710 |1] 22 | 65 | 0 | 6 | 22 | - [-| - |- * | 678 | 618
[14] | B37 |70 [1] 22 | 19 | 0 | 20 | 20 | - [-| - [-| * | 474 | 413
[14] | B39 | 710 [1] 22 | 68 | 0 | 6 | 23 | - | -] - |-] * | 630 | e45
[14] | B4 | 710 [1] 22 | 23 | 0 | 23 | 26 | - |-| - |-] * | 595 | 501
4] | B4 | 710 [1] 22 | 42 | 0 | 42 | 21 | - |- - [-] * | 506 | 517
[14] | B24 | 710 [1] 22 | 40 | 0 | 40 | 25 | - |-| - |-] * | 630 | 631
[14] | B15 | 710 |[1] 22 | 39 | 0 | 3 | 23 | - [-| - [-] * | 511 | 508
4] | B17 |70 [1] 22 | 37 | 0 | 37 | 19 | - [-| - [-| * | 479 | 418
[14] | B2 | 710 |1| 22 | 35 | 0 | 3 | 39 | - |[-| - |-] * | 643 | 641
4] | B7 |70 1] 22 | 42 | 0 | 42 | 18 | - |-| - |[-] * | 485 | 485
[14] | B42 |88 1| 22 | 42 | 0 | 42 | 20 | - [-| - |-] * | s10 | 606
[14] | B4 |88 1] 22 | 20 | 0 | 20 | 23 | - |-| - [-] * | 535 | 532
[14] | B3 |88 1] 22 | 42 | 0 | 42 | 19 | - |[-| - [-] * | 561 | 563
[14] | BL |88 1] 22 | 53 | 0 | 53 | 24 | - [-| - |-] * | 651 | 651
[14] | B43 888 1| 22 | 24 | 0 | 24 | 25 | - |-| - [-] * | 609 | 606
[14] | A4 304 1] 95 | 31 ] 0 |31 | 18 | - [-| - [-] * | 671 | 663
4] | Al 380 1] 95 | 17 | 0 | 17 | 17 | - [-| - |- * | 628 | 723
4] | c1 1721 358 | 37 | 0 | 37 | 41 | - [-| - |[-] * | 322 | 331
[14] | c8 |1172]|1] 358 | 40 | 0 | 40 | 16 | - |-| - [-| * | 361 | 370
[14] | co 11721 358 | 70 | 0 | 70 | 23 | - [ -] - -] * | 404 | 4l6
[14] | C5 [1757|1] 358 | 44 | 0 | 44 | 27 | - [ -] - [-] * | 466 | 465
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A.3.21. FERGUSON; BREEN; THOMPSON [FER65a]

"l

.

A
) b }
lo |np %) Cx Cs Cy fem Dst |nst| st || fr fy O's,max
Author | Test e T 1 Tmm] | [mm] | [mm] | [mm] | [MPa] | [om] | - |fmm]| - | - | [MPa] | [MPa]
[15] |C26M[ 12892 | 36 | 118 | 308 | 76 | 19 - -1 —T-1T * [ 614 | 564
[15] [C23M[ 12892 | 36 | 118 | 307 | 38 | 20 - - T * 1614 | ar7
A.3.22. FERGUSON; THOMPSON [FERG65D]
Fi b L b iF
I ]
%
‘ L,=0.51-2.17
— 700 T — 700 T o P
£ 600 T Q. O g® £ 600 1 ° ge
€ 500 1 g0 O € 500 1 go(!g o
Z, 400 T ° 3 £E4oo T 209
%300 T ® o with transv. reinf. 5 300 + ¢ © with transv. reinf.
o 200 + ®d=25mm EZOO T ed=25mm
100 T od=35mm 5 100 od=35mm
0 } T T o 0 T T 1
0 20 40 60 80 0 20 40 60 80
s / D |/ B
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Author | Test lo Nb @ Cx Cs Cy fem Dst |nst| st |ni| fr fy G's,max
[mm] - [mMm] |[mm]|[mm]|[mm]]| [MPa] |[mm]| - |[mm]]| - | - | [MPa] | [MPa]
[12] 11R36a | 1257 2 36 117 | 235 | 51 21 10 |11] 126 |2 * | 641 578
[12] 8F36¢ 914 2 25.4 83 | 167 | 37 19 6 6| 183 |2| * | 510 427
[12] 8F36d 914 2 25.4 83 | 167 | 39 25 6 |10]| 102 |2| * | 510 514
[12] 8F36e 914 2 25.4 83 | 168 | 37 29 6 6| 183 |2| * | 510 533
[12] 8F36f 914 2 25.4 83 | 167 | 38 26 6 |10]| 102 |2| * | 510 537
[12] 8F36g 914 2 25.4 83 | 166 | 39 21 6 6| 183 |2| * | 510 521
[12] 8F36h 914 2 25.4 83 | 166 | 40 13 6 (14| 70 |2| * | 510 393
[12] 8F36j 914 2 25.4 83 | 168 | 38 13 6 (14| 70 |2| * | 510 452
[12] 8F30b 762 2 25.4 83 | 166 | 38 18 6 6| 152 |2| * | 510 400
[12] 8R18a 457 2 25.4 83 | 166 | 44 24 - - - -| * | 683 286
[12] 8R24a 610 2 25.4 83 | 168 | 42 24 - - - -| * | 683 408
[12] 8F30a 762 2 25.4 83 | 167 | 39 21 - - - -| * | 510 366
[12] 8F36a 914 2 25.4 83 | 169 | 36 32 - - - -| * | 438 457
[12] 8F36b 914 2 25.4 83 | 164 | 36 26 - - - -| * | 510 425
[12] 8F36k 914 2 25.4 36 72 35 24 - - - -| * | 510 381
[12] | 8F39a*** | 991 2 25.4 83 | 167 | 39 25 - - - -| * | 438 503
[12] | 8F42a** | 1067 2 25.4 83 | 170 | 38 18 - - - -| * | 438 455
[12] | 8F420** | 1067 2 25.4 83 | 169 | 37 26 - - - -| * | 438 507
[12] 8R42a 1067 2 25.4 83 | 170 | 40 23 - - - -| * | 683 494
[12] 8R48a 1219 2 25.4 83 | 166 | 38 21 - - - -| * | 683 508
[12] 8R64a 1626 2 25.4 83 | 167 | 39 24 - - - -| * | 683 625
[12] 8R80a 2032 2 25.4 83 | 166 | 38 26 - - - -| * | 683 672
[12] 11R24a 838 2 36 117 | 235 | 42 26 - - - - | * | 641 359
[12] 11R30a | 1048 2 36 117 | 235 | 33 28 - - - - | * | 641 405
[12] 11F36a | 1257 2 36 117 | 235 | 38 32 - - - -| * | 503 444
[12] 11F36b | 1257 2 36 117 | 234 | 37 23 - - - - | * | 448 411
[12] 11F42a | 1467 2 36 117 | 233 | 38 24 - - - - | * | 448 442
[12] 11F48a | 1676 2 36 117 | 235 | 39 22 - - - -| * | 503 512
[12] 11F48b | 1676 2 36 117 | 237 | 40 23 - - - - | * | 448 498
[12] 11R48a | 1676 2 36 117 | 237 | 38 39 - - - - | * | 641 569
[12] 11R48b | 1676 2 36 117 | 239 | 52 21 - - - - | * | 641 499
[12] 11F60a | 2096 2 36 117 | 232 | 40 18 - - - -| * | 503 585
[12] 11F60b | 2096 2 36 117 | 233 | 38 28 - - - - | * | 448 538
[12] 11R60a | 2096 2 36 117 | 233 | 36 19 - - - - | * | 641 523
[12] 11R60b | 2096 2 36 117 | 232 | 44 24 - - - - | * | 641 614
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A.3.23. FERGUSON; KRISHNASWAMY [FERT71]

|

n
4—
n

I h
AN

x1=0,15  L1=1,99 L2= 2,44 L1=1,99 x1=0,15

F—F * # +—

L ges =6,71
+ +
iF
[
A A
o — .y
—

lo | %) Cx Cs Cy fem Dt [nst| st |ni| fr fy O's,max
Author | Test o fmm] | fmm] | fmm] | fmm] | [MPa] | [mm] | - |fmm]| - | - | [MPa]| [MPa]
[16] | 1452 |1137| 2| 43 | 86 | 177 ] 60 | 23 | 6 |19] 76 |2| * | 410 | 427
[16] | 1453 | 76 | 2| 43 | 86 | 174 | 60 | 21 | 6 |13] 64 |2| * | 269 | 277
[16] | 1454 | 76 |2 | 43 | 86 | 177 | 60 | 22 | 6 [13] 64 |4| * | 345 | 354
[16] | 1456 | o1 |2 | 43 | 86 | 177 | 60 | 25 | 6 |16] 6L |4| * | 414 | 425
[16] |1ssi+++| 183 | 2| 57 | 114 | 231 | 76 | 19 | 10 |13] 152 |2| * | 452 | 506
[16] | 1852 | 152 |2 | 57 | 114 | 231 | 76 | 18 | 10 |13] 127 [4| * | 363 | 375
[16] | 1853 | 183 |2 | 57 | 114 | 231 | 76 | 82 | 6 |13] 152 |4| * | 410 | 417
[16] | 1854 | 152 |2 | 57 | 114 | 233 | 76 | 27 | 13 |20] 80 |2| * | 455 | 465
[16] | 1es13 | 122 |2 | 57 | 114 | 234 | 76 | 23 | 10 |16] 8L |4| * | 410 | 420
[16] | 1esi1 | 152 |2 | 57 | 114 | 234 | 76 | 22 | 10 |10] 169 |4 | * | 429 | 440
[16] | 1ssi5 | 249 |2 | 57 | 114 | 228 | 67 | 20 | - |-| - [-| * | 423 | 367
[16] | 1est2 | 152 |2 | 57 | 114 | 234 | 76 | 22 | - |-| - |-| * | 423 | 320
[16] | spss | o1 |1] 36 | 287 | - | 10 | 23 | - |-| - [-| * | 466 | 373
[16] |sPasr++| 140 | 1| 36 | 287 | - | 19 | 23 | - |-| - [-| * | 466 | 510
[16] | sps2 | 127 1] 36 | 287 | - | 32 | 23 | - |-| - |-| * | 466 | 489
[16] | spss | 51 | 1] 36 | 287 | - | 51 | 23 | - |-| - [-| * | 466 | 263
[16] | sPs6 | 61 | 1] 36 | 204| - | 51 | 24 | - |-| - [-| * | 466 | 325
[16] | sp40 | 38 | 2| 16 | 32 | 64 | 21 | 22 | - |-| - [-] * | 503 | 297
[16] |sPar+++| 114 | 3| 36 | 143 | 105 | 51 | 22 | - |-| - |-| * | 466 | 508
[16] | spso | 114 | 3| 36 | 54 | 106 | 51 | 22 | - |-| - [-| * | 494 | 368
[16] | sps8 | 102 |2 | 36 | 36 | 71 | 51 | 20 | - |-| - [-| * | 466 | 312
[16] | 14st | 114 |2 | 43 | 86 | 177 ] 60 | 19 | - |-| - [-| * | 421 | 325
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A.3.24. GHAGHEI [GHA90]

_

o
[ ] [ ]
do2s 0025
0.15
040
b |nv | @ Cx Cs Cy fem Dt |nse| st || fr fy O's,max
Author | Test [ ™ Timm] [ [mm] | [mm] | [mm] | [MPa] [[mm]| - [Imm]| - | - | [MPa] | [MPa]
[49] | 4~ [200] 2 | 25| 25 | 50 | 25 | 355 | - | -] - |-| * | 495 | 362
[29] | 6 |100] 2 | 25| 25 | 50 | 25 | 33 | - |-| - |-| * | 495 | 149
[49] | 7 [100] 2 | 25| 25 | 50 | 25 | 328 | - |- | - |-| * | 495 | 215
[29] | 8 |100] 2 | 25| 25 | 50 | 25 | 296 | - |-| - |-| * | 495 | 164
[29) | 9 | 100] 2 | 25 | 25 | 50 | 25 | 294 | - |- | - |-| * | 495 | 165

A.3.25. HAMAD; ITANI [HAM98]

Fi b iF

1 1
<
A A
O-JJ. L,=0.53 | L,=0.65 | L,=058 !0.1
1 =2.00
lo nn| @ Cx Cs Cy fem DBt | nst | St || fr fy O's,max
Author | Test o o fm] | fmm] | [mm] | fmm] | IMPa] | [mm] | - |[mm]| - | - | [MPa] | [MPa]
[17] |PcooBsp2] 305 | 2 | 25 | 38 | 80 | 38 | 66 | - | - | - |-] * | 426 | 370
[17] |scosBsp2| 305 | 2 | 25 | 38 | 80 | 38 | 77 | - | - | - |-| * | 426 | 391
[17] |scioBsp2| 305 | 2 | 25 | 38 | 80 | 38 | 77 | - | - | - |-| * | 426 | 356
[17] |scisBsp2| 305 | 2 | 25 | 38 | 80 | 38 | 76 | - | - | - |-| * | 426 | 379
[17] |sczoBsp2| 305 | 2 | 25 | 38 | 80 | 38 | 74 | - | - | - |-| * | 426 | 388
[17] |PcooBspa| 305 | 2 | 25 | 38 | 80 | 38 | 52 | - | - | - |-| * | 426 | 317
[17] |scioBspa| 305 | 2 | 25 | 38 | 80 | 38 | 71 | - | - | - |-| * | 426 | 339
[17] |sczoBspa| 305 | 2 | 25 | 38 | 80 | 38 | 76 | - | - | - |-| * | 426 | 267
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A.3.26. HAMAD [HAM9O0]

Author Test lh || @ Cx Cs Cy fem Dt |nst| st || fr fy O's,max
[mMm]| - | [mm]|[mm]|[mm]|[mm]| [MPa] |[mm]| - [[mm]| - | - | [MPa] | [MPa]
[18] 6P3-183-U++| 46 |3 | 19 51 32 51 26 10 | 31229 |2] * 470 502
[18] 11P3-30-3-U 76 | 2] 36 51 98 51 26 10 | 31381 |2]| * 441 179
[18] 11P-30-6-U 76 | 2] 36 51 98 51 28 10 | 6] 152 |2]| * 441 305
[18] 11P3-30-6-U 76 | 3] 36 51 39 51 28 10 | 6] 152 |2]| * 441 242
[18] 6P3180U 46 | 3] 19 51 32 51 26 - - - - * 470 452
[18] 11P3300U 76 | 2] 36 51 98 51 26 - - - -l * 441 247
A.3.27. HAMAD [HAM95]
0.254
0.20 ) 0.254 )
1 1
L
L] —— —F
y | o o | Y | o |«
Front Side
lo |no %) Cx Cs Cy fem Dt |nst| st |nm| fr fy O's,max
Author | Test o T m] | [mm] | [mm] | [mm] | [MPa] [[mm]| - [[mm]] - | - | [MPa] | [MPa]
[54] |34505-004| 248 |1 | 18.6 | 23.8 0 128 | 22.4 - - - * 500 273
[54] |345-050.04r| 248 |1 | 18.6 | 23.8 0 128 | 22.4 - - - * 500 259
[54] |6-45-05004| 248 |1 | 18.6 | 23.8 0 128 | 43.1 - - - * 500 439
[54] |6-45-050.04r | 248 |1 | 18.6 | 23.8 0 128 | 43.1 - - - * 500 405
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A.3.28.

"l

HAMAD; MANSOUR [HAMO96]

ly

1 1
<
A A
0.0‘5 L,=0.65 L,=0.70 L,=0.65 ‘0.05
1 =2.00
lo |no %) Cx Cs Cy fem Dt |nst| st |nmi| fr fy O's,max
Author Test (mm]| - | [mm] | [mm] | [mm] | [mm]| (MPa] [[mm]| - [[mm]|-| - | [MPa]| [MPa]
[19] | st143000 | 300 | 3] 14 | 20 | 238 ] 20 | 23 | - |- - |-]0056] 469 | 379
[19] | s21430030 | 300 | 3| 14 | 20 | 208 | 20 | 22 | - |-| - |-|0.056| 469 | 393
[19] | s31430060 | 300 | 3| 14 | 20 | 178 | 20 | 23 | - |-| - |-|0.056| 469 | 406
[19] | s41430090 | 300 | 3| 14 | 20 | 148 | 20 | 21 | - |-| - |-|0.056| 469 | 402
[19] | ss514300120 | 300 |3 | 14 | 20 | 118 | 20 | 21 | - |-| - |-|0.056| 469 | 371
[19] | se14300150 | 300 |3 | 14 | 20 | 8 | 20 | 22 | - |-| - |-|0.056| 469 | 363
[19] | sre3000 | 300 | 3| 16 | 20 | 232 | 20 | 22 | - |-| - |-|0.056| 476 | 331
[19] | ss1630030 | 300 | 3| 16 | 20 | 202 | 20 | 21 | - |-| - |-|0.056| 476 | 338
[19] | so1630060 | 300 | 3| 16 | 20 | 172 | 20 | 22 | - |- | - |-|0.056| 476 | 350
[19] | sio1630090 | 300 | 3| 16 | 20 | 142 | 20 | 23 | - |-| - |-|0.056| 476 | 363
[19] | si116300120 | 300 | 3| 16 | 20 | 112 | 20 | 22 | - | -] - |-|o0056]| 476 | 331
[19] | si2-16300150 | 300 | 3| 16 | 20 | 82 | 20 | 23 | - | -] - |-|o0056]| 476 | 321
[19] | s13203500 | 350 | 3| 20 | 20 | 220 | 20 | 20 | - |- | - |-|0056| 474 | 340
[19] | s142035035 | 350 |3 | 20 | 20 | 185 | 20 | 10 | - |-| - |-|0.056| 474 | 363
[19] | s152035070 | 350 | 3| 20 | 20 | 150 | 20 | 21 | - |- | - |-|0.056| 474 | 370
[19] | s1620350105 | 350 | 3| 20 | 20 | 115 | 20 | 24 | - | -| - |-|0056| 474 | 374
[19] | si720350140 | 350 | 3| 20 | 20 | 80 | 20 | 22 | - |-| - |-|0056| 474 | 347
A.3.29. HAsAN; CLEARY [HAS96]
Fi ) L v iF
1 1
:
o_]Js L,=1.22 ‘ L=1.22 ‘ L=1.22 ‘0.15
1 =3.96
lo |no %) Cx Cs Cy fem Dt |nst| st |nm| fr fy O's,max
Author | Test e o™ T fm] [ fmm] | fmm] | fmm] | [MPa] | fmm]| - |fmm]| - | - | [MPa] | [MPa]
[20] | USTAT | 305 | 3 | 22.225] 117 | 121 | 64 | 27 | 10 | 2] 152 [2] * | 276 | 290
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A.3.30. HEGGER; BURKHARDT [HEG99]

ly

1 1

:

0 4 L,=2.30 ‘ L=1.35 ‘ L,=2.30 ‘0.2

L=5.00
n n n

Autho Test lo b () Cx Cs Cy fem Dst ts St | fr fy G's,max
r [”]‘m - | [mm] [”]‘m [”]‘m [”]‘m [MPa] [”]‘m : [”]‘m S| - | MPa] | [MPa]
21 | B1 | 750 2] 20 | 20 | 40 | 20 | 90 | 8 | 7| 75 |2]0056] 570 | 570
[21] | B2 | 300 2] 20 | 20 | 40 | 20 | 80 | 8 |6 50 |2]0.056| 570 | 565
[21] | B3 | 750 2] 20 | 20 | 40 | 20 | 80 | - |-| - |-|0058| 589 | 540
[21] | B4 | 750 2] 20 | 20 | 40 | 20 | 100 | - |-| - |-|0058| 589 | 510
[21] | B5 | 850 2] 20 | 20 | 40 | 20 | 8 | - |-| - |-|0058| 589 | 564
[21] | B6 | 750 | 2| 20 | 40 | 40 | 40 | 8 | - |-| - |-|0058| 589 | 589
[21] | B7 | 750 2] 20 | 20 | 40 | 20 | 84 | 8 |2 | 700 |2]0.058| 589 | 580
[21] | B8 | 420 2| 28 | 30 | 56 | 30 | 80 | 10 |8 50 |2 0.06 | 557 | 557
[21] | B9 | 300 4] 20 | 20 | 40 | 20 | 89 | 8 |6 50 |2]0058| 591 | 591
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A.3.31. HESTER; SALAMIZAVAREGH; DARWIN; MCCABE [HES93]

"l

ly

iF

1 1
<
OIJJI5 L,=1.22 ‘ L,=1.22 ‘ L,=1.22 !0.15
L=3.96
500 500 T
& &
£ 400 ° € 400 + °
= X e = °
> 300 § ! % > 300 + o 8
8 200 8200 T
bm‘ e without trans. reinf. @ with transv. reinf. bw" 100 4+
X top bars, without < top bars, with
0 : : | : : i 0 ' : : |
0 5 10 15 20 25 30 0 100 200 300 400
IO/QS SSt
lo Nb %) Cx Cs Cy fem Dt |nst| st |nm| fr fy O's,max
Author Test mm] | - | [mm] | [mm] | [mm] | [mm]| [MPa] |[mm]| - [[mm]]|-| - | [MPa] | [MPa]
[23] 7-8C3-16-3-U 406 2| 254 51 203 52 36 10 | 3| 171 | 2]0.071| 476 355
[23] 4-853-16-2-U 406 3| 254 51 76 52 44 10 | 2| 342 | 2| 0.07 490 324
[23] 4-853-16-3-U 406 3| 254 51 76 53 44 10 | 3| 171 | 2] 0.07 490 345
[23] 5-8C3-16-2-U 406 3| 254 51 76 52 38 10 | 2| 342 | 2| 0.071| 476 321
[23] | 6-8C3-223/4-3-U 578 3| 254 51 76 55 40 10 | 3| 257 | 2]0.071| 476 390
[23] 1-8N3-16-2-U 406 3| 254 51 76 51 41 10 | 2| 342 | 2]0.078 | 440 387
[23] | 6-8C3-223/4-4-U 578 3| 254 51 76 55 40 10 | 4] 171 | 2] 0.071 | 476 385
[23] 5-8C3-16-3-U 406 3| 254 51 76 52 38 10 | 3| 171 | 2]0.071| 476 299
[23] 3-853-16-2-U 406 3| 254 51 76 53 42 10 | 2| 342 | 2| 0.07 490 321
[23] 2-8C3-16-2-U 406 3| 254 51 76 46 43 10 | 2| 342 | 2| 0.071| 476 303
[23] 1-8N3-16-0-U 406 3| 254 51 76 51 41 - - - - 10.078 | 440 345
[23] 2-8C3-16-0-U 406 3| 254 51 76 47 43 - - - - 10.071 | 476 319
[23] 3-853-16-0-U 406 3| 254 51 76 52 42 - - - - | 0.07 490 323
[23] 4-853-16-0-U 406 3| 254 51 76 53 44 - - - - | 0.07 490 292
[23] 5-8C3-16-0-U 406 3| 254 51 76 52 38 - - - - 10.071 | 476 275
[23] 7-8C3-16-0-U 406 2| 254 51 203 54 36 - - - - 10.071 | 476 313
[23] 6-8C3-22-0-U 578 3| 254 51 76 55 40 - - - - 10.071 | 476 358
A.3.32. HWANG [HWA9Y4]
Fi u L v iF
1 1
=
e
A a_
0,45 L,=1.10 | L,=1.00 | L=110 !0.25
L=3.20
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Author | Test lo |no %) Cx Cs Cy fem st |nst| st |ni| fr fy G's,max
[Mm]| - | [mm] |[mm]|[mm]|[mm]]| [MPa] |[mm]]| - [[mm]]| - | - |[MPa] | [MPa]
[24] | S28-s-M | 300 | 2 | 28.7 29 57 29 81 10 |3 ] 100 |2]0.1 | 478 367
[24] | P28-s-M | 300 | 2| 28.7 29 57 29 77 10 |3 ] 100 |2]0.1 | 478 420
[24] | S28N-M | 300 | 2| 28.7 29 57 29 84 - - - - 101 | 478 305
[24] | P28N-M | 300 | 2| 28.7 29 57 29 71 - - - - 101 | 478 298
[24] | s33s-U | 300 | 2| 28.7 29 57 29 69 10 |3 ] 100 |2]0.1 | 478 379
[24] P33-s-U | 300 | 2 | 28.7 29 57 29 62 10 |3 ] 100 |2]0.1 | 478 379
[24] | S33-N-U | 300 | 2| 28.7 29 57 29 71 - - - - 101 | 478 277
[24] | P33N-M | 300 | 2| 28.7 29 57 29 64 - - - -101| 478 307
A.3.33. HwANG [HWA96]
Fi ) L v iF
| |
:
0.1 L,=0.75 L,=1.35 ‘ L,=0.75 ‘0.1
L=2.85
Test b || @ Cx Cs Cy fem Dt |nst| st |ni| fr fy O's,max
Author [mMm]| - |[mm]]|[mm]|[mm]|[mm]|[MPa] |[mm]| - |[[mm]|-| - |[MPa] |[MPa]
[25] 70-L300-9s1 | 300 | 2 | 28.7 | 50 85 50 69 10 | 5] 63 |[2] * 519 492
[25] 70-L300-9N1 | 300 | 2 | 28.7 | 50 85 50 62 - - - - * 519 320
[25] 70-L300-9N2 | 300 | 2 | 28.7 | 50 85 50 67 - - - - * 519 320
[25] 70-L200-9S1 | 200 | 2 | 28.7 | 50 85 50 60 10 |3] 70 |2| * 519 429
[25] 70-L200-9s2 | 200 | 2 | 28.7 | 50 85 50 70 10 |3] 70 |2| * 519 325
[25] 55-L.300-9s1 | 300 | 2 | 28.7 | 50 85 50 58 10 | 5] 63 |[2] * 519 377
[25] 55-L.300-9s2 | 300 | 2 | 28.7 | 50 85 50 53 10 | 5] 63 |[2] * 519 439
[25] 55-L200-9S1 | 200 | 2 | 28.7 | 50 85 50 56 10 |3] 70 |2| * 519 347
[25] 55-L150-91 | 150 | 2 | 28.7 | 50 85 50 55 10 | 3] 58 |2] * 519 283
[25] 40-L300-9s1 | 300 | 2 | 28.7 | 50 85 50 47 10 | 5] 63 |2] * 519 361
A.3.34. JENSEN [JENS82]
Ri
«— 27
—» F
=
lo |no %) Cx Cs Cy fem Dt |nst| st || fr fy O's,max
Author | Test e 7T~ [ [mm] | [mm] | [mm] | [mm] | [MPa] [[mm]] - [[mm]| - | - | [MPa] | [MPa]
[45] 251301 128 | 2 16 50 | 118 | 24 23.1 - - - - * 900 271
[45] 251302 128 | 2 16 50 | 118 | 24 23.1 - - - - * 900 269
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[45] | ssis01 | 128 |2| 16 | 50 | 118 | 24 | 203 | - |-| - |-| * | 900 | 324
[45] | sss02 | 128 |2| 16 | 50 | 118 | 24 | 203 | - | -| - [-| * | 900 | 324
[45] | 4sts01 | 128 |2| 16 | 50 | 118 | 24 | 384 | - | -| - |-| * | 900 | 378
[45] | stz | 128 |2| 16 | 50 | 118 | 24 | 404 | - | -| - |-| * | 900 | 405
[45] | 4s1s03 | 128 |2| 16 | 50 | 118 | 24 | 404 | - | -| - |-] * | 900 | 381
[45] | 1stsn | 128 |2| 16 | 50 | 118 | 24 | 124 | - | -| - [-| * | 900 | 218
[45] | stz | 128 |2| 16 | 50 | 118 | 24 | 124 | - | -| - |-| * | 900 | 218
[45] | 2011 | 128 |2| 16 | 50 | 118 | 24 | 269 | - | -| - |-| * | 900 | 327
[45] | 2otz | 128 |2| 16 | 50 | 118 | 24 | 269 | - | -| - |-| * | 900 | 327
[45] | 211 | 128 |2| 16 | 50 | 118 | 24 | 232 | - |-| - |-| * | 900 | 306
[45] | 212 | 128 |2| 16 | 50 | 118 | 24 | 232 | - | -| - |-| * | 900 | 327
[45] | 2sts1 | 128 |2| 16 | 50 | 118 | 24 | 175 | - |- - |-| * | 900 | 322
[45] | stz | 128 |2| 16 | 50 | 118 | 24 | 175 | - |- - |-| * | 900 | 292
[45] | sotsi | 128 |2| 16 | 50 | 118 | 24 | 308 | - |-| - |-| * | 900 | 355
[45] | stz | 128 |2| 16 | 50 | 118 | 24 | 308 | - |-| - |-| * | 900 | 355
[45] | sstsi | 128 |2| 16 | 50 | 118 | 24 | 314 | - | -| - |-| * | 900 | 328
[45] | sstsiz | 128 |2| 16 | 50 | 118 | 24 | 314 | - |-| - |-| * | 900 | 328
[45] | a1 | 128 |2| 16 | 50 | 118 | 24 | 432 | - | -| - |-| * | 900 | 409
[45] | 4otz | 128 |2| 16 | 50 | 118 | 24 | 432 | - |-| - |-| * | 900 | 413
[45] | aotms | 128 |2| 16 | 50 | 118 | 24 | 316 | - |-| - |-| * | 900 | 300
[45] | 4otsa | 128 |2| 16 | 50 | 118 | 24 | 316 | - |-| - |-| * | 900 | 328
[45] | #stsi | 128 |2| 16 | 50 | 118 | 24 | 441 | - | -| - |-| * | 900 | 423
[45] | stz | 128 |2| 16 | 50 | 118 | 24 | 441 | - | -| - |-| * | 900 | 398
[45] | #stais | 128 |2| 16 | 50 | 118 | 24 | 384 | - | -| - |-| * | 900 | 482
[45] | 1sts21 | 128 |2| 16 | 50 | 118 | 24 | 137 | - |-| - |-| * | 900 | 318
[45] | stz | 128 |2| 16 | 50 | 118 | 24 | 137 | - |-| - |-| * | 900 | 29
[45] | 2sts21 | 128 |2| 16 | 50 | 118 | 24 | 19 | - |-| - [-] * [ 900 | 351
[45] | osts22 | 128 |2| 16 | 50 | 118 | 24 | 19 | - | -| - [-| * | 900 | 324
[45] | ssts21 | 128 |2| 16 | 50 | 118 | 24 | 239 | - |-| - [-| * | 900 | 324
[45] | ssts22 | 128 |2| 16 | 50 | 118 | 24 | 239 | - |-| - |-| * | 900 | 326
[45] | #sts21 | 128 |2| 16 | 50 | 118 | 24 | 382 | - |-| - |-| * | 900 | 379
[45] | stz | 128 |2| 16 | 50 | 118 | 24 | 332 | - |-| - |-| * | 900 | 378
[45] | 2stss1 | 128 |2| 16 | 50 | 118 | 24 | 17 | - |-| - |-| * | 900 | 487
[45] | 2s1s32 | 128 |2| 16 | 50 | 118 | 24 | 17 | - |-| - [-] * | 900 | 433
[45] | 2s1s33 | 128 |2| 16 | 50 | 118 | 24 | 234 | - | -| - |-| * | 900 | 432
[45] | 2s1s3 | 128 |2| 16 | 50 | 118 | 24 | 234 | - | -| - |-| * | 900 | 432
[45] | ssss1 | 128 |2| 16 | 50 | 118 | 24 | 2903 | - | -| - |-| * | 900 | 4e8
[45] | ssiss2 | 128 |2| 16 | 50 | 118 | 24 | 203 | - | -| - [-| * | 900 | 460
[45] | 4siss1 | 128 |2| 16 | 50 | 118 | 24 | 382 | - |-| - |-| * | 900 | 4e8

lo | %) Cx Cs Cy fem Dt |nst| st || fr fy O's,max

Author | Test o T T [mm] [ [mm] | [mm] | mm] | [MPa] [ [mm]] - [[mm]| - | - | [MPa] | [MPa]
[45] | #sts:2 | 128 |2| 16 | 50 | 118 | 24 | 332 | - |-| - |-| * | 900 | 437
[45] | 4s1sss | 128 |2| 16 | 50 | 118 | 24 | 404 | - |-| - |-] * | 900 | 59
[45] | 4sissa | 128 |2| 16 | 50 | 118 | 24 | 404 | - | -| - |-| * | 900 | 537
[45] | 1ste01 | 192 |2| 16 | 50 | 118 | 24 | 169 | - | -| - |-| * | 900 | 378
[45] | 1102 | 192 |2| 16 | 50 | 118 | 24 | 169 | - |-| - |-| * | 900 | 378
[45] | 2s101 | 192 |2| 16 | 50 | 118 | 24 | 208 | - | -| - |-| * | 900 | 432
[45] | 2s102 | 192 |2| 16 | 50 | 118 | 24 | 208 | - | -| - |-| * | 900 | 460
[45] | sste01 | 192 |2| 16 | 50 | 118 | 24 | 3385 | - |-| - |-| * | 900 | 487
[45] | sst02 | 192 |2 | 16 | 50 | 118 | 24 | 335 | - | -| - |-| * | 900 | 460
[45] | 4ste01 | 192 |2| 16 | 50 | 118 | 24 | 382 | - |-| - |-| * | 900 | 453
[45] | 4st02 | 192 |2 | 16 | 50 | 118 | 24 | 332 | - |-| - [-| * | 900 | 460
[45] | 1sten | 192 |2| 16 | 50 | 118 | 24 | 124 | - | -| - [-| * | 900 | 323
[45] | stz | 192 |2 16 | 50 | 118 | 24 | 124 | - |-| - [-| * | 900 | 300
[45] | 2011 | 192 |2| 16 | 50 | 118 | 24 | 269 | - |-| - |-| * | 900 | 543
[45] | 20112 | 192 |2| 16 | 50 | 118 | 24 | 269 | - | -| - |-| * | 900 | 491
[45] | 2ot | 192 |2 16 | 50 | 118 | 24 | 232 | - |-| - [-| * | 900 | 464
[45] | 221012 | 192 |2 16 | 50 | 118 | 24 | 232 | - | -| - [-| * | 900 | 464
[45] | 2ste1 | 192 |2 16 | 50 | 118 | 24 | 175 | - |- - |-] * | 900 | 437
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[45] | 212 | 192 |2| 16 | 50 | 118 | 24 | 175 | - |-| - |-| * | 900 | 437
[45] | soter | 192 |2| 16 | 50 | 118 | 24 | 308 | - |-| - |-| * | 900 | 519
[45] | stz | 192 |2| 16 | 50 | 118 | 24 | 308 | - |-| - |-| * | 900 | 519
[45] | ssten | 192 |2| 16 | 50 | 118 | 24 | 314 | - | -| - |-| * | 900 | 492
[45] | ssterz | 192 |2 16 | 50 | 118 | 24 | 314 | - | -| - [-| * | 900 | 464
[45] | aote1 | 192 |2| 16 | 50 | 118 | 24 | 432 | - |-| - |-| * | 900 | 572
[45] | 4otz | 192 |2| 16 | 50 | 118 | 24 | 432 | - |-| - |-| * | 900 | 572
[45] | 4ote1s | 192 |2| 16 | 50 | 118 | 24 | 316 | - |-| - |-| * | 900 | 519
[45] | aoteia | 102 |2| 16 | 50 | 118 | 24 | 316 | - | -| - |-| * | 900 | 464
[45] | esterz | 192 |2 16 | 50 | 118 | 24 | 441 | - | -| - [-| * | 900 | 654
[45] | 1st21 | 192 |2| 16 | 50 | 118 | 24 | 154 | - | -| - [-| * | 900 | 43
[45] | stz | 192 |2| 16 | 50 | 118 | 24 | 154 | - | -| - [-| * | 900 | 464
[45] | sst21 | 192 |2| 16 | 50 | 118 | 24 | 359 | - |-| - |-| * | 900 | 59
[45] | sst22 | 192 |2| 16 | 50 | 118 | 24 | 359 | - | -| - |-| * | 900 | 651
[45] | ast21 | 192 |2 16 | 50 | 118 | 24 | 45 | - | -| - [-| * | 900 | 760
[45] | #st22 | 192 |2| 16 | 50 | 118 | 24 | 45 | - |-| - |-| * | 900 | 707
[45] | 1sse11 | 256 |2| 16 | 50 | 118 | 24 | 137 | - |- - |-| * | 900 | 407
[45] | 1sse12 | 256 |2 | 16 | 50 | 118 | 24 | 137 | - |-| - |-| * | 900 | 43
[45] | 2sae11 | 256 |2| 16 | 50 | 118 | 24 | 19 | - | -| - [-| * | 900 | 492
[45] | ssae11 | 256 |2| 16 | 50 | 118 | 24 | 239 | - | -| - |-| * | 900 | 463
[45] | ssae1z | 256 |2 | 16 | 50 | 118 | 24 | 239 | - | -| - |-| * | 900 | 491
[45] | asaei1 | 256 |2| 16 | 50 | 118 | 24 | 332 | - |-| - |-| * | 900 | 570
[45] | 1sae21 | 256 |2| 16 | 50 | 118 | 24 | 154 | - | -| - [-] * | 900 | 569
[45] | 1sae22 | 256 |2| 16 | 50 | 118 | 24 | 154 | - | -| - |-| * | 900 | 542
[45] | 2sae21 | 256 |2| 16 | 50 | 118 | 24 | 17 | - |-| - |-] * | 900 | 633
[45] | eotsni | 128 |2| 16 | 50 | 118 | 24 | 154 | - | -| - |-| * | 900 | 288
[45] | 2oz | 128 |2| 16 | 50 | 118 | 24 | 154 | - | -| - [-| * | 900 | 259
[45] | eoavi | 128 |2| 16 | 50 | 138 | 24 | 17 | - |- - [-] * | 900 | 241
[45] | 2oavza | 128 |2| 16 | 50 | 138 | 24 | 164 | - | -| - |-| * | 900 | 241
[45] | ooteni | 128 |2| 16 | 50 | 118 | 24 | 154 | - |-| - [-| * | 900 | 234
[45] | eotene | 128 |2| 16 | 50 | 118 | 24 | 17 | - |-| - [-| * | 900 | 215
[45] | 2otevi | 128 |2| 16 | 50 | 118 | 24 | 164 | - |-| - [-| * | 900 | 234
[45] | 2otev2 | 128 |2 16 | 50 | 118 | 24 | 154 | - | -] - [-| * | 900 | 234
A.3.35. KEMP; WILHELM [KEMT79]

_pF
lo |no %) Cx Cs Cy fem Dt |nst| st |nmi| fr fy O's,max

Author | Test o T~ | [mm] | [mm] | [mm] | [mm]| [MPa] | m]| - [[mm]| - | - | [MPa] | [MPa]
[52] | E210-1 | 406 | 2| 358 | 96.7 | 264 | 254 201 | - | -| - |- * | 414 | 176
[52] | E2102 | 406 | 2| 358 | 96.7 | 264 | 254 | 201 | - | -| - |- * | 414 | 177
[52] | E220-1 | 406 | 2| 358 | 96.7 | 264 | 508 | 304 | - | -| - |-| * | 414 | 232
[52] | E2202 | 406 | 2| 358 | 96.7 | 264 | 508 | 304 | - | -| - |- * | 414 | 217
[52] | E230-1 | 406 | 2| 358 | 96.7 | 264 | 763 | 306 | - | -| - |-| * | 414 | 255
[52] | E2302 | 406 | 2| 358 | 96.7 | 264 | 763 | 306 | - | -| - |-| * | 414 | 269
[52] | E310-1 | 406 | 2| 358 | 58 | 171 | 254 | 202 | - | -| - |- * | 414 | 112
[52] | E3102 | 406 | 2| 358 | 58 | 171 | 254 | 202 | - | -| - |- * | 414 | 112
[52] | E320-1 | 406 | 2| 358 | 58 | 171 | 508 301 | - | -| - |- * | 414 | 209
[52] | E3202 | 406 | 2| 358 | 58 | 171 | 508 301 | - |- | - [-| * | a1a | 214
[52] | E330-1 | 406 | 2| 358 | 58 | 171 | 763 | 264 | - | -| - |-| * | 414 | 232
[52] | E3302 | 406 | 2| 358 | 58 | 171 | 763 | 264 | - | -| - |-| * | 414 | 228
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A.3.36. KADORIKU [KAD94]
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Author | Test b |[Mv| @ Cx Cs Cy fem Dst |nst| st || fr fy O's,max
[mMm]| - | [mm] |[mm]]|[mm]|[mm]| [MPa] |[mm]| - |[mm]] - - [MPa] | [MPa]
[26] PB-01 380 | 2 19 36 | 152 | 29 62 9 2| 380 |2 * 708 576
[26] PB-02 570 | 2 19 36 | 152 | 29 62 9 3] 285 |2 * 708 693
[26] PB-04 570 | 2 19 36 | 152 | 29 22 9 3] 285 |2 * 708 433
[26] PB-05 760 | 2 19 36 | 152 | 29 22 9 4| 253 |2 * 708 558
[26] | PB-06*** | 950 | 2 19 36 | 152 | 29 22 9 51| 238 |2 * 708 757
[26] PB-15 570 | 2 19 36 | 152 | 29 76 9 3] 285 |2 * 725 730
[26] PB-16 570 | 2 19 36 | 152 | 29 61 9 3] 285 |2 * 656 632
[26] PB-19 570 | 2 19 36 | 152 | 29 28 9 3] 285 |2 * 725 593
[26] PB-20 570 | 2 19 36 | 152 | 29 28 9 3] 285 |2 * 530 538
[26] PB-21 380 | 2 19 36 | 152 | 29 28 9 2| 380 |2 * 530 405
[26] PB-23 570 | 2 19 36 | 152 | 29 21 9 3] 285 |2 * 530 382
[26] PB-24 570 | 2 19 36 | 152 | 29 21 9 3] 285 |2 * 442 410
[26] PB-25 380 | 2 19 36 | 152 | 29 21 9 2| 380 |2 * 442 302
[26] PB-27 570 | 2 19 36 | 112 | 29 61 9 3] 285 |2 * 656 646
[26] PB-31 380 | 2 19 36 | 152 | 29 61 9 4| 127 | 2 * 530 503
[26] S1-01 570 | 2 19 90 | 244 | 29 64 6 71 95 |2 * 843 784
[26] $1-02 570 | 2 19 90 | 244 | 29 64 6 71 95 |2 * 843 788
[26] $1-03 570 | 2 19 90 | 244 | 29 64 6 71 95 |2 * 843 704
[26] 51-04 570 | 2 19 90 | 244 | 29 64 6 71 95 |2 * 843 585
[26] S2-01 570 | 2 19 90 | 244 | 29 45 6 71 95 |2 * 843 712
[26] $2-02 570 | 2 19 90 | 244 | 29 45 6 71 95 |2 * 843 715
[26] $2-03 570 | 2 19 90 | 244 | 29 45 6 71 95 |2 * 843 709
[26] $2-04 570 | 2 19 90 | 244 | 29 45 6 71 95 |2 * 843 699
[26] $2-05 570 | 2 19 90 | 244 | 29 45 6 71 95 |2 * 843 694
[26] $3-01 570 | 2 19 90 | 244 | 29 34 6 71 95 |2 * 843 633
[26] $3-03 570 | 2 19 90 | 244 | 48 34 6 71 95 |2 * 843 750
[26] $3-04 570 | 2 19 90 | 244 | 67 34 6 71 95 |2 * 843 810
[26] $3-05 570 | 2 19 90 | 244 | 29 34 6 71 95 |2 * 843 599
[26] PB-10 570 | 2 19 29 | 166 | 29 61 6 6| 113 |2 * 725 707
[26] PB-16 570 | 2 19 29 | 166 | 29 61 10 | 2| 484 |2 * 656 632
[26] PB-11 570 | 2 19 29 | 166 | 29 61 10 | 4| 170 | 2 * 725 719
[26] PB-13 570 | 2 19 29 | 166 | 29 21 6 6| 113 |2 * 725 426
[26] PB-24 570 | 2 19 29 | 166 | 29 21 10 | 2| 484 |2 * 442 410
[26] PB-14 570 | 2 19 29 | 166 | 29 21 10 | 4| 170 | 2 * 725 480
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A.3.37. MATHEY; WATSTEIN [MAT61]

e
—1 —]
[ |1
ly
L,=2.13-1.22
lo Nb @ Cx Cs Cy fom | Dst | Nst St n fr fy | 6smax
Author | Test oo™ ] | fmm] | fom] | [mm] [[MPal| [mm] | - |[mm]| - | - |[MPa][[MPa]
[27] [472]178] 1 [127] 95 | 0 [ 44 | 29 [ 13 | 2 [178] 2 J0.096] 791 | 611
[27] [ 471|178 1 [127] 95 | 0 | 44 | 29 [ 13 | 2 [178| 2 [0.096] 791 | 635
[27] |y0eq| 267 | L |127] 95 | O | 44 | 25 | 13 | 3 | 133 | 2 |0.096| 791 | 783
[27] |1oep| 267 | 1 |127] 95 | O | 44 | 28 | 13 | 3 | 133 | 2 |0.096| 791 | 794
[27] 4142356 | 1 [127] 95 | 0 | 44 | 26 | 13 | 4 [119| 2 [0.096] 791 | 693
[27] [8211[533 | 1 [254] 89 | 0 | 38 | 29 [ 13 | 5 [133 | 2 [0.088] 669 | 427
[27] [s2s1]| 711 | 1 [254| 89 | o [ 3 | 31 [ 13 | 7 [119] 2 [0.088] 669 | 534
[27] [s282| 711 | 1 [254] 89 | 0 | 38 | 26 | 13 | 7 [119| 2 [0.088] 669 | 498
[27] [8341]864 | 1 [254] 89 | 0 | 38 | 26 | 13 | 9 [108| 2 [0.088] 669 | 640
[27] [8141]356 | 1 [254] 89 | 0 | 38 | 25 [ 13 | 4 [119| 2 [0.088] 669 | 231
[27] [8342]864 | 1 [254] 89 | 0 | 38 | 26 | 13 | 9 [108| 2 [0.088] 669 | 623
[27] [8142]356 | 1 [254] 89 | 0 | 38 | 28 [ 13 | 4 [119| 2 [0.088] 669 | 293
[27] | 871|178 | 1 [254| 89 | o | 38 | 28 [ 13 | 2 [178| 2 [0.088] 669 | 197
[27] [8212[533 | 1 [254] 89 | 0 | 38 | 24 [ 13 | 5 [133] 2 [0.088] 669 | 368
A.3.38. MORITA; FuJi [MORS82]
P <« e e o o o o o
® ®
R— o o
T > >
Autho lo ? /] Cx Cs Cy fem Dst I':s St I'I1 fr fy O's,max
Test
r mm mm mm mm mm mm
[] - | [mm] [] [] [] [MPa] [] : [] |- | [MPa] | [MPa]
[53] 5 [500 2] 19 [ 30 [202] 30 [ 223 | - [-] - [-] = 500 | 383
[53] 6 | 500 4] 19 [ 30 [547] 30 | 223 | - [-] - [-] = 500 | 232
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A.3.39. OLSEN [OLS90]
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Author | Test o |[Mv| @ Cx Cs Cy fem Dst |nst| st || fr fy | 6smax

[mMm]| - | [mm] | [mm]|[mm]]|[mm]|[MPa]|[mm]| - |[mm]]| - - | [MPa] | [MPa]
[28] 90/15 | 240 | 2 | 16 26 84 26 82 6 2124 |2]| * 647 529
[28] 7020 | 320 | 2 | 16 26 84 26 71 6 3124 |2]| * 647 714
[28] 50120 | 320 | 2 | 16 26 84 26 49 6 3124 |2]| * 647 605
[28] 30130 | 480 | 2 | 16 26 84 26 26 6 4| 124 | 2| * 647 594
[28] 90/05 80 | 2| 16 26 84 26 75 6 21 76 [2]| * 647 259
[28] 70/05 80 | 2| 16 26 84 26 75 6 21 76 [2]| * 647 266
[28] 50110 | 160 | 2 | 16 26 84 26 43 6 2124 |2]| * 647 395
[28] 30110 | 160 | 2 | 16 26 84 26 37 6 2124 |2]| * 647 311
[28] 90/10 | 160 | 2 | 16 26 84 26 79 6 2124 |2]| * 647 397
[28] 70/10 | 160 | 2 | 16 26 84 26 81 6 2124 |2]| * 647 386
[28] 3020 | 320 | 2 | 16 26 84 26 37 6 3124 |2]| * 647 570
[28] 70/15 | 240 | 2 | 16 26 84 26 79 6 2124 |2]| * 647 559
[28] | 90125 | 200 |2 | 16 26 84 26 84 6 2124 |2]| * 647 | 455
[28] | 90075 | 120 |2 | 16 26 84 26 77 6 21 76 [2]| * 647 293
[28] | 7025 )| 200 |2 | 16 26 84 26 75 6 2124 |2]| * 647 | 438
[28] | 70075 | 120 |2 | 16 26 84 26 82 6 21 76 [2]| * 647 285
[28] 40115 | 240 | 2 | 16 26 84 26 53 6 2124 |2]| * 647 528
[28] | 50125 )| 200 |2 | 16 26 84 26 49 6 2124 |2]| * 647 | 429
[28] | 50075 | 120 |2 | 16 26 84 26 50 6 21 76 [2]| * 647 257
[28] | 30125 )| 200 | 2| 16 26 84 26 51 6 2124 |2]| * 647 | 408
[28] | 30075 ] 120 |2 | 16 26 84 26 45 6 21 76 [2]| * 647 227
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A.3.40. PERRY; JUNDI [PERG9]

)

~ *_
~ .
R

Fl

lo |no %) Cx Cs Cy fem Dt |nst| st |nm| fr fy O's,max
Author | Test e ™ T Tmm] | fmm] | [mm] | [mm] | [MPa] [Imm]| - |[mml| - | - | [MPa] | [MPa]
[50] |col| 229 |1] 194 |541] 0 |191] 152 | - | -] - |-| * | 500 | 149
[50] |co2| 220 |1 194 | 541 0 | 101 232 | - |-| - |-| * | 500 | 179
[50] |co3| 220 |1 194 | 541 0 | 101 278 | - |-| - |-| * | 500 | 204
[50] |cod | 220 | 1| 194 | 541 0 | 101 349 | - |-| - |-| * | 500 | 243
[50] |co5| 220 | 1| 194 | 541 0 | 101 186 | - |-| - |-| * | 500 | 139
[50] |co6| 220 | 1| 194 | 541 0 | 101 179 | - |-| - |-| * | 500 | 120
[50] |co7| 220 |1 194 | 541 0 |101] 207 | - | -] - |-| * | 500 | 192
[50] |co8| 220 | 1| 194 | 541 0 | 1041 3.7 | - |-| - |-| * | 500 | 161
[50] |co9| 220 |1 194 |541] 0 |191] 352 | - | -] - |-] * | 500 | 211
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A.3.41. RATHKJIEN [RAT72]

Fi iF

al
(@)
S
(90)
L ]
0.12 ‘ ‘ 0.12
L,=0.58 L,=0.09 L,=0.58
L=1.25

lo |no %) Cx Cs Cy fem Dt |nst| st |nmi| fr fy O's,max
Author | Test e ™ T Tmm] | fmm] | [mm] | [mm] | [MPa] [Imm]| - |[mml| - | - | [MPa] | [MPa]
[46] | 13 | 120 |1 14 | 63 | 0 | 20 | 264 | - | -] - |-| * | 560 | 380
[46] | 14 | 120 |1 14 | 63 | 0 | 20 | 2540 | - | -] - |-| * | 560 | 349
[46] | 15 | 120 |1 14 | 63 | 0 | 20 | 253 | - |-| - |-| * | 560 | 362
[46] | 16 | 120 |1 14 | 63 | 0 | 20 | 241 | - |-| - |-| * | 560 | 355
[46] | 17 | 120 |1 14 | 63 | 0 | 20 | 284 | - |-| - |-| * | 560 | 310
[46] | 18 | 120 |1 14 | 63 | 0 | 20 | 205 | - |-| - |-| * | 560 | 318
[46] | 19 | 120 |1 14 | 63 | 0 | 20 | 200 | - | -] - |-| * | 560 | 190
[46] | 20 | 120 |1 14 | 63 | 0 | 20 | 222 | - |-| - |-| * | 560 | 325
[46] | 21 | 120 |1 14 | 63 | 0 | 20 | 186 | - |-| - |-| * | 560 | 249
[46] | 36 | 120 |1 14 | 63 | 0 | 20 | 181 | - |-| - |-| * | 560 | 287
[46] | 37 | 120 |1 14 | 63 | 0 | 20 | 192 | - | -] - |-| * | 560 | 294
[46] | 38 | 120 |1 14 | 63 | 0 | 20 | 192 | - |-| - |-| * | 560 | 346
[46] | 39 | 120 |1 14 | 63 | 0 | 20 | 189 | - |-| - |-| * | 560 | 256
[46] | 52 | 120 |1 14 | 63 | 0 | 20 | 216 | - |-| - |-| * | 560 | 385
[46] | 53 | 120 |1 14 | 63 | 0 | 20 | 222 | - |-| - |-| * | 560 | 210
[46] | 54 | 120 |1 14 | 63 | 0 | 20 | 243 | - |-| - |-| * | 560 | 249
[46] | 57 | 120 |1 14 | 63 | 0 | 20 | 254 | - |-| - |-| * | 560 | 305
[46] | 107 | 120 |1 14 | 63 | 0 | 20 | 185 | - |-| - |-| * | 560 | 162
[46] | 22 | 120 |2 | 14 | 30 | 52 | 20 | 323 | - |-| - |-| * | 560 | 364
[46] | 23 | 120 |2 14 | 30 | 52 | 20 | 331 | - |-| - |-| * | 560 | 314
[46] | 24 | 120 |2 | 14 | 30 | 52 | 20 | 176 | - | -] - |-| * | 560 | 225
[46] | 25 | 120 [2| 14 | 30 | 52 | 20 | 19 | - |-| - |-| * | 560 | 224
[46] | 26 | 120 | 2| 14 | 30 | 52 | 20 | 194 | - |-| - |-| * | 560 | 212
[46] | 27 | 120 [2| 14 | 30 | 52 | 20 | 1940 | - | -] - |-| * | 560 | 237
[46] | 28 | 120 |2| 14 | 30 | 52 | 20 | 185 | - |-| - |-| * | 560 | 198
[46] | 29 | 120 [2| 14 | 30 | 52 | 20 | 18 | - |-| - |-| * | 560 | 269
[46] | 30 | 120 |2| 14 | 30 | 52 | 20 | 274 | - | -] - |-| * | 560 | 334
[46] | 31 | 120 |2| 14 | 30 | 52 | 20 | 267 | - | -] - |-| * | 560 | 256
[46] | 32 | 120 |2| 14 | 30 | 52 | 20 | 276 | - |-| - |-| * | 560 | 326
[46] | 33 | 120 |2| 14 | 30 | 52 | 20 | 263 | - |-| - |-| * | 560 | 313
[46] | 34 | 120 |2 | 14 | 30 | 52 | 20 | 285 | - |-| - |-| * | 560 | 410
[46] | 35 | 120 | 2| 14 | 30 | 52 | 20 | 2905 | - |-| - |-| * | 560 | 417
[46] | 110 | 120 | 3| 10 | 32 | 23 | 22 | 144 | - |-| - |-| * | 560 | 384
[46] | 111 | 120 | 3| 10 | 32 | 23 | 22 | 144 | - |-| - |-| * | 560 | 39
[46] | 112 | 120 | 3| 10 | 32 | 23 | 22 | 149 | - |-| - |-| * | 560 | 380

lo |no %) Cx Cs Cy fem Dt |nst| st |nm| fr fy O's,max
Author | Test e ™ ] | fmm] | [mm] | fmm] | [MPa] [[mm]| - |[mmi] - | - | [MPa] | [MPa]
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[46] | 113 | 120 |3 10 32 23 22 14.9 * 560 312
[46] | 114 | 120 | 3 10 32 23 22 21.2 * 560 370
[46] | 115 | 120 |3 10 32 23 22 21.2 * 560 380
[46] | 116 | 120 | 3 10 32 23 22 18.2 * 560 505
[46] | 117 | 120 |3 10 32 23 22 18.2 * 560 479
[46] | 118 | 120 | 3 10 32 23 22 20.6 * 560 384
[46] | 119 | 120 |3 10 32 23 22 20.6 * 560 367
[46] | 120 | 120 | 3 10 32 23 22 20.9 * 560 572
[46] | 121 | 120 |3 10 32 23 22 17.6 * 560 423
[46] | 122 | 120 | 3 10 32 23 22 17.6 * 560 332
[46] | 123 | 120 | 3 10 32 23 22 18.3 * 560 495
[46] | 124 | 120 | 3 10 32 23 22 19.5 * 560 356
[46] | 125 | 120 |3 10 32 23 22 19.5 * 560 330
[46] Al | 120 | 2 10 32 46 22 20 * 560 352
[46] A2 | 120 | 2 10 32 46 22 20 * 560 335
[46] A3 | 120 | 2 10 32 46 22 20 * 560 369
[46] A4 | 120 | 2 10 32 46 22 20 * 560 369
[46] A5 | 120 | 2 10 32 46 22 20 * 560 369
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A.3.42. REGAN [REGI7]

0.15

j Polythene strip

—

0.50

—L

0.167
lo |no %) Cx Cs Cy fem Dt |nst| st || fr fy O's,max
Author | Test e ™ T Tmm] | fmm] | [mm] | [mm] | [MPa] [Imm]| - |[mml| - | - | [MPa] | [MPa]
[47] | 6 | 150 3| 20 | 73 | 147 | 20 | 379 | - |-| - |-| * | 500 | 271
[47] | 7 | 150 | 3| 20 | 73 | 147 | 20 | 375 | - |-| - |-| * | 500 | 267
[47] | 9edge | 150 | 3| 20 | 73 | 147 | 20 | 352 | - |-| - |-| * | 500 | 316
[47] | 10 | 150 |3 20 | 73 | 147 | 20 | 352 | - |-| - |-] * | 500 | 343
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A.3.43. REHM; ELIGEHAUSEN [REHT77]

Fi ’ b '

:
o,o‘ L,=1.20 ‘ L,=2.40 ‘ L,=1.20 ‘0.0
L=4.80
— 800 T — 600 T
N S C, /D=5
E 600 T o E 500 c /D=1 =g
= < 400 1 3
Z o E.
= 400 + E 300
© )
E 2 200 +
g 200 T /@ =145, ¢,~1.3:@, X 100 + d=26 mm, l,/d = 33,
0 CX:C:S:z'@:’ fom z 23 N:/mmz t | bE 0 fc'i” - 45: N/mr:nz t { !
0 100 200 300 400 500 600 O 2 4 6 8 10 12
Rehm s, c,/D
lo | %) Cx Cs Cy fem Dt |nst| st |ni| fr fy O's,max
Author | Test I T T Tmm] | fmm] | [mm] | [mm] | [MPa] | fmom] | - |[mm]| - | - | [MPa] | [MPa]
[29] | s1.2 [1020]5] 14 86 | 172 | 15 | 24 6 | 6| 200 |2]0072] 426 | 532
[29] | s13 [ 610 [5] 14 86 | 172 | 15 | 19 6 | 4| 200 |2]0069] 423 | 544
[29] | s14 [ 610 [5] 14 29 | 28 | 18 | 21 8 |[3] 180 |2]0069] 423 | 456
[29] | s15 [ 820 [5] 14 29 | 56 | 18 | 21 8 |5 180 |2]0.068] 440 | 544
[29] | s16 [ 820 [5] 14 29 | 28 | 18 | 19 8 |5 180 [2]0071] 421 | 492
[29] | s1.7 [ 570 [5] 14 29 | 28 | 18 | 53 8 |[3]180 |2] 007 ] 422 | 515
[29] | s18 [ 420 [4] 14 14 | 28 | 18 | 45 8 [3]180 |2] 007 | 415 | 446
[29] | s1.9 [ 660 [5] 14 29 | 28 | 18 | 24 8 |[7] 100 |2]0071] 439 | 548
[29] |s111] 210 [5] 14 29 | 28 | 18 | 43 8 [5] 50 |2] 007 | 447 | 393
[29] |s112] 320 [5] 14 29 | 28 | 18 | 42 8 [6] 56 |2]0074] 420 | 373
[29] | s21 [ 910 [5] 26 26 | 52 | 27 | 50 | 12 |6 | 150 |2 0.069 | 404 | 471
[29] | s22 [ 830 [4] 26 [ 130260 | 25 | 42 | 10 |6 | 150 [2]0.075] 466 | 555
[29] | s23 [ 810 [5] 28 28 | 56 | 28 | 36 | 12 | 6| 150 |2 007 | 561 | 252
[29] | s2.4 [1140[5] 26 26 | 52 | 27 | 55 | 10 | 7| 160 |2 0.076| 425 | 457
[29] | s25 [ 910 [5] 26 26 | 156 | 26 | 48 | 10 |7 | 150 |2]0.075]| 428 | 424
[29] | s26 [ 830 [4] 26 [ 130|260 | 25 | 46 | 10 |6 | 150 [2]0.071| 448 | 531
[29] | s2.7 [ 910 [5] 26 26 | 52 | 27 | 49 | 12 |6 | 150 [2]0.075| 467 | 455
[29] | s2.8 [ 910 [5] 26 26 | 156 | 26 | 46 | 10 | 7 | 150 |2 0.092 | 429 | 467
[29] | s2.9 [1100[5] 28 28 | 56 | 27 | 20 | 10 | 9| 150 [2]0.086| 561 | 433
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A.3.44. REzANSOFF; KONKANAR; FU [REZ92]

Fi ’ : ' iF

=
O.(J L,=0.76-2.50 ‘ L,=1.12-2.00 ‘ L,=0.76-2.50 ‘0.0
L=2.64-7.00
Autho Test lo ? 1] Cx Cs Cy fem Dst I':s St I'I1 fr fy O's,max
r [mm [mMm | [mm | [mm [mm [mm [MPa | [MPa
A T T T T T I N

[31] | 206-2 | 461 | 2| 195 25 | 151 | 25 29 8 | 5[ 115|2)|0.08| 500 | 486
[31] | 206-3 | 391 |2 | 195 25 | 151 | 25 27 8 | 6| 78 |2|0.08| 500 | 520
[31] | 2061 | 561 |2 | 195 25 | 151 | 25 28 8 |3[280[2)|0.08]| 500 | 539
[31] | 20811 | 415 |2 | 25.2 25 | 129 | 25 31 8 |13] 35 |2| * 452 | 517
[31] | 20-8-9 | 475 |2 | 25.2 38 | 103 | 38 29 8 |9 59 |2| * 452 | 418
[31] | 20810 | 384 |2 | 25.2 38 | 103 | 38 30 8 |12 35 |2| * 452 | 445
[31] | 2081 | 475 |2 | 25.2 25 | 129 | 25 36 8 |13] 40 |2| * 452 | 490
[31] | 20812 | 415 |2 | 25.2 38 | 103 | 38 30 8 |11] 42 |2| * 452 | 447
[31] | 2082 | 553 |2 | 25.2 25 | 129 | 25 40 8 |11] 55 |2| * 452 | 449
[31] | 2083 | 663 |2 | 25.2 25 | 129 | 25 38 8 |9] 83 |2| * 452 | 443
[31] | 2086 | 663 |2 | 25.2 25 | 129 | 25 33 8 |9] 83 |2| * 452 | 520
[31] | 2087 | 663 |2 | 25.2 38 | 103 | 38 31 8 |42 2| * 452 | 426
[31] | 2088 | 553 |2 | 25.2 38 | 103 | 38 30 8 | 7] 92 2| * 452 | 414
[31] | 2085 | 553 |2 | 25.2 25 | 129 | 25 33 8 |11] 55 |2| * 452 | 524
[31] | 2084 | 475 |2 | 25.2 25 | 129 | 25 30 8 |13] 40 |2| * 452 | 496
[31] | 20821 | 390 |2 | 25.2 32 | 115 | 38 23 8 | 7] 65 |2| * 420 | 318
[31] | 20813 | 729 |2 | 25.2 30 | 119 | 25 24 8 | 4243 2| * 444 | 356
[31] | 20814 | 587 |2 | 25.2 30 | 119 | 25 23 8 | 6117 2| * 444 | 372
[31] | 20815 | 516 |2 | 25.2 30 | 119 | 25 25 8 |78 |2| * 444 | 381
[31] | 20816 | 729 |2 | 25.2 30 | 119 | 25 23 8 | 4243 2| * 420 | 383
[31] | 20818 | 443 |2 | 25.2 30 | 119 | 25 23 8 | 8] 63 |2| * 420 | 382
[31] | 20819 | 550 |2 | 25.2 32 | 115 | 38 22 8 |4]183 2| * 420 | 310
[31] | 20817 | 516 |2 | 25.2 30 | 119 | 25 24 8 |78 |2| * 420 | 419
[31] | 20820 | 440 |2 | 25.2 32 | 115 | 38 23 8 |6] 8 |2| * 420 | 313
[31] | 20-114 | 480 |2 | 357 51 85 38 30 11 |10 53 |2| * 456 | 329
[31] | 20112 | 675 |2 | 357 51 85 58 30 11 |11) 68 |2| * 476 | 486
[31] | 20-11-1| 965 |2 | 357 51 85 58 33 11 | 5] 241 |2| * 476 | 474
[31] | 20-11-3| 676 |2 | 357 51 85 38 31 11 | 7] 113 |2 * 456 | 363
[31] | 20-11-8| 871 |2 | 357 51 86 25 23 11 |10 97 |2| * 456 | 430
[31] | 20115 | 686 |2 | 35.7 51 86 51 25 11 | 9] 8 |2]| * 456 | 447
[31] | 20-11-6 | 882 |2 | 357 51 86 51 25 11 | 6] 176 | 2| * 456 | 380
[31] | 20-11-7 | 691 |2 | 357 51 86 25 23 11 |12 63 |2| * 456 | 358
[31] | 2091 | 500 |2 | 29.9 51 | 109 | 38 24 11 | 7] 83 |2]| * 464 | 408
[31] | 209-2 | 650 |2 | 29.9 51 | 109 | 38 23 11 | 5] 163 2| * 464 | 452
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A.3.45. REZANSOFF; AKANNI; SPARLING [REZ93]

"l

ly

iF
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c
0‘ L,=1.00-2.00 ‘ L,=1.00-2.00 ‘ L,=1.00-2.00 ‘0
L=3.00-6.00
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> o c.=2.4-@
Z O S
§4oo t 0/
g 200 + &~¢=1.3-3,c=8:0, f =
23 N/mmgz
0 } } } } } {
0 100 200 300 400 500 600
Rezansoff s
b || O Cx Cs Cy fem Dt |nse| St |[ni| fr fy O's,max
Author | Test e o™ T Tom] | fom] | fmm] | fmm] | [MPa] | fmm] | - | fmm]| - | - | [MPa] | [MPa]
[30] 6 | 560 [3] 252 46 [ 26 [ 51 | 25 8 [ 8] 8 [2]*] 445 [ 356
[30] | 1b | 750 [2 ] 252 [ 46 | 26 | 51 | 26 6 |6 150 [2] * | 445 | 481
[30] | 1a | 750 |2 ] 252 [ 46 | 26 | 51 | 27 6 |6 150 [2] * | 445 | 511
[30] 7 | 375 (3| 252 46 | 26 | 51 | 25 16 |4 125 [2] * | 445 | 326
[30] | 3a | 750 [3] 252 [ 46 | 26 | 51 | 27 6 |6 150 [2] * | 445 | 481
[30] | 3b | 750 [3] 252 [ 46 | 26 | 51 | 26 6 |6 150 [2] * | 445 | 416
[30] 8 [ 3003|252 46 | 50 | 51 | 25 16 | 3] 150 [2] * | 445 | 236
[30] | 4b |1125[3[ 299 [ 46 | 29 [ 51 | 26 6 |5 281 [2]*] 4715 | 411
[30] 9 [ 850 [3] 209 [ 46 | 29 | 51 | 27 11 [10] 94 [2]| * | 475 | 527
[30] | 10 | 560 [ 3] 299 [ 46 | 29 [ 51 | 28 16 | 7] 93 [2] * | 475 | 489
[30] | 4a | 900 [3] 299 [ 46 | 29 [ 51 | 28 6 | 4300 [2]*] 475 | 426
[30] | 2a | 750 [3] 252 [ 46 | 50 [ 51 | 27 - - - [-1*1 445 | 410
[30] | 2b | 750 [3] 252 [ 46 | 50 [ 51 | 26 - - - -] a5 | a1
[30] | 5a | 900 [3] 299 [ 46 | 60 | 51 | 28 - -] - [-1*1 415 | 390
[30] | 5b |1125[3[ 299 [ 46 | 60 | 51 | 26 - -] - [-1*1 415 | 460
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A.3.46. RICHTER [RIC84]

i

0

=
A A
0,4 L,=0,78 L,=1.94 L,=0.78 ‘oz
L=3.90
lo |mp| @ Cx Cs Cy fem Dst |nst| st || fr fy O's,max
Author | Test [mm]| - | [mm] |[mm]|[mm]|[mm]| [MPa] [[mm]| - |[[mm]|-| - |[MPa]|[MPq]
[39] | 21 | 200 [2| 16 | 15 | 30 | 15 | 338 | 8 |2 120 |2| * | 412 | 254
[39] | 22 | 200 [2| 16 | 15 | 30 | 15 | 383 | 8 |2 120 |2| * | 412 | 2%
39] | 23 | 200 [2] 16 | 15 | 30 | 15 | 321 | 8 |2 120 |2| * | 412 | 302
A.3.47. SCHIERL [SCH88]
0.35 = i
° .
N Stirrups
» o U1
>
0.14‘ L,=0.63 ‘ L=1.34 015
4 d d
L=2.26
Front Side
m @
N~
N
S
Top
lo |mp %) Cx Cs Cy fem Ost |nst| st || fr fy G's,max
Author | Test e o™ T Tmm] | [mm] | [mm]| [mm] | [MPa] | [mm]] - |[mm]| - | - | [MPa] | [MPa]
[59] 1 [ 140 [4| 16 | 47 | 64 | 25 | 43 - - * | 420
[58] 2 | 110 [2| 16 | 90 | 64 | 25 | 43 * | 420
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A.3.48. STOCKL; MENNE; KUPFER [STO77]

b

Fe— —F

lo |no %) Cx Cs Cy fem Dt |nst| st |nm| fr fy O's,max
Author | Test e "1 Tm] | fmm] | [mm] | [mm] | [MPa] | fmm] | - |[mm]| - | - | [MPa] | [MPa]
[32] | = | 1900 | 1] 26 | 26 | 104 | 23 | 29 | 8 |17] 115 |- |0.068| 465 | 525
[32] | 2 |1900| 1| 26 | 130 | 416 | 23 | 19 | 8 |17] 115 |- | 0.07 | 465 | 573
[32] | 3 |1900| 1| 26 | 18 | 52 | 23 | 18 | 8 |17] 115 |2] 0.07 | 465 | 566
[32] | 1o |1900| 1| 26 | 26 | 52 | 23 | 18 | 8 |17] 115 |- | 0.07 | 465 | 489
[32] | w14 | 1560 1| 26 | 26 | 52 | 23 | 21 | 8 |14] 115 |- | 0.07 | 465 | 468
[32] | s |1900| 1| 26 | 130 | 260 | 23 | 19 | 8 |17] 115 |- | 0.07 | 465 | 576
[32] | 1+ |1300| 1| 26 | 130 | 260 | 23 | 20 | 8 |11] 115 |-| 0.07 | 465 | 530
[32] | s |1300| 1| 26 | 130 | 260 | 23 | 19 | 8 |11] 115 |- | 0.07 | 465 | 480
[32] | 15 |1900| 1| 26 | 18 | 52 | 23 | 20 | 8 |17] 115 |2] 0.07 | 465 | 576
[32] | 17 |1300| 1] 26 | 18 | 52 | 23 | 20 | 8 |11] 115 |2] 0.07 | 465 | 485
[32] | w13 1900 2| 26 | 26 | 52 | 23 | 19 | 8 |17] 115 |- | 0.07 | 465 | 485
[32] | w1z | 1300 2| 26 | 130 | 260 | 23 | 22 | 8 |11] 115 |- | 0.07 | 465 | 552
[32] | wiL |1130| 2| 26 | 169 | 338 | 23 | 17 | 8 |10] 115 |- | 0.07 | 465 | 446
[32] | 17 |1560| 1| 26 | 78 | 52 | 23 | 21 | 8 |14] 115 |- | 0.07 | 465 | 540
[32] | vis |1560| 1| 26 | 26 | 52 | 23 | 21 | 8 |14] 115 |- | 0.07 | 465 | 470
[32] | ~vi0 | 1900 1| 26 | 130 | 260 | 23 | 19 | 8 |17] 115 |- | 0.07 | 465 | 562
[32] | ~vis 1900 1| 26 | 26 | 52 | 25 | 19 | 10 | 6| 253 |- | 0.07 | 465 | 425
[32] | Vo4 1560 1| 26 | 26 | 52 | 25 | 25 | 10 | 6] 208 |- | 0.07 | 465 | 509
[32] | v2s | 780 | 1| 26 | 130 | 260 | 25 | 20 | 10 | 6| 104 |- | 0.07 | 465 | 338
[32] | V20 |1300| 1| 26 | 104 | 156 | 23 | 21 | 8 |11] 115 |- | 0.07 | 465 | 530
[32] | V15 | 1560 1| 26 | 26 | 52 | 16 | 21 | 8 |14] 115 |- | 0.07 | 465 | 458
[32] | ~vis 1260 1| 18 | 50 | 36 | 23 | 19 | 8 |11] 115 |- | 0.07 | 444 | 465
[32] | V21 1900 2| 26 | 119 | 52 | 23 | 20 | 8 |17] 115 |- | 0.07 | 465 | 422
[32] | 22 1900 2| 26 | 28 | 234 | 23 | 23 | 8 |17] 115 |2] 0.07 | 465 | 562
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A.3.49. TEPFERS [TEP73]
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Author | Test lo || @ Cx Cs Cy fem Dst |nst| st |ni| fr fy | 6smax

[mMm]| - {[mm]|[mm]|[mm]|[mm]|[MPa]|[mm]| - |[mm]] - - | [MPa] | [MPa]
[33] 123s1 | 240 |2 | 16 40 16 25 22 - - - -10.12| 589 271
[33] 12352 | 400 | 2 | 16 40 16 25 29 - - - -10.12| 589 417
[33] 123s3 | 560 | 2 | 16 40 16 25 29 - - - -10.12| 589 466
[33] 1234 | 720 | 2 | 16 40 16 25 28 - - - -10.12| 589 516
[33] 12357 | 960 | 2 | 16 40 16 25 29 - - - -10.12| 804 603
[33] 657-1 | 520 | 2| 16 30 36 20 21 - - - -10.12| 903 385
[33] 6572 | 720 | 2| 16 30 36 20 21 - - - -10.12| 903 469
[33] 657-3 | 1020 | 2 | 16 30 36 20 21 - - - -10.12| 903 569
[33] 657-4 | 1320 | 2 | 16 30 36 20 21 - - - -10.12| 912 612
[33] 657-13 | 720 | 2| 16 32 31 39 21 - - - -10.12| 883 546
[33] 657-14 | 720 | 2| 16 25 46 10 21 - - - -10.12| 883 437
[33] 657-15 | 720 | 2 | 16 47 49 34 22 - - - -10.12| 883 618
[33] 657-16 | 720 | 2 | 16 57 74 41 22 - - - -10.12| 883 632
[33] 657-22 | 60 |2 | 12 10 62 20 20 - - - -10.12| 667 149
[33] 657-23 | 120 | 2 | 12 10 62 20 24 - - - -10.12| 667 264
[33] 657-24 | 240 | 2| 12 10 62 20 27 - - - -10.12| 682 464
[33] 657-25 | 360 | 2 | 12 10 62 20 21 - - - -10.12| 652 508
[33] |657-25A| 660 | 2 | 12 10 62 20 28 - - - -10.12| 594 671
[33] 657-37 | 80 |2 | 16 10 46 20 23 - - - -10.12| 736 126
[33] 657-38 | 160 | 2 | 16 10 46 20 24 - - - -10.12| 746 179
[33] 657-39 | 320 | 2| 16 10 46 20 23 - - - -10.12| 741 318
[33] 657-40 | 480 | 2 | 16 10 46 20 26 - - - -10.12| 746 377
[33] |65740A| 880 | 2| 16 10 46 20 25 - - - -10.12| 574 490
[33] 71552 | 520 | 2| 16 40 50 5 26 - - - -10.12| 625 481
[33] 71553 | 520 | 2| 16 40 54 15 27 - - - -10.12| 625 547
[33] 71554 | 520 | 2| 16 40 55 35 27 - - - -10.12| 591 563
[33] 71555 | 520 | 2| 16 40 56 50 34 - - - -10.12| 591 657
[33] 732-1 | 520 | 2| 16 32 34 19 16 - - - -10.12| 607 365
[33] 7322 | 520 | 2| 16 32 34 24 22 - - - -10.12| 607 392
[33] 732-3 | 520 | 2| 16 32 34 18 34 - - - -10.12| 613 492
[33] 7324 | 520 | 2| 16 32 33 21 45 - - - -10.12| 603 590
[33] 7325 | 520 | 2| 16 29 40 16 57 - - - -10.12| 589 669
[33] 7326 | 520 | 2| 16 33 32 17 64 - - - -10.12| 589 604
[33] 732-7 | 520 | 2| 16 28 41 23 8 - - - -10.12| 618 206
[33] 7329 | 520 | 2| 16 30 37 23 20 - - - -10.12| 589 488
[33] 732-10 | 520 | 2| 16 26 45 22 26 - - - -10.12| 589 511
[33] 732-11 | 520 | 2| 16 33 31 21 15 - - - -10.12| 589 389
[33] 732-12 | 520 | 2| 16 32 32 21 7 - - - -10.12| 589 210
[33] 732-13 | 520 | 2| 16 35 26 26 9 - - - - 10.06| 438 215
[33] 732-14 | 520 | 2| 16 35 27 26 12 - - - - 10.06| 438 257
[33] 732-15 | 520 | 2| 16 36 26 23 27 - - - - 10.06| 423 411
[33] 732-16 | 520 | 2| 16 37 25 26 32 - - - -10.06| 421 440
[33] 732-17 | 520 | 2| 16 30 39 21 45 - - - -10.06| 421 481
[33] 732-18 | 520 | 2| 16 30 37 20 32 - - - -10.12| 621 535
[33] 732-19 | 520 | 2| 16 36 26 21 33 - - - -10.12| 621 537
[33] 73220 | 520 | 2| 16 30 36 17 26 - - - -10.12| 610 468
[33] 73221 | 520 | 2| 16 33 30 19 26 - - - -10.12| 610 505
[33] 732-33 | 520 | 2| 16 30 36 21 29 - - - -10.12| 589 295
[33] 73234 | 520 | 2| 16 30 37 20 37 - - - -10.12| 589 579
[33] 73235 | 520 | 2| 16 32 35 19 36 - - - -10.12| 589 551
[33] 732-36 | 520 | 2| 16 30 38 19 98 - - - -10.12| 589 574
[33] 732-37 | 520 | 2| 16 37 27 18 91 - - - -10.12| 589 438

lh || @ Cx Cs Cy fem Dt |nst| st |mi| fr fy O's,max
Author | Test T T mm] | fmm] | fmm] | fmm] | [MPa] | fmm] | - [fmm]| - | - | [MPa] | [MPa]
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[33] | 73238 320 2] 8 | 18 | 94 | 13 | 25 | - |-] - |-]o.06] 451 | 584
[33] | 73239 | 320 |2 | 8 | 18 | 96 | 16 | 23 | - |-| - |-|0.12] 726 | 794
[33] | 73240 | 320 | 2| 10 | 22 | 77 | 18 | 21 | - |-| - [-|0.06] 412 | 500
[33] | 73241 | 320 2] 10 | 26 | 76 | 15 | 22 | - |-| - |-|o0.2| 647 | 605
[33] | 73242 | 320 2| 19 | 26 | 72 | 36 | 33 | - |-| - |-|0.06] 429 | 475
[33] | 73243 | 520 |2 | 19 | 40 | 43 | 89 | 21 | - |-| - |-|o0a2| 623 | 348
[33] | 73244 | 520 |2 | 16 | 82 | 34 | 57 | 21 | - |-| - |-|o0.2| 589 | 459
[33] | 73245 | 520 | 2| 16 | 31 | 36 | 49 | 10 | - |-| - |-o0.a2| 589 | 477
[33] | 73246 | 520 |2 | 16 | 82 | 30 | 1 | 26 | - |-| - |-lo.2| 589 | 388
[33] | 73247 | 520 |2 | 16 | 83 | 28 | 18 | 17 | - |-| - |-|o0.2| 589 | 355
[33] | 73248 | 520 |2 | 16 | 101 | 32 | 17 | 19 | - |-| - |-o0.2| 589 | 439
[33] | 73249 | 520 | 2| 16 | 36 | 24 | 1 | 16 | - |-| - |-|o0.12] 589 | 380
[33] | 73250 | 520 |2 | 16 | 3 | 32 | 74 | 18 | - |- | - |-|o.12] 589 | 318
[33] | 73251 | 520 | 2| 16 | 82 | 35 | 10 | 25 | - |- - |-|0.06] 505 | 388
[33] | 73252 | 520 | 2| 16 | 81 | 35 | 19 | 24 | - |-| - |-|0.06] 505 | 380
[33] | 73253 | 520 |2 | 16 | 30 | 39 | 20 | 11 | - |-| - |-|0.06] 488 | 236
[33] | 73254 | 520 |2 | 16 | 82 | 37 | 17 | 39 | - |- - |-|0.06] 482 | 459
[33] | 73255 | 520 |2 | 16 | 33 | 34 | 18 | 52 | - |- - |-|0.06] 476 | 471
[33] | 73256 | 320 | 2| 10 | 22 | 83 | 18 | 14 | - |- | - |-|0.06] 418 | 414
[33] | 73257 | 320 | 2| 10 | 190 | 86 | 15 | 16 | - |-| - |-|0.06] 418 | 450
[33] | 73259 | 720 |2 | 19 | 37 | 10 | 24 | 15 | - |- | - |-lo0a2| 714 | 273
[33] | 73260 | 320 |2 | 19 | 36 | 12 | 26 | 15 | - |-| - |-|o0.a2| 714 | 168
[33] | 73261 | 720 2| 19 | 38 | 7 | 19 | 16 | - |- - |-|0.06| 442 | 247
[33] | 73262 | 320 |2 | 19 | 38 | 62 | 21 | 16 | - |- - |-|0.06] 442 | 131
[33] | 73263 | 220 |2 | 12 | 24 | 62 | 19 | 16 | - |-| - |-|o0.12] 638 | 274
[33] | 73264 | 320 |2 | 12 | 23 | 65 | 17 | 12 | - |-| - |-o0.a2| 638 | 343
[33] | 73265 | 420 |2 | 12 | 26 | 60 | 16 | 16 | - |-| - |-|o0.12| 643 | 378
[33] | 73266 | 520 |2 | 12 | 25 | 61 | 20 | 16 | - |- | - |-|o0.2| 643 | 463
[33] | 73267 | 220 |2 | 12 | 22 | 66 | 15 | 18 | - |- - |-|0.06] 437 | 231
[33] | 73268 | 320 |2 | 12 | 10 | 72 | 14 | 18 | - |-| - |-|0.06] 437 | 275
[33] | 73269 | 420 |2 | 12 | 21 | 68 | 14 | 17 | - |- - |-|0.06] 446 | 3907
[33] | 73270 | 520 |2 | 12 | 28 | 55 | 12 | 17 | - |- - |-|0.06] 440 | 427
[33] | 73271 | 520 |2 | 16 | 72 | 41 | 23 | 20 | - |-| - |-o0.a2| 719 | 408
[33] | 73272 | 520 | 2| 16 | 100 | 35 | 24 | 22 | - |-| - |-|o0.2| 656 | 498
[33] | 73273 | 520 | 2| 16 | 127 | 32 | 25 | 23 | - |-| - |-lo0.a2| 637 | 432
[33] | 73274 | 520 |2 | 16 | 27 | 41 | 66 | 21 | - |- | - |-|o0.2| 648 | 427
[33] | 73275 | 520 |2 | 16 | 29 | 37 | 83 | 21 | - |-| - |-|0.a2| 625 | 449
[33] | 73276 | 520 |2 | 16 | 28 | 38 | 96 | 6 | - |- - |-lo0a2| 727 | 129
[33] | 73277 | 520 |2 | 16 | 28 | 39 | 95 | 13 | - |- - |-loa2| 701 | 401
[33] | 73284 | 520 |2 | 16 | 44 | 16 | 23 | 32 | - |-| - |-|o0a2| 725 | 87
[33] | 73285 | 520 |2 | 16 | 63 | 35 | 24 | 30 | - |-| - |-lo0a2| 725 | 667
[33] | 73286 | 520 |2 | 16 | 111 | 75 | 29 | 27 | - |- | - [-|o0a2]| 725 | 724
[33] | 73287 | 520 |2 | 16 | 152 | 115 | 24 | 3L | - |-| - |-o0.a2| 719 | 673
[33] | 73288 | 520 |2 | 16 | 167 | 134 | 24 | 3L | - |- | - |-loa2| 719 | 577
[33] | 73290 | 520 |2 | 16 | 83 | 31 | 23 | 46 | - |-| - |-|o0.12] 589 | 634
[33] |732100] 50 | 2| 8 | 11 | 99 | 12 | 16 | - |- | - |-|oa2] 702 | 151
[33] |732101] 105 |2 | 8 | 15 | 89 | 9 | 16 | - |- | - |-|o0.12] 1058 | 297
[33] |732102] 150 |2 | 8 | 14 | 93 | 8 | 16 | - |- | - |-|o12] 702 | 252
[33] |732103] 200 |2 | 8 | 19 | 80 | 10 | 16 | - |- | - |-|o12]| 702 | 342
[33] |732104] 50 | 2| 8 | 15 | 90 | 13 | 16 | - |- | - |-|0.06] 479 | 129
[33] |732105] 100 |2 | 8 | 14 | 93 | 10 | 16 | - |- | - |-|0.06] 479 | 193
[33] |732106| 150 |2 | 8 | 14 | 92 | 11 | 16 | - |-| - |-|0.06] 479 | 224
[33] |732107] 200 |2 | 8 | 15 | 90 | 12 | 16 | - |-| - |-|0.06] 479 | 284
[33] |732112] 50 | 2| 10 | 13 | 85 | 15 | 13 | - |-| - |-|0.06] 402 | 85
[33] |732113| 100 | 2] 10 | 13 | 85 | 13 | 13 | - |-| - |-|0.06] 762 | 212

lh || @ Cx Cs Cy fem Dt |nst| st |mi| fr fy O's,max
Author | Test ™ T Tmm] | fmm] | [mm] | fmm] | (MPa] | fmm] | - [[mm]| - | - | [MPa] | [MPa]
[33] |732114] 150 2] 10 | 13 | 85 | 10 | 13 | - |- - |-]0.06] 402 | 133
[33] |732115] 200 |2 ] 10 | 14 | 83 | 13 | 13 | - |- - |-0.06] 402 | 186
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[33] |732116] 50 [2] 10 | 15 | 81 | 12 | 14 | - |-| - |-]o12| e46 | o7
[33] |732117] 100 2] 10 | 17 | 77 | 10 | 14 | - |- - |-|o0.a12| 646 | 131
[33] |732118| 150 |2 | 10 | 15 | 80 | 10 | 14 | - |-| - |-|o0.2| 646 | 159
[33] |732119] 190 |2 ] 10 | 10 | o1 | 13 | 14 | - |-| - |-|o0.a12| 646 | 216
[33] |732124| 160 | 2| 10 | 20 | 71 | 17 | 22 | - [-| - [-|012] 647 | 244
[33] |732125| 160 |2 | 10 | 39 | 34 | 15 | 22 | - |-| - |-|o0.2| 638 | 308
[33] |732127| 160 |2 ] 10 | 20 | 71 | 25 | 22 | - |-| - |-lo0.a2| 638 | 318
[33] |732128| 160 |2 | 10 | 40 | 27 | 82 | 20 | - |-| - |-|o0.12] 638 | 220
[33] |732131] 160 |2 ] 10 | 39 | 28 | 2 | 20 | - |-| - |-|0.06] 412 | 178
[33] |732132| 155 2] 10 | 1 [ 109 | 13 | 20 | - |- - |-|0.06] 412 | 133
[33] |732133| 155 |2 ] 10 | 17 | 77 | 11 | 20 | - |- - |-|0.06] 412 | 195
[33] |732134| 153 |2 ] 10 | 41 | 30 | 13 | 20 | - |-| - |-0.06] 410 | 215
[33] |732135| 160 |2 | 10 | 3 | 105 | 29 | 20 | - |-| - |-|0.06] 419 | 209
[33] |732136| 160 |2 | 10 | 21 | 70 | 27 | 24 | - |-| - |-|0.06] 419 | 358
[33] |732137| 150 |2 | 10 | 40 | 31 | 28 | 24 | - |-| - |-|0.06] 419 | 292
[33] |732138| 160 |2 | 10 | 20 | 66 | 14 | 16 | - |-| - |-|o0.12| 633 | 283
[33] |732139| 160 |2 | 10 | 20 | 72 | 14 | 16 | - |-| - |-|o0.2] 633 | 293
[33] |732140| 147 [ 2] 10 | 22 | 68 | 15 | 16 | - |- | - |-|0.06] 414 | 252
[33] |732141] 150 | 2] 10 | 21 | 69 | 13 | 16 | - |- | - |-|0.06] 414 | 232
[33] |732142| 158 |2 ] 10 | 22 | 68 | 15 | 29 | - |-| - |-o0.2| 633 | 386
[33] |732143| 155 |2 | 10 | 21 | 69 | 15 | 20 | - [-| - |-|o0.12] 633 | 384
[33] |732144| 148 [ 2] 10 | 18 | 71 | 15 | 29 | - |- | - |-|0.06] 414 | 353
[33] |732145| 148 |2 ] 10 | 20 | 68 | 15 | 29 | - |- | - |-|0.06] 414 | 349
[33] |732146| 156 |2 | 10 | 10 | 69 | 15 | 44 | - |- | - |-|o0.2| 633 | 441
[33] |732147| 145 [ 2] 10 | 21 | 71 | 15 | 44 | - |- | - |-o0a2| 633 | 471
[33] |7s2148| 157 | 2| 10 | 21 | 70 | 15 | 44 | - |- | - |-|0.06] 414 | 430
[33] |732149| 145 |2 ] 10 | 22 | 69 | 15 | 44 | - |- - |-|0.06] 414 | 389
[33] |732151| 150 |2 | 10 | 21 | 68 | 15 | 49 | - |-| - |-|o0.2| 638 | 455
[33] |732152| 144 [ 2] 10 | 20 | 70 | 16 | 49 | - |- | - |-|0.06] 417 | 434
[33] |732153| 140 |2 | 10 | 21 | 67 | 15 | 49 | - |- | - |-|0.06] 417 | 424
[33] |732154| 152 2] 10 | 10 | 69 | 15 | 57 | - |-| - |-|o0.2| 638 | 426
[33] |732155| 156 |2 | 10 | 20 | 72 | 15 | 57 | - |-| - |-|o0.2| 638 | 497
[33] |732156| 152 2] 10 | 20 | 72 | 15 | 57 | - |- - |-|0.06] 417 | 495
[33] |732157| 145 |2 | 10 | 23 | 66 | 16 | 57 | - |- - |-|0.06] 417 | 491
[33] |732158| 152 |2 ] 10 | 21 | 70 | 15 | 72 | - |- | - |-|0.12] 638 | 494
[33] |732159| 162 2] 10 | 20 | 67 | 13 | 72 | - |-| - |-|o0.a2| 638 | 471
[33] |732160| 143 2] 10 | 20 | 69 | 15 | 72 | - |- - |-|0.06] 417 | 452
[33] | 732161 142 2] 10 | 20 | 69 | 21 | 72 | - |- - |-|0.06] 417 | 528
[33] |732175] 400 |2 | 8 | 18 | 65 | 20 | 17 | - |- | - |-|o.12] 677 | 688
[33] |732176| 600 |2 | 10 | 16 | 63 | 18 | 17 | - |-| - |-|o0.12| 623 | 587
[33] |732177| 800 |2 | 12 | 14 | 101 | 18 | 21 | - |-| - [-|o012] 628 | 600
[33] | 7471 | 520 |2 | 25 | 75 | 100 | 87 | 20 | - |-| - |-|0.06] 436 | 270
[33] | 7472 | 720 2| 25 | 75 | 100 | 40 | 25 | - |-| - |-|0.06] 438 | 404
[33] | 7473 | 920 2| 25 | 75 | 100 | 40 | 29 | - |- - |-|0.06] 436 | 401
[33] | 7474 | 520 2| 25 | 78 | 93 | 87 | 24 | - |-| - |-lo0a2| 623 | 296
[33] | 7475 | 920 |2 | 25 | 78 | 92 | 49 | 10 | - [-| - [-|o012] 628 | 560
[33] | 7476 |1320] 2| 25 | 74 | 100 | 36 | 26 | - |-| - |-|0.12| 625 | 653
[33] | 7477 | 520 |2] 32 | 62 | 95 | 51 | 36 | - |-| - |-|0.06] 423 | 217
[33] | 7478 | 920 |2 ] 32 | 65 | 90 | 38 | 38 | - |- - |-|0.06] 422 | 305
[33] | 74716 | 520 |2 | 25 | 80 | 93 | 40 | 23 | - |- - |-|0.06] 494 | 329
[33] | 74717 | 720 |2 | 25 | 74 | 102 | 41 | 43 | - |- - |-|0.06] 502 | 411
[33] | 74718 | 920 |2 | 25 | 80 | 92 | 49 | 31 | - |-| - |-|0.06] 495 | 554
[33] | 1238 | 240 |2 | 16 | 40 | 16 | 25 | 25 | 8 |2 | 120 |2]0.12| 804 | 338

lh || @ Cx Cs Cy fem Dt |nst| st |mi| fr fy O's,max
Author | Test o™ T Tmm] | fmm] | [mm] | fmm] | (MPa] | fmm] | - [[mm]| - | - | [MPa] | [MPa]
[33] | 1239 | 400 | 2| 16 | 40 | 16 | 25 | 29 | 8 |2 200 |2]|0.12] 804 | 474
[33] | 123510 | 560 |2 | 16 | 40 | 16 | 25 | 29 | 8 |2 400 |2]0.12] 804 | 670
[33] | 123513 | 560 | 2| 16 | 40 | 16 | 25 | 29 | 8 |6 90 |2]0.12]| 804 | 744
[33] |123sia| 720 |2 | 16 | 40 | 16 | 25 | 27 | 8 |6 120 [2]0.12] 804 | 729
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[33] | 123s18 | 720 | 2 | 16 40 16 25 24 10 |6 ]120 |2]0.12| 804 | 685
[33] 6575 | 320 | 2| 16 30 36 20 20 6 6100 |2]0.12| 844 | 367
[33] 6576 | 520 | 2| 16 30 35 20 20 6 6100 |2]0.12| 903 | 508
[33] 6577 | 720 | 2| 16 30 36 20 21 4 |6]100 2]012] 883 | 669
[33] 6578 10202 | 16 30 35 20 21 6 6100 |2]0.12| 873 | 814
[33] 6579 | 520 | 2| 16 30 36 20 23 4 | 6]100 |2|012] 883 | 457
[33] | 65710 | 520 | 2 | 16 30 36 20 23 8 6100 |2]0.12| 903 | 678
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A.3.50. THOMPSON; JIRSA [THO79]

"l

K

ly

|

y

iF

<
A a
OIJJ5 L.=0.69-1.53 ‘ L,=0.91-1.75 ‘ L,=0.69-1.53 ‘0.15
L=5.18-6.40

b || @ Cx Cs Cy fem Dt |nst| st |mi|fr fy O's,max
Author Test mm]| - | [mm] | [mm] | [mm] | fmm] | [MPa] |[mm] | - | [mm] | - | - | [MPa]| [MPa]
[34] [11-30-4r212-606-55 | 762 [ 6 | 36 | 51 | 102 | 51 | 21 [ 10 [6 [ 152 [6]* | 448 | 329
[34] |11-204%2/21-6/6-5P | 508 | 6 | 36 | 51 | 102 | 51 | 22 | 10 | 7] 85 |6]* | 464 | 29
[34] |11-20-4/2/2-6/6-55 | 508 | 6 | 36 | 51 | 102 | 51 | 23 | 10 | 4| 169 |6| * | 464 | 285
[34] | 8-15-4/2/26/6-S5 | 381 | 6 | 25.4 | 51 | 102 | 51 | 24 | 10 |3 [ 191 [6]* | 421 | 400
[34] 6-12-4/2/2-6/6 305 | 6 19 51 | 102 | 51 26 - - - - * | 425 398
[34] | s184/326/6 | 457 | 6 | 254 | 51 | 102 | 76 | 32 - =1 = T-1*1] 409 | 390
[34] | 8-18-4/3254/6 | 457 | 4 | 254 | 64 | 102 | 76 | 20 - =1 - T-1*1] 409 | 345
[34] 8-24-4/2/2-6/6 610 | 6 | 254 | 51 | 102 | 51 21 - - - |-[*] 409 353
[34] | 112562355 | 635 | 5 | 36 | 76 | 152 | 51 | 27 - -1 - -1*] 457 | 307
[34] | 1130-42226/6 | 762 | 6 | 36 | 51 | 102 | 51 | 20 - - - - a2t
[34] | 1130424606 | 762 | 6 | 36 | 102 | 102 | 51 | 23 - -1 - -]*| 47| 311
[34] | 11-30-4227/4/6 | 762 | 4 | 36 | 69 | 102 | 51 | 30 - -1 - [-1*1 43 | 400
[34] | 1145412606 | 1143] 6 | 36 | 51 | 102 | 25 | 24 - - - - s | e
[34] | 1460-4222565 | 1524 | 5 | 43 | 51 | 102 | 51 | 20 - -1 - [-1*] 39| 322
[34] | 146-42/4555 [1524| 5 | 43 | 102 | 102 | 51 | 22 - -1 - T-1*139%8 | 391
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A.3.51. TREECE; JIRsSA [TRES89]

Fi f IO [ i F
1 1
%
- a
0_]J L,=1.22-1.68 L,=1.22-2,74 L,=1.22-1.68 ‘0.1
L=3.76-6.20
lo |no 1] Cx Cs Cy fem Dt |nst| st || fr fy O's,max
Author | Test

[mm]| - | [mm] | [mm]|[mm]|[mm]| [MPa] | [mm]| - |[mm]| - - [MPa] | [MPa]
[35] 0-6-12 41 | 3 19 51 102 19 21 - - - - * * 436
[35] 0-6-8 41 | 3 19 51 102 | 22 21 - - - - * * 435
[35] 0-6-4r 61 |3 19 51 102 | 25 32 - - - - * * 433
[35] 0-6-4 30 |3 19 51 102 | 51 16 - - - - * * 364
[35] 0-11-12 46 | 3 36 51 102 51 13 - - - - * * 321
[35] 0-11-4b 91 |3 36 51 102 51 26 - - - - * * 311
[35] |o0-11-12b | 46 |3 36 51 102 51 13 - - - - * * 295
[35] 0-11-4 91 |3 36 51 102 | 51 16 - - - - * * 294
[35] 0-11-8 46 | 3 36 51 102 | 54 13 - - - - * * 276
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A.3.52. UNTRAUER; HENRY [UNTG65]

> <«
P < P bl Lip
> <«
Fl

Autho Test lo ? () Cx Cs Cy fem Dst I':s St fr fy O's,max
r [”]‘m - | [mm] [”]‘m [”]‘m [”]‘m [MPa] [”]‘m : [”]‘m - | MPa] | [MPa]
[48] |seow0| 151 | 1| 285 |61.9] 0 | 619 249 | - |- | - * | 500 | 232
[48] |36020] 151 | 1| 285 | 61.9] 0 |61.9] 249 | - |- | - * | 500 | 288
[48] |4s005| 151 | 1| 285 |61.9] 0 |61.9] 309 | - |- | - * | 500 | 233
[48] |47o0] 151 | 1| 285 |61.9] 0 |61.9] 326 | - |- | - * | 500 | 314
[48] |ste15] 151 | 1| 285 |61.9] 0 |61.9] 351 | - |- | - * | 500 | 308
[48] |sw20] 151 | 1| 285 |61.9] 0 |61.9] 351 | - |- | - * | 500 | 357
[48] |47o25| 151 | 1| 285 |61.9] 0 |61.9] 326 | - |- | - * | 500 | 408
[48] |4305| 151 | 1| 285 |61.9] 0 |61.9] 295 | - |- | - * | 500 | 320
[48] |43%s0] 151 | 1| 285 |61.9] 0 |61.9] 295 | - |- | - * | 500 | 335
[48] |47es0] 151 | 1| 285 |61.9] 0 |61.9] 327 | - |- | - * | 500 | 458
[48] |eao05| 151 | 1| 285 |61.9] 0 |61.9] 442 | - |- | - * | 500 | 290
[48] |eee0s| 151 | 1| 285 |61.9] 0 |61.9] 408 | - |- | - * | 500 | 246
[48] |ese15| 151 | 1| 285 |61.9| 0 | 619 446 | - |- | - * | 500 | 431
[48] |ese20| 151 | 1| 285 |61.9] 0 |61.9] 477 | - |- | - * | 500 | 385
[48] |eses0| 151 | 1| 285 | 61.9] 0 | 619 446 | - |- | - * | 500 | 466
[48] |ae605| 152 | 1| 19 |61.9] 0 |61.9] 249 | - |- | - * | 500 | 347
[48] |se625] 152 | 1| 19 |66.7| 0 | 667 249 | - |- | - * | 500 | 332
[48] |a7605| 152 | 1| 19 |66.7] 0 | 667 326 | - | -| - * | 500 | 430
[48] |4%w0] 152 1| 19 |667] 0 |667] 295 | - |- | - * | 500 | 399
[48] |sw615] 152 [ 1| 19 |667] 0 | 667 351 | - |- | - * | 500 | 393
[48] |a7620] 152 1| 19 |66.7] 0 | 667 326 | - |- | - * | 500 | 521
[48] |sw625] 152 | 1| 19 |66.7] 0 | 667 351 | - |- | - * | 500 | 519
[48] |4%0| 152 | 1| 19 |66.7] 0 |66.7] 295 | - |- | - * | 500 | 458
[48] |a7es0] 152 | 1| 19 |66.7] 0 667 327 | - |- | - * | 500 | 652
[48] |ess0] 152 | 1| 19 | 667 0 | 667 446 | - |- | - * | 500 | 544
[48] |eas20| 152 | 1| 19 |66.7] 0 | 667 442 | - |- | - * | 500 | 644
[48] |es20] 152 | 1| 19 |66.7] 0 | 667 477 | - |- | - * | 500 | 469
[48] |ese30| 152 | 1| 19 | 66.7| 0 | 667 446 | - |- | - * | 500 | 671
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A.3.53. ZEKANY [ZEKS81]

I |
0 0 iF
A A
L=2.18 L,=2.44 L,=2.13 0.1
| =6.88
lo |no %) Cx Cs Cy fem Dt |nst| st || fr fy O's,max
Author | Test e T T fmm] | fmm | fmm] | fmm] | [MPa] | fmm] | - |[mm]| - | - | [MPa] | [MPa]
[36] | 1140B-A | 559 | 4| 36 | 51 | 102 | 51 | 37 | 6 |5 114 2| * | 414 | 311
[36] | 245808 | 559 |4| 36 | 51 | 102 | 51 | 29 | 6 |5 114 |2| * | 414 | 295
[36] |25408(4)| 559 | 4| 36 | 51 | 102 | 51 | 27 | 6 |4 114 [4| * | 414 | 289
[36] | 35538 | 559 | 4| 36 | 51 | 102 | 51 | 26 | 10 | 4| 127 |2| * | 414 | 274
[36] | 245538 | 559 | 4| 36 | 51 | 102 | 51 | 28 | 6 |5 114 |2| * | 414 | 292
[36] | 11538 | 559 |4| 36 | 51 | 102 | 51 | 28 | 6 |5 114 2] * | 414 | 294
[36] | 11408 | 559 |4| 36 | 51 | 102 | 51 | 35 | 6 |5 114 |2| * | 414 | 316
[36] | 1153BD | 559 | 4| 36 | 51 | 102 | 51 | 28 | 6 |5 114 |2| * | 414 | 235
[36] | 35408 | 559 |4| 36 | 51 | 102 | 51 | 26 | 10 | 4| 127 |2| * | 414 | 266
[36] | 953B | 406 | 5|28.6512] 51 | 76 | 51 | 39 | 6 |4 114 |2| * | 433 | 307
[36] | 9538-N | 406 | 5|286512] 51 | 72 | 51 | 39 | - |-| - |-| * | 433 | 329
[36] | NNsoB | 559 |4| 36 | 51 | 94 | 51 | 26 | - |-| - |- * | 414 | 264
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A.3.54. Zuo; DARWIN [ZUO98]

"l

1 1
:
O_JJI5 L,=1.52 L=1.83 ‘ L=1.52 !0.15
| =4.88

lo | no %) Cx | C | ¢y | fom | @st | nst | St n | fr fy | osmax
Author) Test [ o 1] [fmmi|fmm]|fmmMPallimm]| - [mm]| - | - |[MPa][MPa]
[37] | 191BsU |914| 3 | 25450 | 98 | 50 | 29 | - | - | - | - |0.119] 556 | 503
[37] | 192BN-U~ |914| 3 | 254 | 51 | 96 | 49 | 29 | - | - | - | - |0.119] 556 | 465
[37] | 20685U [1016] 3 | 254 | 38 | 34 | 33 | 35 | - | - | - | - [0.119] 556 | 392
[37] | 23a585U |559| 2 | 254 | 51 | 96 | 49 | 64 | - | - | - | - |0.119] 556 | 431
[37] | 23a685U |737| 2 | 254 | 52 | 95 | 49 | 64 | - | - | - | - |0.119] 556 | 522
[37] | 23v38S5U |495] 2 | 254 | 77 |196] 78 | 58 | - | - | - | - [0.119] 556 | 494
[37] | 241BsU |813| 2 | 254 | 51 | 95 | 48 | 30 | - | - | - | - |0.121] 545 | 425
[37] | 251850 |419] 3 | 15950 | 52 | 40 | 31 | - | - | - | - |0.141] 434 | 438
[37] | 26385U [1016] 3 | 254 | 39 | 33 | 48 | 34 | - | - | - | - [0.121] 545 | 428
[37] | 26585U [1016] 3 | 254 | 38 | 35 | 48 | 34 | - | - | - | - |0.069] 538 | 440
[37] | 2858sU |762] 2 | 36 | 50 |205| 51 | 87 | - | - | - | - |0.127] 536 | 352
[37] | 3058sU |762] 2 | 36 | 52 | 204|850 | 91 | - | - | - | - |0.127] 536 | 463
[37] | 3158sU |559| 3 | 254 | 46 | 26 | 38 | 89 | - | - | - | - |0.121] 545 | 425
[37] | 316BsU |559| 3 | 254 | 44 | 27 | 38 | 89 | - | - | - | - |0.085] 479 | 438
[37] | 3218sU |813] 2 | 36 | 51 | 50 | 48 | 99 | - | - | - | - |0.127] 536 | 438
[37] | 322BsU |813]| 2 | 36 | 51 | 54 | 49 | 99 | - | - | - | - |0.07] 460 | 425
[37] | 323BsU |813] 2 | 36 | 50 |204] 49 | 99 | - | - | - | - |0.127] 536 | 419
[37] | 324BsU |711] 2 | 36 | 52 |206] 49 | 99 | - | - | - | - |0.07] 460 | 422
[37] | 341BsU |610| 3 | 254 | 52 | 98 | 49 | 38 | - | - | - | - |0.121] 545 | 398
[37] | 342BN-U™ | 610| 3 | 254 | 53 | 99 | 49 | 38 | - | - | - | - |0.121] 545 | 426
[37] | 343BsU |610| 3 | 254 | 53 | 94 | 50 | 38 | - | - | - | - |0.085 479 | 405
[37] | 344BN-U™ | 610| 3 | 254 | 52 | 96 | 49 | 38 | - | - | - | - |0.085 479 | 402
[37] | 363BsU |660] 3 | 254 | 51 | 93 | 51| 35 | - | - | - | - |0.085 479 | 431
[37] | 364BN-U™ | 660 3 | 254 | 52 | 93 | 50 | 35 | - | - | - | - [0.085 479 | 414
[37] | 381BN-U™ | 660 | 3 | 254 | 49 | 99 | 46 | 35 | - | - | - | - |0.085 479 | 373
[37] | 382BsU |660| 3 | 254 | 54 | 94 | 53 | 35 | - | - | - | - |0.085 479 | 416
[37] | 396BsU |533]| 3 | 254 | 50 | 26 | 38 | 100 | - | - | - | - |0.101] 467 | 451
[37] | 405BsU |432| 2 | 254 | 51 | 95 | 47 | 108 | - | - | - | - |0.069 538 | 455
[37] | 193BsU |762| 3 | 254 | 52 | 96 | 48 | 29 | 10 | 3 |38L] 2 |0.119] 556 | 489
[37] | 194BN-U™ | 762 3 | 254 | 52 | 96 | 48 | 29 | 10 | 3 |38L] 2 |0.119] 556 | 528
[37] | 201BsU [1016] 3 | 36 | 51 | 67 | 47 | 35 | 13 | 8 |145] 2 |0.127| 536 | 483
[37] | 202BN-U~ [1016] 3 | 36 | 51 | 66 | 47 | 35 | 13 | 8 |145] 2 |0.127] 536 | 488
[37] | 203BsuU [1016] 3 | 36 | 51 | 67 | 46 | 35 | 13 | 5 |254| 2 |0.127| 536 | 466
[37] | 204BN-U~ [1016] 3 | 36 | 52 | 66 | 47 | 35 | 13 | 5 |254| 2 [0.127] 536 | 460
[37] | 211BsU |610| 3 | 254 | 45 | 25 | 37 | 30 | 16 | 6 |122] 2 |0.119] 556 | 502
[37] | 213BsU |635| 3 | 254 | 42 | 29 | 38 | 30 | 16 | 5 |159] 2 |0.119] 556 | 518
[37] | 2158sU |635| 2 | 254 | 42 |113] 36 | 30 | 13 | 5 |159] 2 |0.119] 556 | 529
[37] | 23a18BSU |533| 3 | 254 | 55 | 94 | 49 | 63 | 10 | 4 |178| 2 |0.119] 556 | 545
[37] | 2323BN-U™ |533| 3 | 254 | 52 | 97 | 48 | 63 | 10 | 4 |178] 2 |0.119] 556 | 546
[37] | 23a4BSU |533] 3 | 254 | 51 | 96 | 49 | 63 | 10 | 4 |178] 2 |0.119] 556 | 547
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[37] 23b1-B-S-U |445| 3 | 254 | 37 | 36 | 50 | 58 | 13 | 5 |111| 2 [0.119 556 | 544
[37] 26.1B-S-Ur | 762 | 3 | 254 |40 | 33 | 48 | 34 |10 | 6 |152| 2 |0.121] 545 | 442
[37] 271B-S-Ur |572| 3 | 254 |48 | 25 | 37 | 75 |10 | 6 |114| 2 [0.121) 545 | 544
[37] 272B8-S-U |572| 3 | 254 |51 |24 36| 75 |10 6 |114| 2 |0.069 538 | 533
[37] 273B-S-Ur 1445| 3 | 254 |49 | 23 | 37| 75 |13 | 5 |111| 2 |0.121] 545 | 537
[37] 2748B-S-U 1445| 3 | 254 |51 | 23 |37 | 75 |13 | 5 |111| 2 |0.069 538 | 533
[37] 275B-S-Ur 1457 | 3 | 2541102 | 48 | 36 | 75 | 13 | 4 |152| 2 |0.121] 545 | 532
[37] 276-B-S-U 1457 | 3 | 254|102 | 47 | 37 | 75 | 13 | 4 |152| 2 |0.069 538 | 531
[37] 281-BS-U | 635| 2 36 | 56 | 39 | 48 | 87 |10 | 5 |159]| 2 |0.127| 536 | 492
[37] 283Bs-U | 711 | 3 36 | 55 | 63 | 48 | 87 |10 | 4 |237| 2 |0.127| 536 | 463
[37] 29.1B-S-Ur |508 | 3 | 254 |45 |25 | 37| 73 |10 5 |127| 2 |0.121] 545 | 553
[37] 292-B-S-U |508| 3 | 254 |48 | 25|38 | 73 |10 | 5 |127| 2 |0.069 538 | 576
[37] 293-B-S-Ur 1457 | 3 | 254 | 47 | 25 | 37| 73 |10 | 6 | 91 | 2 [0.121) 545 | 540
[37] 294B-S-U 1457 | 3 | 254|149 |25 |36 | 73 |10 6 | 91| 2 |0.069 538 | 527
[37] 295-B-S-Ur 1406 | 3 | 254 |99 | 49 | 37 | 73 |10 | 4 |135| 2 |0.121] 545 | 523
[37] 296-B-S-U 1406 | 3 | 254 |99 | 50 |36 | 73 |10 | 4 |135]| 2 |0.069 538 | 537
[37] 301-BS-U | 635| 2 36 | 60 | 35|48 | 91 |10 | 3 |318] 2 |0.127| 536 | 456
[37] 303Bs-U | 711 | 3 36 | 50 | 65 |48 | 91 |10 | 2 |711] 2 |0.127| 536 | 462
[37] 31.1B-S-Ur 1406 | 2 | 254 |51 | 95|39 |89 |10 2 |406| 2 |0.121] 545 | 472
[37] 313B-S-U 406 | 2 | 254 |50 |98 | 37|89 |10 2 |406| 2 |0.069 538 | 451
[37] 331-B-S-Ur 457 | 3 | 254 |52 |22 |50 | 37 |13 | 6 | 91| 2 [0.121) 545 | 420
[37] 332B-S-U 457 | 3 | 254 |50 | 20 |49 | 37 |13 | 6 | 91| 2 |0.085 479 | 421
[37] 333-B-S-Ur 1457 | 3 | 254 |53 | 97 | 50| 37 |10 4 |152| 2 |0.121] 545 | 396
[37] 334B-S-U 457 | 3 | 254 |52 | 97 |49 | 37 |10 | 4 |152| 2 |0.085 479 | 401
[37] 335B-S-Ur |559| 2 | 254|152 95|49 | 36 |10 2 |559| 2 |0.121] 545 | 388
[37] 336-B-S-U |559| 2 | 254 |53 |86 |48 | 36 |10 2 |559| 2 |0.085 479 | 399
[37] 3651B-S-U |508| 2 | 254 |37 |121|49 | 37 |10 | 5 |127| 2 [0.14)| 520 | 470
[37] 353B-S-U |508| 2 | 254 |38 |115]| 49 | 37 |10 | 5 |127| 2 |0.085 479 | 425
[37] 36.1B-S-Ur 1610 | 3 | 254 |49 | 25| 37|35 |16 | 6 |122| 2 |0.121] 545 | 528
[37] 362B-S-Ur |533| 3 | 25450 | 25|36 | 35 |13 | 7 | 89| 2 |0.121] 545 | 463
[37] 3748B-S-U |533| 3 | 254 |51 | 25|38 |33 |13 | 7 |8 | 2 |014] 520 | 503
[37] 383B-S-Ur 1610 | 3 | 254 |49 | 25| 37| 35 |16 | 6 |122| 2 |0.121] 545 | 471
[37] 384-B-s-Ur |533| 3 | 254 |50 25|36 | 35 |13 | 7 | 89| 2 |0.221] 545 | 419
[37] 385B-S-Ur 1610 | 2 | 254|152 |95 | 37|35 |10 6 |122| 2 |0.121] 545 | 466
[37] 386-B-S-Ur 1660 | 2 | 254 |50 | 98 |45 | 35 |10 2 | 660 2 |0.121] 545 | 391
[37] 392-B-S-U 406 | 3 | 254 | 48 | 26 | 37 | 100 | 10 | 4 |135| 2 |0.101) 467 | 477
[37] 393B-S-U 406 | 3 | 254 |48 | 25 | 38 | 100 | 10 | 4 |135| 2 [0.069 538 | 524
[37] 401-BS-U 584 | 2 36 | 52 | 51 | 37 | 108 | 10 | 4 |195]| 2 |0.127| 536 | 461
[37] 404-BS-U | 584 | 2 36 | 51 | 54 | 37 | 108 | 10 | 4 |195]| 2 |0.072| 452 | 407
[37] 4118B-S-U 1406 | 2 | 254 |51 | 94|39 ]| 70 |10 2 |406| 2 |0.119 556 | 457
[37] 412B-S-U 1406 | 3 | 254 |48 | 24 |38 | 70 |16 | 4 |135] 2 |0.119 556 | 568
[37] 413B-S-U 406 | 3 | 254 |48 | 23 | 48 | 70 | 13 | 4 |135] 2 |0.119] 556 | 547
[37] 4148B-S-U 1406 | 3 | 254 |48 | 25| 37| 70 |16 | 4 |135]| 2 |0.069 538 | 533
[37] | 415-BN-U™ 406 | 3 | 254 | 51 | 95 | 50 | 72 | 10 | 2 |406| 2 |0.085 479 | 456
[37] 416B-S-U 1406 | 3 | 254 |51 | 95 |50 | 72 |10 | 2 |406| 2 |0.085 479 | 452
[37] 421B-S-U 1406 | 2 | 254 |51 | 94 | 47| 82 |10 | 2 |406| 2 |0.069 538 | 445
[37] 4248B-S-U 1406 | 3 | 254 |48 | 25 | 46 | 82 | 13 | 4 |135] 2 |0.069 538 | 488
[37] 425B-S-U 1406 | 3 | 254 |48 | 25 | 37| 8 |16 | 4 |135| 2 [0.069 538 | 524
[37] 432B-S-U 1406 | 2 | 254 |52 | 95 |47 | 79 |10 | 2 |406| 2 |0.119 556 | 449
[37] 433B-S-U 1406 | 3 | 254 |47 | 25 | 47 | 79 | 13 | 4 |135| 2 [0.119 556 | 544
[37] 436B-S-U 1406 | 3 | 254 |48 | 25|38 | 79 |16 | 4 |135] 2 [0.119 556 | 564
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