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Abstract

In composite beam and slab structures, horizontal concrete interfaces occur between
concrete cast at different times, e.g. due to section wise concrete casting or in precast
construction. To achieve a quasi-monolithic load bearing behaviour, the horizontal shear
transfer across the interface must be verified. In present design codes, interface shear
resistance is calculated with semi-empirical design equations accounting for load re-
sistance terms of adhesion, friction induced by normal stress, and friction induced by
clamping of interface reinforcement. The design equations are mainly built upon similar
theoretical backgrounds but experimental data from different small size test series.
Small size tests localise interface shear to small interface areas with concentrated load
application, in contrast to composite beam and slab structures, where horizontal inter-
face shear develops due to composite action. The transfer of results from small size tests
to structural members, however, requires further investigation. Additionally, interface
shear resistance values differ significantly among codes, which bares potential improve-
ments in terms of efficiency and level of reliability of the design equations.

The objective of this thesis was to improve the formulation of interface shear resistance
in terms of efficiency and level of reliability, for monotonic and cyclic loading condi-
tions. Therefore, consistent and critically reviewed databases were developed using test
results from experimental investigations in literature and own tests. The databases spe-
cifically distinguish between small size tests and structural members to investigate the
effects of test setup on interface shear resistance. Further classifications were made re-
garding the load resistance terms by distinguishing between interfaces with and without
interface reinforcement and normal stress. By means of systematic evaluation of the
databases with the interface shear equations according to Eurocode 2, including the Na-
tional Annex of Germany, the draft for the next Eurocode 2, Model Code 2010, ACI
318-14 and AASHTO LFRD, the different design equations were compared and as-
sessed regarding efficiency and level of safety.

Based on the results of the database evaluations, a modified interface shear equation was
derived following the design concept for the next generation of Eurocode 2. For an ef-
ficient and safe estimation of interface resistance, the coefficients of adhesion and fric-
tion were determined independently using isolated databases. To account for a sufficient
level of reliability, partial safety factors for adhesion and friction were derived by prob-
abilistic evaluation methods according to Eurocode 0. For fatigue, the verification of
stress range in the interface reinforcement was revised and improved based on own ex-
perimental investigations with semi-precast slabs with lattice girders under cyclic load-
ing. For structural members, the database evaluation shows an inverse relationship be-
tween interface width and interface shear resistance. This effect was captured with an
additional coefficient of interface width in the adhesive term of the modified interface
shear equation. The validation of the modified interface shear equation with test results
of structural members shows an improved and reliable estimation of interface shear re-
sistance.






Kurzfassung

Bei der Herstellung von Balken und Plattentragwerken entstehen hdufig Fugen zwischen
Betonen unterschiedlichen Alters, z.B. als Arbeitsfugen zwischen Betonierabschnitten
oder im Fertigteilbau zwischen Fertigteil und Ortbeton. Zur Sicherstellung eines quasi-
monolithischen Tragverhaltens ist die Ubertragung von Schubspannungen in Fugen-
ebene von entscheidender Bedeutung. In aktuellen Bemessungsnormen wird die Trag-
fahigkeit von Verbundfugen mit einem semi-empirischen Bemessungsansatz unter Be-
riicksichtigung der Traganteile aus Adhésion, Reibung durch Normalspannung sowie
Reibung durch Klemmwirkung der Bewehrung beschrieben. Die Bemessungsgleichun-
gen basieren auf dhnlichen Modellvorstellungen, wurden jedoch vorwiegend auf Grund-
lage von Kleinkorperversuchen verschiedener Versuchsserien hergeleitet. In Kleinkor-
perversuchen werden i.d.R. kleine Fugenflidchen durch konzentrierte Krafteinleitung be-
ansprucht, wohingegen in Balken und Plattentragwerken die Schubspannungen in Fu-
genebene durch Druckkraftinderungen infolge Biegung entstehen. Die Ubertragung der
Versuchsergebnisse von Kleinkorpern auf Bauteile erscheint daher fraglich. Zudem wei-
chen die Fugentragfihigkeiten verschiedener Bemessungsnormen teils erheblich vonei-
nander ab, wodurch ein Verbesserungspotential besonders hinsichtlich der Wirtschaft-
lichkeit und des Sicherheitsniveaus aufzeigt wird.

Das Ziel dieser Arbeit war die Uberpriifung und Verbesserung der Schubfugenbemes-
sung fiir ruhende und nicht ruhende Belastung unter den Aspekten der Wirtschaftlichkeit
und des Sicherheitsniveaus. Basierend auf umfangreichen Literaturrecherchen und ei-
genen experimentellen Untersuchungen wurden konsistente Datenbanken erstellt und
kritisch tiberpriift. Zur Untersuchung der Einfliisse aus dem Versuchsaufbau sowie der
einzelnen Traganteile der Schubfugenbemessung unterscheiden die Datenbanken zum
einen zwischen Kleinkorper- und Bauteilversuchen, zum anderen zwischen Versuchen
mit und ohne Normalspannung sowie mit und ohne Fugenbewehrung. Durch systemati-
sche Datenbankauswertungen mit den Bemessungsansitzen nach Eurocode 2, ein-
schlieBlich Nationalem Anhang fiir Deutschland, dem Entwurf fiir den neuen Euro-
code 2, Model Code 2010, ACI 318-14 und AASHTO LFRD wurden die verschiedenen
Bemessungsgleichungen hinsichtlich der beiden Kriterien Wirtschaftlichkeit und Si-
cherheitsniveau verglichen und bewertet.

Aufbauend auf den Datenbankauswertungen wurde ein modifizierter Bemessungsansatz
auf Grundlage des Neuvorschlags von Eurocode 2 fiir statische und zyklische Belastun-
gen abgeleitet. Hierzu wurden Rauigkeitsbeiwerte fiir Adhédsion und Reibung durch iso-
lierte Datenbankbetrachtungen bestimmt, um anschlieBend mittels probabilistischer
Verfahren nach Eurocode 0 Teilsicherheitsbeiwerte fiir Adhédsion und Reibung herzu-
leiten. Basierend auf eigenen Untersuchungen an Elementdecken mit Gittertrdgern unter
Ermiidungsbeanspruchung wurde der Nachweis der Spannungsschwingbreite in der Fu-
genbewehrung fiir nicht ruhende Belastungen iiberarbeitet und verbessert. Zudem
konnte im Rahmen der Datenbankauswertung eine Abnahme der Fugentragfihigkeit mit
zunehmender Fugenbreite festgestellt werden. Zur Beriicksichtigung dieses Einflusses
wurde ein zusitzlicher Parameter fiir den Adhisionstraganteil in der Bemessungsglei-
chung hergeleitet. Die Validierung der vorgeschlagenen Bemessungsgleichung mit Ver-
suchen an Balken- und Plattenbauteilen zeigt eine verbesserte und sichere Abschidtzung
der Fugentragfihigkeit.
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Notations

In the following, the most important units, abbreviations and symbols are listed. Unlisted
symbols are explained in the text where they appear.

Units

Strain: %, %o

Force: N, kN, MN

Stress: N/mm?, MN/m?, MPa

Distance: mm, cm, m

Angle degree (°)

Abbreviations

CoVv coefficient of variation

S-N fatigue strength

Capital Latin Letters

Ac cross-sectional area of concrete

Aint, Acy cross-sectional area of interface

As cross-sectional area of reinforcing steel

Asi, Avt cross-sectional area of reinforcement across the interface
Ay min cross-sectional area of minimum reinforcement
Ci, 2 factor considering concrete strength

Ddow shear resistance due to dowel action

E young’s modulus, effects of action

Eq design effects of action

Ex characteristic effects of action

F force

F. compressive force

Fedi normal design force in in-situ concrete

Fea resulting design compression force of the section
Fiiic frictional resistance

F tensile force in reinforcement

G limit state function

K fraction of concrete strength to resist interface shear
K> factor for limiting interface shear resistance
Kvr quantile factor of effects of action

Kpr quantile factor of resistance

M moment

N number of load cycles

N* reference number of load cycles

|74 shear force, volume

VEdi applied design shear force
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Vau, Vi
Vn, Vri
Vnh, Vni
Vn,max
Vtest

P

P c

R

Ra

Rx

Ry

Ry

T

Vx

Xa

Xk
Xk.5%
Xm

ultimate shear force, acting shear force
factored shear resistance

horizontal interface shear resistance
maximum factored shear resistance
shear force determined by test

external clamping force

permanent net compressive force normal to the interface
resistance

design resistance

characteristic resistance

roughness depth

maximum profile peak

tensile force

coefficient of variation

design value

characteristic value

characteristic 5% quantile value

mean value

Lowercase Latin Letters

s, min
a

b

b

bi, bint

Cfat
Ck

Cm
Cstat
dy

dy
dx

ds

d

fe

fc s
Jeeyl
fcm,cube
fcm,cyl

fc,prism

Jel

vi

area of minimum reinforcement per unit length
distance between load application and support
width

width of the web

width of interface

coefficient of adhesion

coefficient of adhesion for fatigue
characteristic coefficient of adhesion

mean coefficient of adhesion

coefficient of adhesion for monotonic loading
diameter of dowel

aggregate size

length of infinitesimal element

diameter of reinforcement

diameter; effective depth

concrete strength

specified cylinder concrete compressive strength after 28 days
cylinder concrete compressive strength

mean cube concrete compressive strength
mean cylinder concrete compressive strength
concrete compressive strength of prism
uni-axial concrete compressive strength
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fed
Jek
Jem
fet
feul
Jetsp
fctm
Jetk
Jetd
fct,ﬂex
ft >

b
Jfyd
fyx

h
]’linsitu
hpre
hiotal
k

ki, k2
kn
kd,n
ki

ke

[

n
M, Ny
pr

S

Sbar
Sx, Sy
4

1%
VEdi
Vmax
VRdi
VRdi,max, fat
Vu, Vui
w

Xi

zZ

design concrete compressive strength
characteristic concrete compressive strength
mean concrete compressive strength
concrete tensile strength

uni-axial concrete tensile strength

splitting concrete tensile strength

mean concrete tensile strength
characteristic concrete tensile strength
design concrete tensile strength

flexural concrete tensile strength

uniaxial tensile strength

yield strength of reinforcement

design yield strength

characteristic yield strength of reinforcement
height

height of insitu concrete layer

height of precast element

height of total cross section

constant

inclination of S-N curve

quantile factor

quantile factor for design

coefficient of the tensile forces in reinforcement
coefficient for the flexural resistance of reinforcement
length

number of load cycles, number of tests
mean value

failure probability

spacing of interface reinforcement, slip

bar spacing

standard deviation

time

vertical displacement

applied design shear stress of interface
maximum shear stress

design interface shear resistance

maximum design interface shear resistance for fatigue
ultimate shear stress

deflection, vertical displacement

test data

lever arm of internal forces

vil



Notations

Greek Letters and Symbols

a

o, 02, 03
OE
OR

B

Yadh

K1
K2

Ab

HE
NG
Hm
Pk
HR

Pint
p1

Pmin

Oa
O¢

Om

Omax

Omin

viil

inclination of interface reinforcement, coefficient of flexural resistance
of the reinforcement

parameters determined by regression analysis
weighting factor for effects of actions

weighting factor for resistance

ratio of transferable normal force across the interface, reliability index
partial safety factor of adhesion

partial safety factor of concrete

partial safety factor for effects of action

partial safety factor of friction

partial safety factor for material

partial safety factor for resistance

partial safety factor for model equation

partial safety factor of reinforcement

partial safety factor of reinforcement for fatigue
deviation; error term, displacement

deviation, change of distance, range

strain

angle of compression strut, angle between interface reinforcement
coefficient of the tensile forces in the reinforcement
coefficient of flexural resistance of reinforcement
wave length, coefficient of concrete density
coefficient of interface width

coefficient of friction; mean value

mean value of effects of action

mean value of limit state function

mean coefficient of friction

characteristic coefficient of friction

mean value of resistance

strength reduction factor

reinforcement ratio

interface reinforcement ratio

longitudinal reinforcement ratio

minimum reinforcement ratio

stress

stress amplitude

standard deviation of concrete strength

standard deviation

medium stress

maximum stress

minimum stress
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On

OE

OG

OR
Ac
AOm
Acp
ACRsk
Ao

T

Tadh
Tfric
TRdi
TRKi
Atrai
AVRdi fat, LG
Ttest

Treinf

@
¢

Indices

adh
c

ct
calc
d

E
fat
fric
int

LG

reinf
stat

test

normal stress

standard deviation of effects of action

standard deviation of limit state function

standard deviation of resistance

stress range

mean value of stress range

p-quantile of stress range

approved characteristic stress range

stress range in reinforcement

shear stress

adhesive shear strength

frictional shear strength

design shear resistance of interface

characteristic shear resistance of interface

design shear stress range resistance of interface

design shear stress range resistance of interfaces with lattice girders
tested shear stress

shear strength of reinforcement

diameter

internal angle of internal friction, partial safety factor for shear

adhesion

concrete, compression
concrete tensile
determined by calculation
design

applied action

fatigue

friction

interface
characteristic

lattice girders

mean

normal

resistance
reinforcement

steel

static

tensile

determined by tests
yield
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1 Introduction

1.1 Backgrounds

In beam and slab structures, horizontal interfaces occur between concrete cast at differ-
ent times e.g. due to section wise concrete casting, in precast construction between pre-
cast element and insitu concrete, or in context of strengthening of existing structures
between the existing structure and the strengthening concrete layer. Whereas in common
building practice composite beam and slab structures are generally subjected to mono-
tonic loading, cyclic loading conditions occur in industrial construction or due to traffic
loads on bridges. To guarantee a sufficient load bearing resistance of the composite
structure for monotonic and cyclic loading conditions, a quasi-monolithic load bearing
behaviour must prevail. Since the location of the concrete interface represents a signifi-
cant weakness in the structure, sufficient bond between the concrete layers must be en-
sured to guarantee an adequate shear transfer across the interface and thus, a quasi-mon-
olithic load bearing behaviour of the structure.

To quantify the interface shear resistance of composite structures, experimental investi-
gations and theoretical analyses were conducted over the past decades. Current model
concepts for interface shear are based on shear friction theory, which was developed in
the 1960s and describes the interface shear resistance by frictional resistance due to
clamping of interface reinforcement. Assumptions based on the Mohr-Coulomb analogy
further enhanced the understanding of interface shear resistance and added two load
resistance terms for adhesion and friction induced by external normal stress. A main
influencing parameter of the interface resistance in model concepts is the roughness of
the interface, which affects the adhesive as well as the frictional resistance due to normal
stress and interface reinforcement.

1.2 Motivation

The design approaches according to present design codes are mainly built upon the the-
oretical backgrounds described above. Considering the design regulations of Euro-
code 2, Eurocode 2 with the National Annex of Germany, the draft for the next Euro-
code 2, Model Code 2010, ACI 318-14 and AASHTO LFRD, the interface shear re-
sistance is described by the three load resistance terms of adhesion, friction induced by
normal stress and friction induced by clamping of interface reinforcement. Whereas the
European design expressions formulate the adhesive resistance by terms of concrete
strength, the American Codes define constant adhesive strengths depending on interface
roughness. Additionally, the expressions of Model Code 2010 and the new approach of
Eurocode 2 for concrete toppings extend the resistance term of interface reinforcement
by considering the effect of dowel action. To capture the influence of interface rough-
ness, the design codes define roughness coefficients depending on interface roughness
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classification. The roughness coefficients were mainly determined on the basis of ex-
perimental test data from different test series. Additionally, the experimental test data is
predominantly based on small size tests. Small size tests localise interface shear to small
interfaces with concentrated load application, in contrast to composite beam and slab
structures, where the horizontal interface shear develops due to composite action. The
transfer of results from small size tests to structural members, however, is not straight-
forward and requires further investigation. Additionally, the calculated interface shear
resistances differ up to several orders of magnitude among codes, which bares potential
for improvements in terms of efficiency and level of safety of the design equations.
Furthermore, the design regulations according to the present codes provide different as-
sumptions for the fatigue verification of concrete interfaces with and without interface
reinforcement.

To verify the design equations and to achieve an efficient and safe design for composite
beam and slab structures, no complete, consistent, and critically reviewed databases,
which distinguish between small size tests and structural members as well as between
monotonic and cyclic loading, exist yet. Database evaluations from literature concen-
trate either on small size tests or structural members, or comprise a limited number of
test series. The current development of a revised interface shear design concept for Eu-
rocode 2 as well as the ACI 445D Shear Friction Database development is an oppor-
tunity to develop consistent and critically reviewed databases, to assess the present de-
sign expressions for monotonic and cyclic loading conditions and to revise interface
shear design in terms of efficiency and level of safety.

1.3 Objectives and outline

The objective of this thesis is to revise and assess the design of interface shear transfer
in present design codes based on comprehensive and systematic evaluations of existing
and new experimental data. Special care is put on distinguishing between test setups
(small size tests and structural member tests), load resistance terms (interfaces without
normal stress and interface reinforcement for adhesion, interfaces with externally ap-
plied normal stress for friction and interfaces with interface reinforcement) and loading
conditions (monotonic and cyclic loading). Based on the evaluation results, this thesis
aims to improve the horizontal interface shear design based on the design concept of the
next Eurocode 2 in terms of efficiency and level of safety.

The presented thesis consists of eight chapters. The content of each chapter is briefly
summarised in the following:

e Chapter 2 provides theoretical backgrounds on horizontal concrete interfaces
subjected to shear. The models of load bearing behaviour of composite beam and
slab structures regarding shear transfer across the interface as well as the load
bearing mechanisms of interface shear resistance are presented. Due to the high
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influence of interface roughness, the fundamentals of roughness classification are
introduced. To capture the influence of cyclic loading conditions on the interface
shear behaviour, Chapter 2 also holds a brief introduction on reinforced concrete
and concrete interfaces subjected to fatigue.

Chapter 3 gives an overview of the development of model concepts for interface
shear, which form the basis of interface shear design regulations in present design
codes. Additionally, interface shear regulations according to Eurocode 2, Euro-
code 2 with the National Annex of Germany, the draft for the next Eurocode 2,
Model Code 2010, ACI 318-14 and AASHTO LFRD are presented and com-
pared.

Chapter 4 presents existing experimental investigations on interface shear from
literature, distinguishing between test setup, load resistance terms and loading
conditions, focusing on test parameters, test results and influencing parameters.
The presented tests render the outline for the development of the databases in
Chapter 6.

Chapter 5 documents the results of own experimental investigations on the fa-
tigue behaviour of semi-precast slabs with lattice girders, conducted within a re-
search project at the Institute of Structural Concrete, RWTH Aachen University.
In this context, the fundamentals of semi-precast slabs with lattice girders, the
results of small size tests with lattice girder diagonals and the derivation of fa-
tigue-strength curves to verify the stress range in the lattice girders are presented.
Additionally, a test programme of 14 semi-precast slab specimens with lattice
girders and two sub-tests each is documented. The investigated parameters were
slab thickness, interface reinforcement ratio, concrete strength and interface
roughness. The chapter presents the test programme and test results as well as
test evaluations and comparison to design regulations.

Chapter 6 presents the development and evaluation of consistent and critically
reviewed databases based on comprehensive literature research (Chapter 4) and
own investigations (Chapter 5). The databases distinguish between small size and
structural member tests, interfaces with and without normal stress and interface
reinforcement as well as monotonic and cyclic loading conditions. To assess the
interface shear design regulations presented in Chapter 3, the databases were sys-
tematically evaluated regarding efficiency and level of safety.

Chapter 7 describes the derivation of a modified interface shear equation based
on the design concept for the next Eurocode 2. By considering isolated databases
with small size tests (Chapter 6) and probabilistic evaluation methods according
to Eurocode 0, roughness parameters and partial safety factors were derived sep-
arately for adhesion and friction. To verify the modified approach with structural
members, the influence of structural dimensions was captured by an additional
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coefficient of interface width. Furthermore, the verification for fatigue was re-
vised and improved based on the results of own experimental investigations
(Chapter 5).

e Chapter 8 summarises and concludes the investigations and scientific findings of
this thesis and points out potentials for future research.
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2.1 Introduction

In structural building practice, interfaces describe planes between different materials
(e.g. steel and concrete or concrete cast at different times) or components. To guarantee
sufficient load bearing behaviour of the structure, the interfaces must be designed and
built to transfer shear, tensile or compressive stress. Interfaces between concrete cast at
different times form joints in the structure which, depending on orientation and location,
accomplish different purposes.

In composite beam and slab structures, shear stress develops across horizontal interfaces
due to composite actions and sufficient shear transfer must be ensured to verify the
bending resistance. In this context, Figure 2-1 shows two examples of typical cross sec-
tions with horizontal interfaces which are subjected to shear. The interfaces occur e.g.
due to section wise concrete casting between web and flange or between beam and slab
(Figure 2-1 (1)), in precast construction between precast element and insitu concrete
(Figure 2-1 (2)) or in context of strengthening of existing structures between the existing
structure and strengthening concrete layer (Figure 2-1 (3)).
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(1)

(1)~ -
(1) interface between beam-slab connection/ web-flange connection
(2) interface between precast element and insitu concrete
(3) interface between existing structure and strengthening layer
Figure 2-1: Interfaces in concrete construction: (a) structural joints, (b) joints between structural el-

ement and layer of concrete strengthening

If the load transfer across the interface cannot be ensured by the interface itself, interface
reinforcement can be applied to increase the interface resistance. In this context,
Figure 2-2 summarises different examples of interface reinforcement systems com-
monly used in building practice. For interfaces between beam-slab connections, stirrups
are generally used as interface reinforcement (Figure 2-2 (1)). Besides beam-slab con-
nections, stirrups can also be applied as interface reinforcement between precast element
and insitu concrete. A commonly used alternative to stirrups as interface reinforcement
in semi-precast slabs is the prefabricated reinforcement system with lattice girders (Fig-
ure 2-2 (2)). Stud systems present another prefabricated reinforcement system which
can also be applied as interface reinforcement for strengthening of existing concrete
layers (Figure 2-2 (3)). Depending on design and geometry, the reinforcement systems
can also be accounted as shear reinforcement.
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(1) stirrups
(2) lattice girders
(3) studs

Figure 2-2: Common examples of interface reinforcement

The following chapter presents the theoretical background of the shear transfer across
horizontal interfaces as well as of interface shear resistance. In order to qualify the
roughness of the interface, different models and measuring methods are presented. Since
interfaces in concrete structures may also be subjected to cyclic loading, the following
chapter gives a short introduction and summary of fatigue behaviour of concrete inter-
faces as well as of fatigue design.

2.2 Horizontal shear transfer
2.2.1 Introduction

Even though interfaces between concrete cast at different times can be realised as verti-
cal and horizonal interfaces and can be subjected to compression, tension or shear, the
investigations in this thesis focus on beam and slab structures with horizontal interfaces
parallel to the structure’s longitudinal axis.

2.2.2 Load bearing behaviour of composite beam and slab structures

Generally, composite structures with concrete cast at different times must be designed
to achieve a load bearing behaviour of monolithic structures. For the design at ultimate
and serviceability limit state, the internal forces can be determined in accordance to
monolithic sections. However, the particular elements of the composite section must
also be verified for state of construction.

To guarantee a monolithic load bearing behaviour, interfaces subjected to shear must be
firmly connected to achieve rigid bond, which eliminates relative slip of both sides of
the interface. Under the condition of rigid bond (Figure 2-3 (a)), a linear strain distribu-
tion across the structure’s cross section can be assumed and thus, a monolithic design
can be accepted. If the applied shear stress exceeds the resistance of rigid bond, relative
slip occurs at the interface and two individual strain distributions act in the two concrete
layers (Figure 2-3 (b)).
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(a) rigid bond lF (b) non-rigid bond lF

interface relative gjj Einsit
‘ntelf A ﬂvisjip insitu

Figure 2-3: Qualitative depiction of rigid bond (a) and non-rigid bond (b) of a composite beam [Zil10]

Even though the requirements of rigid bond must be satisfied to achieve a monolithic
load bearing behaviour, some regulations in design concepts allow non-rigid bond when
interface reinforcement is applied. For these cases, the design regulations are defined
conservatively with additional construction rules to ensure sufficient shear force transfer
at ultimate limit state as well as effective quasi-monolithic load bearing behaviour at
service load level [Zil110].

2.2.3 Model concept for horizontal interface shear

According to the general assumption of composite action in beam and slab structures,
horizonal interface shear results from the change of the acting internal forces along the
structure’s axis. Figure 2-4 (a) shows a composite beam under uniform load g with the
resulting moment M and shear force distribution V.

The acting moment can be expressed by the compressive force F. and the tensile force
F, acting with an internal lever arm z. Considering an infinitesimal element with the
length dx (Figure 2-4 (b)), the change of moment can be expressed by the change of
compression force dF. and the change of tensile force dFs, respectively. For composite
sections, horizontal shear stress T act at the interface between the concrete layers. Gen-
erally, the compressive force due to the acting moment can be described by F. = M/z
and the change of moment along the element dx with the shear force V by dM = V-dx.
For interfaces in the tensile zone, the full compressive force must be transferred across
the interface. Thus, extracting the composite section at the interface, the force equilib-
rium at the insitu concrete layer gives the relation in Eq. (2-1).

T-dx-b = dF. (2-1)
The shear stress acting at the interface can therefore be determined following Eq. (2-2).
T = dFdl(dx-b) = dM/(dx-b-z) = V-dxl(dx-b-z) = VI(b-2) 2-2)

For interfaces in the compression zone, only the change of compressive forces in the
insitu concrete must be transferred across the interface (Figure 2-4 (c)). The shear stress
at the interface can therefore be reduced by the ratio of the change of compressive force
between top edge and interface dF.1 and the total change of compressive force in the
cross section with dF. = dFc1 + dF> as shown in Eq. (2-3).

T = (FeillFo)-VI(b-7) (2-3)
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Figure 2-4: Internal forces of a simply supported beam under uniform load: (a) Moment and shear
forces distribution, (b) internal forces acting at infinitesimal element with interface in
tensile zone, (c) internal forces acting at infinitesimal element with interface in compres-
sion zone

However, the aforementioned concept to determine the horizontal shear stress at an in-
terface gives an idealised model for interface design. According to the general mechan-
ical understanding of shear stresses in a structure, the shear stress is defined as a variable
which helps to calculate the principle stress state in the structure [M6r27]. Among other
variables, the principle compressive and tensile stress can be determined for state I
(uncracked) and for state II (cracked) [Leo84]. If the principle concrete tensile stress
increase, cracks occur perpendicular to the trajectories for tension and grow along the
trajectories for compression. Thus, shear failure may actually be caused by exceeding
the tensile strength of the concrete. In this context, Figure 2-5 shows the stress trajecto-
ries of an uncracked simply supported beam with two point loads and an interface at the
bottom of the section (a) as well as with an interface at the top of the section (b).

- --- compression
— tension

Figure 2-5: Stress trajectories of a simply supported beam according to [Leo84] with an interface in
the tensile zone (a) and in the compressive zone (b) [Len12]

The principle tensile stress at the bottom proceed parallel to the member’s axis and thus,
flexural cracks may occur perpendicular to the interface. For interfaces at the top of the
section, the principle tensile stress act perpendicular to the member’s axis, which may
lead to tensile stress in the interface. This can be confirmed by comparative analysis in
[Len12], where tensile stress only occur along interfaces at the top of the member. How-
ever, the magnitude of these principle tensile stress was determined to be very small and
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would hardly lead to interface failure. Thus, for simply supported beams, interface fail-
ure only occurred at interfaces at the bottom of the cross section, where flexural cracks
proceed along the interface.

In this context, the effect of concrete interfaces at the bottom and the top of a composite
cross section regarding the crack development of continuous beam and slab structures
is qualitatively shown in Figure 2-6. For composite slabs, the interface is generally lo-
cated at the bottom of the cross section (Figure 2-6 (a)). In the range of positive moments
with tensile stress at the bottom of the cross section, interface failure can occur after
flexural cracks proceed along the interface. Following this qualitive crack development,
the flexural cracks at the top of the cross section in the range of mid-support proceed to
shear cracks, which reach the interface at the bottom of the cross section at comparable
higher load levels. In contrast to composite slabs, interfaces in composite T-beams with
beam-slab connections are generally located at the top of the cross section. As shown in
Figure 2-6 (b), the flexural cracks at the mid-support of the beam meet the interface at
comparable smaller load levels than the shear cracks in the range of the positive moment,
where the crack must develop along the entire cross section to meet the interface. How-
ever, to the knowledge of the author no experimental test programmes exist with sys-
tematic test series on interface locations and continuous beams to confirm this assump-
tion.

(a) vV v v Vv v v ¥ v v Y v v v v v
i = 7 f? i \ﬁ T / 155, x X

AN AN AN
(b) v Y Y VY v v v ¥ Y v v vy v v v ¥
: : - == N - (‘ / == ~

A

FAN AN AN

Figure 2-6: Crack development across interfaces in continuous composite slabs (a) and T-beams

with beam-slab connections (b)

A comprehensive explanation of the load transfer across interfaces can be found e.g. in
[Z1110] and [Len12].

2.3 Shear resistance of concrete interfaces
2.3.1 Introduction

The overall load bearing behaviour of composite beam and slab structures is generally
comparable to monolithic structures. Thus, influences like concrete strength, shear slen-
derness, geometry, longitudinal and shear reinforcement, effective depth, prestressing
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and loading conditions apply. However, interfaces cause additional weaknesses of the
structure which may affect the load bearing behaviour. Due to the different properties
of concrete cast at different times as well as the condition of the interface, the influenc-
ing factors on the load resistance increase significantly.

The common understanding of the interface shear resistance is based on theoretical con-
siderations and experimental investigation of small size specimens and structural mem-
ber tests. The main terms of interface resistance are generally formulated as adhesion,
friction and interface reinforcement. Besides the influences of normal stress acting per-
pendicular to the interface and reinforcement bars crossing the interface, further influ-
ences may affect the bond behaviour. Examples of currently known influences are con-
crete properties (e.g. strength, aggregates and age), surface condition (e.g. roughness,
humidity, cleanness) and load conditions (e.g. magnitude, distribution, monotonic or
cyclic). Evaluations of experimental investigations from literature (e.g. [Heg99],
[HegO03], [Re104], [Beu05], [Zi106], [Len12]) show, that only partial aspects of interface
shear transfer are investigated to date. Not considering all influencing parameters as well
as the inability to separately investigate the main load bearing capacities complicates
reliable investigations and evaluations. Due to effects of e.g. different shrinkage, un-
known size effects and different stress states in the structure depending on test-setup
und load conditions, the test results and findings achieved by small size specimens must
not necessarily be contagious for beam and slab specimens [Zi106].

2.3.2 Theoretical considerations for interface shear resistance

The first approaches to describe the load bearing mechanism of a sudden failure across
an interface without interface reinforcement were published in the 1960s by Zelger and
Riisch [Zel61], using analogies to the friction hypothesis according to Mohr-Coulomb
[Zi106].

According to Mohr’s failure criterion, the limiting shear stress in a plane t is considered
as a function of the normal stress ¢ and can be expressed according to Eq. (2-4).

|t|=/(0) (24

The function of the shear stress can be assumed as a straight line and written as the
Coulomb equation according to Eq.(2-5).

| t]|=c-o-tand (2-3)
With
c coefficient of cohesion
(0 angle of internal friction

The coefficient of cohesion and the angle of internal friction are material constants
which must be determined by experimental investigations [Che88][Niell]. Regarding

10
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the simple friction hypothesis according to Coulomb, the horizonal forces must be pro-
portional to the normal forces. Thus, the expression tan¢ for limiting case can be ex-
pressed by a proportionality or friction factor tang = p.

A modification of the Mohr-Coulomb failure criterion is shown in Figure 2-7. Therefore,
the formulation of the shear stress written in Eq. (2-5) is shown by the failure line en-
veloping the stress circle of the uniaxial tensile stress fi’ and the uniaxial compressive
stress f.’. The failure line is additionally extended by a limitation of the tensile area
regarding ¢ = f .
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Figure 2-7: Modified Mohr-Coulomb failure criteria [Ran08]

According to [Zil06], the upper limit of the load resistance can be estimated by using
this failure criterion combined with static and kinematic limit theorems [Che88]. A more
detailed description of the interface shear transfer based on the theory of plasticity can
be found e.g. in [Niell].

Transferring the Mohr-Coulomb analogy to concrete with interfaces, the limit shear

stress Tine Of an interface without reinforcement can be determined according to Eq. (2-6).
| Tint | = Tadh — U*On (2'6)

With

Tadn  shear resistance due to adhesion

u friction factor
On normal stress (positive for tension)

The aforementioned formulation regarding the shear stress at failure state does not con-
sider the transferable shear stress after relative slip of an interface. After exceeding the
adhesive strength of an interface, a crack occurs along the interface which leads to hori-
zonal displacement w and - depending on the roughness of an interface - to a vertical
displacement v.

To consider the shear stress transferred across an idealised interface with saw-tooth,
where the frictional resistance is induced by clamping of the interface reinforcement,
Birkeland & Birkeland [Bir66] and Mast [Mas68] developed the shear-friction theory

11
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in the 1960s. This theory has been modified and extended by various researchers
(s. Chapter 3.2) and is the basis for the design concepts in the common design regula-
tions. Therefore, the applied and the reaction forces acting at a concrete interface along
the plane m-m are shown in Figure 2-8 (a) [Bir66].

(a) P P
—l>v —1>V=

(b) Tl T
—P V (= T-tang)
m- W
¢>
T
TT T-tang 4
Figure 2-8: Applied forces and reaction forces at (a) a concrete interface and (b) a saw-tooth model

of an interface according to the shear-friction theory [Bir66]

The external shear force V tends to produce slippage along the interface, which is re-
sisted by the external clamping force P and the frictional force uP (Eq. (2-7)).

V=uP (2-7)
For rough interfaces, the horizonal displacement also induces vertical displacement 6. If
reinforcement crosses the interface, tension develops in the reinforcement bars. With the
reinforcement sufficiently anchored at both sides of the interface, tensile stress in the
reinforcement induce a clamping effect, which results in compression stress acting on
the interface. The roughness is depicted by saw-teeth with an inclination of ¢, which
leads to the expression of shear force V in Eq. (2-8) (Figure 2-8(b)).

V =T-tand (2-8)
The ultimate shear capacity of the interface is reached when yielding of the reinforce-
ment occurs (7 = As-fy).

Considering the model concepts of Mohr-Coulomb and shear-friction theory for inter-
face shear, Equation (2-6) can be rewritten with three main load bearing mechanisms
[Ack92]. The interface shear resistance tine can then be expressed by Eq. (2-9). However,
it must be mentioned that these three mechanisms are activated at different times of the
loading process and occur at different stages of crack development.

12
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2-9
Tint = Tadh + Tfric + Treinf ( )
With
Tadh  shear resistance due to adhesion
Tric  shear resistance due to friction and aggregate interlock
Treinf  Shear resistance due to interface reinforcement

2.3.3 Load bearing mechanism

The main terms of interface shear resistance are adhesion, friction induced by normal
stress (aggregate interlock) or by clamping of interface reinforcement. The mechanisms
act at different displacement states and thus, exhibit a certain correlation. To investigate
the load transfer across an interface, structural member tests can give a reflection of the
real situation in the structure, including all effects of load bearing resistances. Neverthe-
less, to separately demonstrate the load bearing mechanisms, small size tests can give a
more isolated understanding. In this context, Figure 2-9 shows a schematic depiction of
the three load bearing mechanisms with corresponding qualitative shear stress-displace-
ment curves determined by small size tests.

(a) adhesion (b) friction (c) interface reinforcement
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Tadhesmn
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Figure 2-9: Schematic depiction of load bearing mechanisms for interface shear: (a) adhesion, (b)

friction, (c) interface reinforcement

The interface roughness has a major effect on the terms of interface capacities. There-
fore, Figure 2-10 shows shear stress-displacement curves determined by small size tests
with different interface qualities according to [Ran08]. In the following, the mechanisms
of adhesion, friction induced by normal stress and interface reinforcement are explained
in detail.

13
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Figure 2-10:  Test results of small size specimens with smooth and rough interfaces and with and
without interface reinforcement conducted by [Ran08]

Adhesion

After casting the new concrete layer, adhesive bond occurs as a material property be-
tween old and new concrete. For adhesive bond, it can be distinguished between specific
and mechanical adhesion [Zil10]. The specific adhesion is generally influenced by phys-
ical and chemical interaction on molecular level, as well as e.g. covalent and ionic bond.
The mechanical adhesion occurs due to infiltration of the new concrete’s liquid material
in the pores of the old concretes by capillary forces, which develop a micro-mechanical
interlock after concrete hardening.

High influences on strength of adhesive bond are concrete properties of both, old and
new concrete, especially the concrete tensile strength, as well as size and roughness of
the interface. Further influences are the absorbance of the old concrete, the flowability
of the new concrete as well as the cleanness of the interface. In this context, [Len12]
developed a design expression for uncracked interfaces, which also includes several ad-
ditional influences, such as cement properties, structure of aggregates and humidity con-
ditions. Extensive investigations on the behaviour of adhesive bond can be found e.g. in
[Sch96a][Rei04][Miil09][Len12].

If shear stress act on the interface (Figure 2-9 (a)), the structural behaviour can be com-
pared to monolithic structures until very small relative slip occurs and the adhesive
strength is exceeded. According to [Ack92], the adhesive stress curves run constantly
and then drops linearly after a relative slip of w = 0.02 mm. After a relative slip of
w = 0.05 mm, no adhesive stress transfer can be assumed. The failure occurs abruptly
and after unimpeded crack opening [Zil10]. In this context, Figure 2-10 (a) shows the
shear stress-displacement curve of a small size specimen with a rough interface without
interface reinforcement. In accordance to the schematic depiction in Figure 2-9 (a), the
curve shows almost no relative slip of the interface until reaching the maximum adhesive
bond stress. After adhesive failure, no shear stresses can be transfers and thus, relative
slip increases.

14
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Friction and aggregate interlock

An additional compressive stress acting perpendicular to the interface activates the load
bearing mechanism of friction (Figure 2-9 (b)). After adhesive bond is exceeded and
cracks develop along the interface, the compressive stress cause an interlocking effect
of the aggregates and thus, further shear stress can be transferred. In this process, the
crack opening increases with increasing relative slip. An important influence of the fric-
tional resistance is the magnitude of the compressive stress and the roughness of the
interface. With increasing roughness of the interface, larger interlocking effects lead to
higher transferable shear stress. The shear stress-displacement curve in Figure 2-10 (b)
shows for interfaces with constant compressive stress, a continuous transition between
adhesive and frictional bond. According to [Zil10], the crack opening is controlled by
the stress perpendicular to the interface and the micromechanical interlocking of the
adhesive bond may still be partially present.

Among others, REINECKE [Rei04] investigated the influence of normal stress on the
shear transfer across concrete interfaces. According to his investigations, the frictional
resistance of sandblasted interfaces due to aggregate interlock fails after a relative slip
of w=0.03 — 0.05 mm and is independent of the applied normal stress. However, with
increasing normal stress, higher shear stresses must be applied to achieve interface fail-
ure. For smooth interfaces, the maximum shear stress is reached after w = 0.01 mm,
which may be caused by less interlocking possibilities of smooth surfaces compared to
rough surfaces. According to [Rei04], the effect of concrete strength on aggregate inter-
lock is subordinate.

Interface reinforcement

In cracked interfaces where adhesive bond is exceeded, the shear stress can only be
transmitted by friction due to normal stress and the load bearing capacity of reinforce-
ment crossing the interface. The stiffness of the structure with non-rigid bond depends
mainly on the stiffness of the interface and thus, from the load bearing behaviour of
aggregate interlock and interface reinforcement [Win13]. The load bearing behaviour of
the interface reinforcement for non-rigid bond is influenced by the vertical and horizon-
tal displacement of the interface (Figure 2-9 (c¢)) and can be described by a combination
of dowel action (Figure 2-11 (a)) and clamping effect [Ack92][Ran97].

The activation of dowel action in the reinforcement bar occurs due to relative horizontal
displacement of old and new concrete layer. For dowel action, it can be distinguished
between the three mechanisms of bending, shear and a combined tension-shear
(kinking), which occurs due to high displacements [Pau74] ((Figure 2-11 (b-d)). Re-
quirements for a full activation of dowel action is a sufficient concrete cover and a suf-
ficient embedding depth of the reinforcing bar [Ran97].
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(a) dowel action (d) kinking

(b) bending

area of
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Figure 2-11:  Schematic depiction of dowel action (a), and the load bearing mechanisms bending (b),
shear (c) and kinking (d) [Pau74]

With sufficient concrete cover, a multi-axial stress state develops in the concrete sur-
rounding the reinforcing bar at both sides of the cracked interface. After increasing in-
terface displacement, the concrete plasticises in the curvature of the bent bar and the bar
partially detaches from the concrete at the opposite side of displacement. Thus, for high
displacements, no unimpaired bond between reinforcement and concrete can be as-
sumed. With further increasing lever arm, the bending capacity of the bar becomes de-
cisive for the load bearing resistance, which is achieved after a plastic hinge develops in
the reinforcing bar. For bending failure, the bar should be embedded in the concrete with
at least 6ds at both sides. If no sufficient concrete cover is available, the bar may break
the concrete cover and concrete failure occurs. According to [Zil10], the bending mech-
anism is decisive for dowel action. The mechanism of shear is subordinate and kinking
only occurs after very large interface displacements and is therefore neglectable for
common building practice.

Especially for rough interfaces, shear stresses lead to crack openings with vertical dis-
placements vinc and longitudinal strain develop in the reinforcing bars. If the reinforce-
ment bars are sufficiently anchored at both sides of the interface (a factor of 0.5 for o4/fy
1s generally recommended [Ran13]), the steel stresses act in equilibrium with the com-
pressive stress perpendicular to the interface plane and activate additional frictional
forces (clamping effect). In this context, Figure 2-10 (c) and (d) show the shear stress-
displacement curve of a smooth and a rough surface. For the smooth surface, the shear
stress transition between adhesive bond the activation of reinforcement is smooth,
whereas for the rough surfaces, the shear stress drops after an adhesive peak and can
then be further increased due to the activated clamping effect. However, it must be men-
tioned that with high additional tensile stress in the reinforcing bar, the plastic bending
moment decreases and thus, the achievable shear resistance reduces. If the bar is fully
utilised for tension, it cannot contribute to the shear resistance due to dowel action
[Zil10].

For reinforcing bars with an inclination towards the interface of o # 90°, shear stress and
horizontal slip induce longitudinal strains in the reinforcement which are independent
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of the vertical displacement (crack opening) and thus, independent of the surface rough-
ness. Therefore, the shear stress is partially carried by the reinforcement. However, it is
assumed that only interface reinforcement perpendicular to the interface or inclined to-
wards the direction of the relative slip can participate in the shear transfer mechanism
[Zil10].

Superposition of load bearing mechanisms

For the general expression for interface shear, which includes the three load bearing
mechanisms of adhesion, friction due to externally applied normal stress and reinforce-
ment (Eq. (2-9)) [Ack92], the state of the horizontal displacement has a major effect on
the activation of each load resistance term. The shear stress-displacement curves in Fig-
ure 2-10 show, that a superposition of the maximum terms would lead to an overestima-
tion of interface resistance. Especially the necessary displacement to activate the term
of reinforcement seems to be contrary to the activation of adhesion. However, due to the
interaction of the three mechanisms, an isolated consideration is hardly possible. Thus,
the interactional effects must be considered by evaluating experimental test data for the
calibration of the coefficients for adhesion and friction [Zil10].

2.4 Classification of interface roughness
2.4.1 Introduction

The roughness of interfaces in concrete structures has an important influence on inter-
face shear resistance. The general understanding of ‘roughness’ is the geometrical devi-
ation of an ideal and smooth surface. For all structural cases, deviations appear on sur-
faces, but with varying dimensions. Regarding concrete surfaces, a fractal character ap-
pears with increasing resolution, showing fine topographies with similar fundamental
structure [Z1104].

A general large-scale distinction of a surface profile can be made between global and
local roughness (Figure 2-12 (a)). The global roughness, also called waviness, describes
surface deviations with wavelength A >°10°cm (Figure 2-12 (b) and (c)). The local or
macro roughness characterises finer surface deviations due to e.g. surface roughening
or exposure of aggregates. Micro roughness and microstructure describe small devia-
tions caused by surface structure of aggregates or crystallisation (Figure 2-12 (c)). An
overview of the scale of surface deviations according to [Rei04] is summarised in Table
2-1.
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(b) (c)

detail |

local roughness micro macro
roughness roughness

detail |

global roughness

surface profile

Figure 2-12:  Surface profile of a concrete surface (a) [Vog17][D4287], example of global and local
roughness (b) with detail (c) [Rei04]

Table 2-1: Scale of surface deviation according to [Rei04]
Roughness Classification Magnitude
global large-scale deviation due to inaccurate concreting A>10cm
Ri<3.5mm
local / macro variable deviation due to intentional roughening of 0.5mm< R <3.5mm
surface or exposure of aggregates
micro variable micro deviation due to surface structure of 10 um < Ri< 0.5 mm
aggregates and deformations after e.g. sandblast-
ing
microstructure deviation of crystallization Ri<10 um

A: wavelength of surface deviation; R:: roughness depth as amplitude of surface deviation

In general, the understanding of roughness is not clearly determined and must be defined
depending on the field of application. For example DIN EN ISO 13475-1 [D13473] and
DIN EN ISO 4287 [D4287] define roughness parameters using a two-dimensional sur-
face profile as a sectional plane through a concrete body (Figure 2-12 (a)). In common
building practice, the roughness of a concrete surface is usually not defined by sectional
profiles but by volumetric methods where the concrete surface is partially packed by a
substrate. Knowing the volume and spreading behaviour of the certain substrate, the
roughness of the surface can be implied.

To determine the roughness of an interface, it can be distinguished between comparative
methods (e.g. photographic method), contracting methods (e.g. sand-patch-method or
touching-method) and not contracting methods (e.g. laser-triangulation and photogram-
metry). Whereas photographic methods only give subjective information about the sur-
face roughness, touching methods and laser-triangulation can achieve an accurate detail
of a surface profile with including a large number of surface parameters. A new devel-
opment of surface projection is the photogrammetric method, which reflects a surface
by a three-dimensional surface profile. The commonly used volumetric methods how-
ever, only determine one roughness parameter [Wiel8][Zil04]. the following chapter
presents commonly known methods for roughness classification as well as roughness
parameters.
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2.4 Classification of interface roughness

2.4.2 Methods for roughness classification
Photographic methods

The photographic documentation compares concrete surfaces only qualitatively. A com-
parison of a surface is only possible, if camera location and light-source are similar.
Besides the angle of the camera, the distance of the light source has a significant influ-
ence on quality and interpretation of the documentation [Rei04]. A quantitative estima-
tion of surface roughness by simple photographic methods is hardly possible. Further
developments to achieve an accurate surface profiles and roughness parameter by pho-
tographic documentation are photogrammetric methods, introduced in the following.

Photogrammetric methods

Photogrammetric methods are not contracting methods which allows a three-dimen-
sional measurement of a surfaces using image acquisition. Therefore, a database pro-
vides a number of images of the interface, depending on object size and accuracy. The
images are taken regularly by the same camera from different perspectives. By using a
multi-sectional evaluation procedure, a three-dimensional object can be reconstructed
by two-dimensional images. Typical results of the measurement are spatial coordinates
of single points, lattice models or textured 3D-photo models, which pattern a reconstruc-
tion of the surface. Using photogrammetric methods to determine the roughness param-
eters of concrete surfaces is still in the developing procedure. A detailed explanation of
the basic approaches can be found in [Wiel8].

Touching methods

With the touching method, surfaces are sensed mechanically by a fine tip. The tip is
regularly moved line wise over the surface. By recording the horizontal and vertical
displacement, surface profiles can be developed.

The touching method has its origin in mechanical engineering and was used in several
research projects to determine the roughness of concrete surfaces (e.g. [Das86a],
[Rei04], [Z1104]). The profile was recorded by inductive displacement sensors placed on
a steel rail with measuring points in small distances. High resolutions comparable to
optical measuring systems could not be achieved [Zi104].

Sand-patch method

An established and easy method to determine the roughness of a concrete surface is the
sand-patch method according to KAUFMANN [Kau71]. For this volumetric method, a
defined volume of sand with a certain grain size is applied on the concrete surface and
circularly distributed with a plastic or wooden plate. If no further distribution is possible,
the diameter of the sand circle is measured in at least two directions. With the parameter
of the sand-volume V and the mean measured diameter d, the height of a fictive cylinder
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can be determined (Figure 2-13). The height of the idealised cylinder corresponds to the
mean roughness depth according to Eq. (2-10).

_4v (2-10)
ned

According to [DA600], at least three measurements are necessary to determine the mean
roughness depth of a concrete surface.

diameter d

sand-volume V

I
equivalent area to the idealised volume of a cylinder
V= h-d*m/4

Figure 2-13:  Definition of the roughness depth R: determined by the sand-patch method according
to KAUFMANN [Zil10]

In common building practice, the application of the sand-patch-method can follow dif-
ferent codes and guidelines. Even though the procedure is similar, the boundary condi-
tions vary depending on the guideline and field of application. In this context, Table 2-2
summarised the common codes and guidelines for Germany.

Table 2-2: Codes and guidelines to determine the roughness with volumetric methods
Code Substrate Aggregate size Quantity Tool
[mm] [cm3]

DAfStb Rili SIB quartz-sand 0.1-0.3 25-50 wooden plate & 50 mm
DIN EN 1766 quartz-sand 0.05-0.1 5-25 plastic plate @ 65 mm
DIN EN 13036-1 glass-sand 0.177-0.25 =225 wooden plate @ 50 mm
KAUFMANN standard-sand () 0.063-0.2 ~10 (149) wooden plate @ 50 mm
ZTV-ING quartz-sand 0.1-0.5 25-50 wooden plate & 50 mm

Source: DAfStb Rili SIB [DRi96]; DIN EN 1766 [D1766]; DIN EN 13036-1 [D13036], KAUFMANN [Kau71]; ZTV-ING
[ZTV03]; M: standard-sand |, fine grain (DIN 1164)

The applicability of the sand-patch method is limited to horizontal surfaces. Addition-
ally, only one roughness parameter can be determined to describe the surface roughness.
Furthermore, a reliable and reproduceable determination of the mean roughness depth
is hardly possible since the accuracy of the results depend significantly from the expe-
rience and skill of the user [Vogl7].
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2.4 Classification of interface roughness

Laser-triangulation

A method to determine a two-dimensional surface profile is the laser-triangulation. This
system comprises a point-laser-source, a sensitive detector and further optical compo-
nents (Figure 2-14).

detector
laser

source

mean
measuring
distance

measuring
range

Figure 2-14:  lllustration of a laser-triangulation system [Vog17][Wie18]

Laser source and detector are positioned in defined distance and angel to the surface.
The emitted light of the laser source is diffusely reflected by the surface and partially
sent back to the scanner. The scanner packs the light by an optic lens and impinges the
detector. If the distance between laser source and surface varies, the point of the reflected
light in the sensor changes likewise. Using simple geometrical relations, a distance can
be calculated by the change of signal. These distances are recorded as coordinates, which
develop a two-dimensional profile with different measuring points while reading a linear
line with the laser beam. The simultaneous collection of measuring points leads to a
short measuring time and high accuracy.

As stated in [Vogl7] and [Wiel8], it is not necessary to measure the whole concrete
surface for calculating roughness parameters. Depending on the surface quality, about
ten measurements with line profiles may be sufficient to guarantee a good statistic eval-
uation. Investigations by MELLMANN & OPPAT [MellO8] show a direct influence of the
length of the measuring line regarding the correlation of the results measured by the
sand-patch method and laser-based methods. The laser-triangulations systems presented
in [Vogl7] uses a measuring length of 50 mm with 640 measuring points. For compar-
ison of other methods to determine the roughness of surfaces, [MellO8] introduces the
two-dimensional parameter Riaser. By using additional mathematical adjustments, the
results can be compared to the mean roughness depth determined by the sand-patch
method. The required functions and factors were derived empirically by several com-
parisons between laser- and sand-patch method [Sch17]. A detailed description of the
laser-triangulation method gives [Vogl7].
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2.4.3 Parameters to quantify the surface roughness

To quantify the roughness of an interface, several parameters were identified in litera-
ture. As an example, DIN EN ISO 4287 [D4287] defines parameters like the height of
the maximum profile peak, the depth of the maximum profile valley, the maximum
height difference of the profile and the mean height of the profile elements. A compre-
hensive introduction of the parameters and their correlation can be found in [San06],
[San10] and [San13].

To identify the roughness of concrete interfaces, the most established parameters in lit-
erature and building practice are shown in Figure 2-15 [Sch96a]. The maximum profile
height Ry describes the distance between the line touching the profile peaks (upper con-
tact-line) and the line touching the profile valleys (lower contact-line). The maximum
profile peak R, defines the distance between the upper contact line and the centreline.
In this context, the centreline intersects a profile section of a certain length with a min-
imum sum of quadratic profile deviations and thus, corresponds the results of a linear
regression of measuring points along a profile surface.

upper contact-line

--- centreline

lower contact-line

Figure 2-15:  Examples of parameters to describe the roughness of an interface [Sch96a]

However, the aforementioned depiction of the determination of roughness methods and
parameters shows that the roughness of an interface cannot be identified explicitly since
the measurement and interpretation depend on a variety of influences such as roughness
parameter, measuring method and range as well as data evaluation. For building prac-
tice, the measuring method must be convertible on site and reliable. Nevertheless, a high
scatter and high dependency of the accomplishment must be expected for roughness
measurement. Thus, the regulations need to consider these restrictions by constraints for
a reliable estimation.

Additional information about parameters to quantify the surface roughness can be found
in Annex C.1.

2.5 Fatigue of reinforced concrete and concrete interfaces
2.5.1 Introduction

Cyclic loading conditions in concrete structures may occur depending on field of appli-
cation and use. For example in bridge structures, cyclic loading conditions occur due to
traffic or rail loads. In industrial construction, cyclic loading may occur due to e.g. fork-
lift traffic, oscillating machinery or crane runways as well as in wind power plants. For
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construction materials, such as concrete and reinforcing steel, the recurrent loading may
result in damage of the material’s structure. Thus, the material resistance under cyclic
loading is generally a lot smaller compared to the material strength under monotonic
loading conditions. By further load repetition, the proceeding damage may lead to fa-
tigue failure of the material.

The fatigue behaviour of reinforced concrete structures generally corresponds to the load
bearing behaviour under static loading, but on smaller load levels. The failure modes
depend on geometry, size, reinforcement type and degree of reinforcement as well as
the type of loading (e.g. bending or shear). The common failure modes for static and
fatigue failure are failure of longitudinal reinforcement or shear reinforcement, failure
of concrete under compression or tension, failure of the compression strut or anchorage
failure of longitudinal or shear reinforcement. However, the failure cause may be differ-
ent for static and fatigue failure. For the shear capacity under cyclic loading conditions,
a prediction of the decisive failure cause is hardly possible due to the crack formation
and propagation as well as the resulting stress redistributions between concrete and re-
inforcement capacity [Tew14][Hil19].

Since structural members with horizontal concrete interfaces can be subjected to cyclic
loading conditions, the interface shear resistance must also be verified for fatigue.
Therefore, the fatigue behaviour of concrete and reinforcement must be considered. In
this context, the fatigue behaviour of concrete interfaces as well as the structural fatigue
design according to [EC2] and [EC2NAD)] are presented in the following. The funda-
mentals of fatigue, as well as the fatigue behaviour of reinforcing steel and concrete can
be found in Annex C.2.

2.5.2 Fatigue behaviour of concrete interfaces

The fatigue behaviour of concrete interfaces has only been roughly investigated to date.
According to the common design concepts, rigid bond must be estimated under fatigue
loading, which allows the assumptions of interface shear stress based on theory of elas-
ticity. Due to fatigue loading however, the adhesive bond between the concrete layers
can be reduced significantly [Zil10]. Thus, the basic failure mechanisms of concrete
interfaces can be distinguished in adhesive failure and failure of interface reinforcement.

According to investigations by [Zil04] and [Chu76], adhesive failure can be excluded
for fatigue loads with shear stress less than 50 % of the static interface shear resistance
referred to N < 1,000,000 number of load-cycles. Due to the high scatter of fatigue re-
sistance combined with the high scatter of interface shear resistance and the low number
of systematic test series especially for large number of load-cycles, the value can only
be described as an approximation. According to a number of interface fatigue test data
evaluated by [Ran05], a ratio of fatigue to static interface strength of 40 % should be
appropriate for N = 2,000,000 load cycles. Additionally, [Ran05] suggests interfaces
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under high fatigue shear stresses (e.g. concrete toppings on bridges) to have at least a
rough surface.

Assuming impaired adhesive bond under cyclic loading conditions, the clamping effect
of the reinforcement leads to axial tension in the reinforcement bars crossing the inter-
face and frictional bond is activated. Neglecting additional flexural influences in the bar
due to horizontal displacement, the stress range in the interface reinforcement must be
verified in accordance to the structural fatigue design presented in Chapter 2.5.3.

Test programmes investigating the fatigue behaviour of concrete interface will be pre-
sented in Chapter 4.2.5 and 4.3.4.

2.5.3 Structural fatigue design

The fatigue verification according to the provisions in Eurocode 2 [EC2] and Eurocode 2
with the National Annex of Germany [EC2NADY] distinguish between fatigue design of
concrete and fatigue design of reinforcement. As shown in Figure 2-16, the verification
of concrete generally limits the maximum and minimum compressive stress for com-
pression and the maximum and minimum shear force for shear without shear reinforce-
ment. The verification of reinforcement is structured in three stages with increasing cal-
culating effort.

| Fatigue design according to EC2 and EC2+NA(D) |

I concrete ‘ | reinforcement ‘
l compression ‘ ‘ shear (p,, = 0) ‘ [ straight & bended bars 1 ‘ welded bars ‘
stage 1:
simplified verification (stess limitation)
limiting limiting - o
limiting EC2: limiting Ac,
Octimex AN Tt Veane: 3N Vesrn stress range Ao, EC2+NA(D): excluded

S-N-curve for reinforcement

f, stage 2:
o 1 damage equivalent stress range
o £
g £ k i
o3 1 with S-N-curves ‘
# [ Aow 1
g 3 k stage 3:
e g N explicit verification
number of load cycles logN [-] sum of fatigue damage D, < 1.0 with S-N-curves ‘

Figure 2-16:  Stages of fatigue design for concrete and reinforcement according to EC2 [EC2] and
EC2+NA(D) [EC2NAD]

The verification according to stage 1 for reinforcement bars under tension limits the
acting stress range in the reinforcement under the frequent load combination AGs freq to
an evaluated approved stress range AGsapp for high number of load cycles of
N = 10 million, AGsapp as shown in Eq. (2-11).

Acs,freq S AGs’app (2‘1 1)
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2.5 Fatigue of reinforced concrete and concrete interfaces

Whereas [EC2] allows a stress limitation in stage 1 for both, straight and bent as well as
welded bars, [EC2NAD] only allows the simplified verification for straight and bent
bars. For welded bars and reinforcement steel mashes, the approved stress ranges are
generally regulated in general technical approvals.

In stage 2, the verification limits a damage equivalent stress range Acs equ in accordance
to Eq. (2-12).

A
ACs oy < —2K (2-12)

The acting stress range is described by a stress range Acsequ Which causes an equivalent
damage for N* load cycles as operating loads acting in the specified life cycle. The fa-
tigue resistance for straight and bent as well as welded bars Acrsk can be calculated for
N* load cycles by S-N-curves given in the codes. The partial safety factor for applied
fatigue loads is set to yrfe = 1.0 and for the fatigue resistance of reinforcing steel to
vs.fae = 1.15.

The explicit verification of stage 3 is the most economic and explicit verification for
fatigue. For multiple stress cycles with different stress ranges, the damages are added
according to the linear damage accumulation hypothesis of Palmgren Miner and must
fulfil the sum of damages Dgq caused by the decisive fatigue load as stated in Eq. (2-13).

J J

n(Ac;) 2-13

DEd 22 DEd = N(AGI) <1.0 ( )
i=1 i=1 !

For every applied stress range Ag;i, the ratio of applied load cycle n and bearable load
cycle N is added. The bearable load cycle N can be determined by the S-N-curves of the
reinforcement depending on the approved stress range Acrsk for N* load cycles and the
gradients k1 and k> defining the scope for fatigue strength as well as endurance strength
(Figure 2-16). The parameters describing the S-N-curve are defined in [EC2] and
[EC2NAD] for straight and bent as well as for welded bars.
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3 Models for horizontal interface shear transfer

3.1 Introduction

The development of models to describe the shear transfer across concrete planes and
interfaces started in the 1960 with first formulations of the shear friction theory. For
longitudinal shear, the shear friction theory is a generally excepted theory which was
modified and extended by various researchers and is the bases for most current design
expressions. The fundamental understanding of interface shear is based on investiga-
tions with shear transfer across interfaces between concrete cast at different times as
well as the shear transfer across concrete cracks.

In the following, the development of different model concept to describe the interface
shear transfer across concrete interfaces from literature are presented. Based on these
model concepts, design expression and regulation were determined. In this context, this
chapter introduces the design expression of Eurocode 2 [EC2], Eurocode 2 with the Na-
tional Annex of Germany [EC2NAD], the draft for the new Eurocode 2 [prEC2:18],
Model Code 2010 [MC10], as well as the two prevailing concrete design codes in the
United States of America, ACI 318-14 [ACI318] and AASHTO LRFD Bridge Design
Specifications [AA-L].

3.2 Development of models for horizontal interface shear
3.2.1 Introduction

The beginning of developing models to describe the shear transfer across a shear plane
was made by ANDERSON [And60] in the 1960s. Based on this model, researchers mod-
ified the expression by considering the influence of static system and normal stress per-
pendicular to the shear plane. In the mid-1960s, BIRKELAND & BIRKELAND [Bir66] de-
veloped the shear friction theory, which is generally accepted by researchers until today.
The formulation was extended and modified by several researches over the decades.
Other milestones in the development of interface shear formulations can be named MAT-
TOCK & HAWKINS [Mat72] who developed the modified shear friction theory consider-
ing the influence of cohesion, the model of LOOV [Loo78] who introduced the effect of
concrete strength, WALRAVEN [Wal81] and [Wal87] who investigated the effect of ag-
gregate interlock and TSOUKANTAS & TASSIOS [Tso89] introduced a slip based formu-
lation with considering the effect of clamping stress and dowel action of the interface
reinforcement, followed by ACKERMANN [Ack92] and RANDL [Ran97] who developed
expressions considering the parts of adhesion, friction induced by external compressive
stress as well as compressive stress due to clamping of reinforcement. RANDL [Ran97]
additional introduces the term of dowel action to the design expression.



3 Models for horizontal interface shear transfer

Besides concrete interfaces with prepared or unprepared surfaces between concrete cast
at different times, as well as with and without interface reinforcement, the shear transfer
across crack interfaces in precracked concrete specimens were investigated by many
researchers. Even though this thesis only comprises interfaces between concrete cast at
different times, investigations with precracked specimens have a high influence on the
model development for interface shear transfer. The initiation of the development of
models for horizontal interfaces as well as other models which are not presented in this
chapter can be found in Annex C.3. Since some parameters in the presented design equa-
tions were derived in imperial units, for the sake of a consistency, all parameters were
translated to metric units.

3.2.2 Model of BIRKELAND & BIRKELAND

The development of the shear friction theory started in 1966 by BIRKELAND & BIRKE-
LAND [Bir68]. The shear friction theory idealises a concrete interface to a regular saw-
tooth model, where the shear stress is transferred across the interface by friction due to
tensile stress in the reinforcement (s. Chapter 2.3.2). They proposed a linear expression
to calculate the shear force resistance V according to Eq. (3-1).

V=Achand = Acfen o v=pn G-1
With
As cross-sectional area of reinforcement
fy yield strength of reinforcement
¢ internal angle of friction
u friction coefficient (tan¢ = p)

At this state, the friction coefficient p was determined empirically for monolithic struc-
tures, intentionally roughened concrete surfaces as well as smooth concrete interfaces
and interfaces between concrete and steel. Furthermore, application limits were defined
with a maximum reinforcement ratio of 1.5 %, a maximum shear stress of 5.52 N/mm?
and a minimum concrete strength of 27.58 N/mm?.

According to [San09] and [Pat92], BIRKELAND [Bir68] modified his initial expression
of shear friction theory (Eq. (3-1)) to a nonlinear term by parabolic fitting, which reduces
the effect of larger reinforcement degrees and yield strength to the influence on the ul-
timate shear stress vu (Eq. (3-2)).

Ve=p- p.fy (3-2)

3.2.3 Model of MATTOCK & HAWKINS

A modified shear friction theory was developed by MATTOCK & HAWKINS [Mat72] for
shear transfer across a crack in monolithic concrete. They described the shear resistance
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by a function including the capacities of cohesion, which was defined as a constant of
1.38 N/mm? as well as the capacities of externally applied normal stress 6, and rein-
forcement (Eq. (3-3)).

Vo = 1.38 (N/mm?) + - (p-f, + 61) (3-3)
With
u friction coefficient (u = 0.8 for monolithic concrete)
fy yield strength of reinforcement

Cn normal stress of interface

The upper limit of shear transfer was defined to be dependent of the concrete strength
or an experimentally derived constant (Eq. (3-4)).

0% ) (3-4)

Vinax = min{
10.34 N/mm?2

Following the investigations in [Mat72], MATTOCK [Mat74] modified the expression of
Eq. (3-3) using average values derived from further investigations. Therefore, he in-
creased the capacity of cohesion to 2.76 N/mm?2. Additionally, he extended the expres-
sion to account the effect of inclined interface reinforcement (Eq. (3-5)).

Vo= 2.76-5i020 + p-fi-(u-sin?d — 0.5-s5in20) (3-3)
With
0 angle between interface and reinforcement
u friction coefficient (u = 0.8 for monolithic concrete)
fs effective strength of reinforcement
with f=0 for0<0<51.3°
fs=-1.6-fy-cos(0 + 38.7°) for 51.3°<0<90°
=1 for 90° <0 <180°

The limitations regarding the effective steel resistance were determined by experimental
results. The investigations show that bars with an inclination parallel to the compressive
strut were subjected to compression (Figure 3-1 (a)), whereas bars with higher inclina-
tions until an angle of 6 = 90° to the interface were partially subjected to compressive
and partially to tensile strain (Figure 3-1 (b)). Bars with inclinations > 90° were sub-
jected to considerable tensile strains (Figure 3-1 (c)).

In [Mat75], MATTOCK ET AL. compared investigations of corbel type push-off tests to
the calculated shear strength according to the nonlinear expression of the shear friction
theory [Bir66] and to the modified shear friction theory [Mat72]. The comparison
showed less conservative results for the evaluation with the formulation of the modified
shear friction theory.
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(a) 0<0<51.3° (b) 51.3°<0<90° (c) 90° <0 <180°
v, \&\\ N v Yo\ \9[\ \) v
% \\\ — w \| T ——

Figure 3-1: Limits of inclination of interface reinforcement regarding the effective strength of the
reinforcement

Following the model of [Wal81] (s. Chapter 3.2.5), which considers the effect of con-
crete strength on shear friction resistance, MATTOCK [Mat88] introduces the effect of

concrete strength on the term of cohesion, which results in the expression according to
Eq. (3-6)).

Vo= 0467 - £ 4 1 (p - fy + Gpu) < 0.3f; (3-6)
MATTOCK [Mat81] (cited by [San09]) investigated the effect of cyclic loading on the
shear transfer across concrete interfaces. Therefore, he adopted his design expressions
for normal weight and lightweight concrete to test results under cyclic loading condi-
tions. To calculate the fatigue shear resistance, he reduces the ultimate shear strength to
80 % for monolithic sections and rough interfaces, and to 60 % for cracked interfaces.

3.2.4 Model of LOOV

The first researcher who explicitly introduced the influence of concrete strength to the
expression of the nonlinear shear friction theory was LOOV [Loo078], cited by [Pat92]
and [San(09]. The expression for the ultimate shear resistance follows Eq. (3-7).

Va [P0 (3-7)
fe fe

With

fe concrete compressive strength

k constant (0.5 for initially uncracked concrete)

Following the model of LOOV, the influence of concrete strength was considered in var-
ious expressions for interface shear, based on shear friction theory and the modified
shear friction theory.

To extend the formulation in Eq. (3-7) to concrete composite beams with rough inter-
faces, LOOV & PATNAIK [Lo094] considered the effect of concrete density and intro-
duced Eq. (3-8).
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vuzk-K-\/(O.1+p-fy)-fC (3-8)

With
k constant (0.5 for composite and 0.6 for monolithic sections)
A coefficient for concrete density

3.2.5 Model of WALRAVEN

To describe the shear transfer across a concrete crack due to aggregate interlock,
WALRAVEN [Wal81] developed a stochastic two-phase model. The model idealises the
aggregates as spherical particles which are embedded in a cement matrix. Since the stiff-
ness of the aggregates is generally stiffer than the stiffness of the cement matrix, the
crack development surrounds the particles as shown in Figure 3-2 (a).

(a) (b)

“”“LII

Figure 3-2: Structure of crack plane (a), contact area between cement matrix and aggregate (b),
stress contribution at contact are due to shear displacement (c) [Wal81]

The particles across the concrete plane are randomly distributed and the particle rate is
affected by the grading curve. Due to shear displacement, the particles intrude the ce-
ment matrix (Figure 3-2 (b)) and a stress distribution along the contact area occurs. The
radial normal stress opu and tangential shear stress tpu (Figure 3-2 (c)) are generally de-
fined according to Eq. (3-9).

Tpu = U * Opu (3-9)
For friction across a concrete crack, [Wal81] introduces a friction factor of u = 0.4 which
is independent of aggregate grading and concrete strength. To define the shear stress at
a concrete crack, the stress at all contact areas are integrated considering crack width,
shear displacement, maximum particle size and total aggregate volume per unit volume
of concrete. According to [Ran97], the model gives a good estimation for shear transfer
across a crack plane compared to experimental results.

By further investigations, WALRAVEN ET AL. [Wal87] considered the effect of concrete
strength on the shear friction capacity. Based on the model describing aggregate inter-
lock [Wal81], they developed the expression written in Eq. (3-10).
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w=Cr(pf)" (3-10)

With
C1, C2 factor considering the concrete strength
Ci = 0.822-f; cupe 4%
Ca= 0.159-f cube? 3"
with
fc,cyl = O.85‘fc,cube (150 mm)

3.2.6 Model of TSOUKANTAS & TASSIOS

The researchers TSOUKANTAS & TASSIOS [Tso89] published a research programme with
interface shear specimens under monotonic and cyclic loading conditions. They deter-
mined a high influence on the load bearing resistance due to horizontal and vertical dis-
placement of the interface as well as by the acting normal stress perpendicular to the
interface.

The developed model describes the ultimate shear force at an interface Vy, as a sum of
the shear frictional resistance due to compressive force acting on the interface Fiic and
the shear resistance due to dowel action Dgow (Eq. (3-11)), both depending on the hori-
zontal shear displacement s. The frictional resistance was derived experimentally for
smooth and rough interfaces.

Vu = Fric + Ddow (3-1 1)

In this context, Figure 3-3 (a) shows the qualitative curve of the ratio of frictional shear
stress tf and ultimate frictional shear stress T,y over the ratio of displacement s to ulti-
mate displacement sy for smooth and rough surfaces.

(a) friction (b) dowel (c) pull-out
S
» S" Tfr :
4——_
rfrofru ;
I rough
smooth :
0 S/SU Saowel = 5/2 :
Figure 3-3: Effect of displacement on the mechanisms of friction (a), dowel action (b) and axial

stress (c) according to [Ts089]

They developed a relation of the ultimate frictional force Ffic considering the normal
stress at the interface due to internal and external loads . over the area of the interface
Aint for smooth and rough interfaces according to Eq. (3-12) and (3-13), where only the
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3.2 Development of models for horizontal interface shear

frictional shear stress of a rough interface is dependent on the characteristic concrete
compressive strength fck.

Ffric,smooth = 0.4'Gc'Aim (3'12)
’ 3-13
Ffric,rough= 0.5- fck2 "G - Aint ( )

The effect of dowel action accounts for a displacement of sdowel = /2 (Figure 3-3 (b)).
Besides the effect of dowel action, the formulation in Eq. (3-14) considers the effect of
axial stress in the reinforcement (Figure 3-3 (¢)), position of dowel, as well as the effect
of concrete strength.

Do =0.5-8dy’ \/fck fy (- &) (3-14)

With

) position of dowel regarding the concrete cover

dv diameter of dowel

& effect of axial stresses acting simultaneously in the bar

& = odlfy

TSOUKANTAS & TASSIOS [Tso89] also investigated the effect of cyclic loading condi-
tions on the interface shear transfer. Previous research conducted by e.g. CHUNG &
CHUNG [Chu76], MATTOCK [Mat81] and WALRAVEN [Wal87] with test specimens un-
der cyclic loading conditions limit the ultimate shear stress at the crack or interface by
reducing the static strength to tra = 0.55- Tstae [Chu76], 0.60- Tsrae [Mat81] and 0.65- Tstac
[Wal87]. By applying these limitations, a fatigue failure can be prevented.

Nevertheless systematic experimental data under cyclically imposed slip was missing,
TSOUKANTAS & TASSIOS [Tso89] assumed a reduction of shear resistance for fully re-
served displacement according to Figure 3-4.

Figure 3-4: Assumed shear stress-displacement curve under reversed displacement
[Tas87][Ts089]
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3 Models for horizontal interface shear transfer

By experimental investigations in [Tas87], an empirical expression of frictional degra-
dation was derived to give an estimation of the ratio of the frictional resistance after n
load cycles compared to the resistance of one cycle. The expression considers the slip
after n load cycles s, and the ultimate slip under monotonic loading s. (Eq. (3-15) and
(3-16)). Even though the expression generally accounts for cyclic loading, tests were
conducted to only six load cycles.

Ty 1
fen 1 — 7 Vn — 1 for s, > s, (smooth) (3-15)
Tfric,l
-1 n
Thei c S ;
fricn _1 _10.002:(n — 1)- <—> 22 (rough) (3-16)
Tric,1 f; u

Besides the estimation of the frictional shear resistance, the stress range in the reinforce-
ment under cyclic loading conditions was limited to 33.3 % of the steel stress in the
reinforcement depending on the slip of the bar.

Based on the investigations of TSOUKANTAS & TASSIOS [Tso89], ACKERMANN [Ack92]
presents a formulation considering the interface shear displacement. Regarding the ef-
fect of reinforcement, he distinguishes between the load bearing resistance due to clamp-
ing effect and dowel action by the model of an elastically embedded bar. Considering
the minimum amount of interface reinforcement, he suggested reinforcement which
fully covers the adhesive capacity of the interface to achieve ductile structural behav-
1our. However, high minimum reinforcement degrees appear by this expression.

3.2.7 Model of RANDL

The model developed by RANDL [Ran97] follows the assumptions made by [Ack92],
but considering the maximum load resistance for every limit state. In accordance to
[Ack92], he describes the interface shear resistance by the sum of the three load bearing
capacities adhesion, friction and reinforcement. For the reinforcement term, he distin-
guished between clamping effect (tensile forces in the reinforcement increase the fric-
tional resistance) and dowel action (reinforcement subjected to bending and shear).

The effects of adhesive and frictional bond were considered based on theory of plasticity
with Coulombs shear friction hypothesis and the effect of the clamping stress is based
on the shear friction theory. For considering the effect of dowel action, he idealises the
reinforcement bar as an elastically supported beam which is embedded at one side of the
interface. After horizontal displacement and concrete plasticisation near the concrete
surface, a plastic hinge develops in the bar due to maximum moment which leads to
ultimate limit state. The maximum stress pmax in the plastic zone of the concrete h
(Figure 3-5 (a)) is assumed to be rectangular, whereas the stress distribution o under-
neath the plastic zone z1 is simplified with ideal-elastic behaviour in accordance to the
assumption of an elastically simply supported beam [Ran13].
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(a) % v (b)

N v /.
A - 9—} N
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A f,
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N

Figure 3-5: Model of an idealised embedded dowel under shear loading (a), M-N-interaction of a
bar section for an interface shear connector (b) [Ran13]

According to the results of an experimental programme (s. Chapter 4.2.4), an increase
of normal stress in the interface reinforcement subjected to horizontal displacement is
nor possible until reaching the yield strength of the steel, which may be explained by
the interaction of moment and normal forces in the reinforcement (Figure 3-5 (b)). He
also found a direct correlation between interface roughness and the ratio of dowel action
and clamping effect. For rough interfaces, higher vertical displacement could be deter-
mined after horizontal displacement compared to smooth interfaces which leads to the
assumption of higher clamping action.

The proposed design expression is given in Eq. (3-17).

Tu=TuC+U'(p'K'fy+Gn)+a'p'fy'fc (3-17)
With
Tuc shear resistance of adhesion
u coefficient of friction
p interface reinforcement ratio
K coefficient of efficiency for tensile forces in the reinforcement
fy yield strength of reinforcement
On normal compressive stress
o coefficient of flexural resistance of the reinforcement
fe concrete compressive strength

An extensive description of the model can be found in e.g. [Ran97] and [Ran13].

3.2.8 Discussion of models

As mentioned above, milestones of the development of model concepts for interface
shear can be named shear friction theory by BIRKELAND & BIRKELAND [Bir66], modi-
fied shear friction theory by MATTOCK & HAWKINS [Mat72], consideration of concrete
strength by LOOV [Loo78] and aggregate interlock by WALRAVEN [Wal87], as well as
an expression considering three slip-independent load bearing mechanisms of adhesion,
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3 Models for horizontal interface shear transfer

friction and reinforcement by ACKERMANN [Ack92] and RANDL [Ran97]. For compar-
1son, Figure 3-6 shows the calculate shear strength over the interface reinforcement ratio
for a concrete with a compressive strength of f. = 30 N/mm? and a smooth interface (a)
as well as a rough interface (b). Since the presented model of TSOUKANTAS & TASSIOS
[Tso89] describes the term of dowel action using parameters not considered in the com-

pared equations, the model was not included in the comparison.

O

Comparison of models - smooth

—_
(=)}
~—

Comparison of models - rough

120 Birkeland 120 Birkeland !
Mattock* — Mattock™
& 10.0 Loov* NE 10.0 Loov*
g Walraven* [ Walraven™
= - - - - Randl = - ==~ Randl ==
> 8.0 Z, 8.0 \’\?j\l -
[=] - e L
; 6.0 w 6.0 4 27 .sg
7 a - -7
o g LT e
ﬁ 40 —"-—" E 40 /” "’
o - - E L - -
8 20 0 204357 .-°
S f. = 30 N/mm? @ #%e £. = 30 N/mm?
0.0 r ' r T 0.0 ¥= r r r -
0.0 0.5 1.0 1.5 2.0 2.5 0.0 0.5 1.0 15 2.0 25
interface reinforcement ratio p [%] interface reinforcement ratio p [%]
Figure 3-6: Comparison of milestones of interface shear models for smooth (a) and rough inter-

faces (b)

The basic expressions according to MATTOCK & HAWKINS, LOOV and WALRAVEN were
initially derived to describe the shear transfer across a concrete crack and thus, are in-
dependent of the surface roughness (grey lines). The expression according to
WALRAVEN shows a strong and nonlinear increase of calculated shear stress with in-
creasing reinforcement ratio followed by the expression of LOOV. The curve according
to MATTOCK & HAWKINS considers the adhesive resistance with 1.38 N/mm? and shows
a linear increase until the upper limit for shear stress is reached.

The roughness dependent formulations of BIRKELAND & BIRKELAND and RANDL (black
lines) show a linear curve limited by the maximum shear capacity. For shear friction
theory, the effect of increasing roughness only results in a steeper inclination and thus,
higher calculated shear stress for smaller reinforcement ratios. The formulation accord-
ing to RANDL shows a slight increase of shear stress for smooth interfaces which does
not reach the upper shear stress limit in the observed limits. For rough interfaces, sand-
blasted interfaces (SB) and interfaces subjected to high-pressure water (HPW) show a
similar inclination of the curve. Even though both interface treatments result in rough
interfaces, the expression does not allow a consideration of adhesive bond for sand-
blasted surfaces.
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3.3 Interface shear models in current design concepts

3.3 Interface shear models in current design concepts
3.3.1 Introduction

Based on the models presented in Chapter 3.2, design equations were derived to verify
the interface shear resistance in composite beam or slab structures for different design
codes. In the following, the formulations according to Eurocode 2 (EC 1992-1-1:2004)
[EC2], Model Code 2010 [MC10], as well as the two prevailing concrete design codes
in the United States of America, ACI 318-14 [ACI318] and AASHTO LRFD Bridge
Design Specifications [AA-L] are presented. For Eurocode 2, the regulations differ for
the European standardised version EC 1992-1-1:2004 [EC2], the national annex of Ger-
many [EC2NAD] and the draft for the next Eurocode 2 prEN1992-1-1:2018 [prEC2:18].
Therefore, the expressions are presented separately.

Generally, the expressions formulated in all codes are based on the assumptions made
by shear friction theory and modified shear friction theory and define of the load bearing
capacities of adhesion, friction induced by normal stress and reinforcement. The applied
shear stress must not exceed the interface shear resistance with satisfying a certain level
of safety. None of the following design expressions includes the effect of constrains on
the applied stress, e.g. by irregular shrinkage of the two concrete layers. Additional veri-
fications regarding crack width or deflection must not be considered. The aim of the
design expressions is to achieve a quasi-monolithic lead bearing behaviour of the struc-
ture.

Whereas the provisions according to [EC2], [EC2NAD], [prEC2:18] and [MC10] only
account for interfaces with concrete cast at different times, the provisions according to
[ACI318] and [AA-L] also allow the calculation of interface shear resistance across a
shear plane in a concrete crack.

For the sake of consistency, the formulations in the American codes, which are origi-
nally formulated in imperial units, were translated to metric units.

3.3.2 Provision of EC2:2004

The interface shear provision adopted in [EC2] are based on the regulations published
in Model Code 1978 [MC78] and Model Code 1990 [MC90]. For verification, the in-
terface shear resistance vrdgi must exceed the applied shear stress veqi (with index 1 for
interface) according to Eq. (3-18).

(3-18)

VEdi < VRdi

For horizontal shear due to composite action in beam and slab structures, the applied
shear force can be determined by internal force balance (Chapter 2.2.3) and described
by Eq. (3-19).
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3 Models for horizontal interface shear transfer

Vedi =B - Vea/ (bi- 2)

(@)

With

B

VEd
bi

(3-19)

ratio of the transferable normal force across the interface
interface in tension zone: f = 1,0
interface in compression zone: f = Fedi/ Fea < 1,0 (Figure 3-7 (a))

with

Fqi for the normal force in the insitu concrete layer
Feq for the resulting compression force of the section

acting shear force
width of interface

lever arm of internal forces in the composite section (z = 0.9-d)

(b)

y
| _‘_b an

Figure 3-7:

adhesion friction reinforcement

; =
Fopsina ¢
@ P 5 z F, cos
s tcose)
T

F=pf, >//a

Transferable normal stress across an interface in the compression zone (a), design
model of interface shear according to EC2 (b) [Fin16]

The interface resistance includes the load bearing terms of adhesion, friction and rein-
forcement (Figure 3-7 (b)) and can be summarised to Eq. (3-20) with additionally lim-
iting the interface resistance to a maximum interface resistance depending on the con-
crete strength.

VRdi = C “fod + - COn + P-fra - (Wsina + cosa) < 0.5-V - fea
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With

c
Setd
u

On

coefficient of adhesion

(3-20)

design value of concrete tensile strength of the weaker concrete layer

coefficient of friction

external normal stress perpendicular to the interface acting simultane-
ously with the shear stress

compressive stress: 0 <61 < 0.6 - fud

tensile stress: 6, < 0 with ¢ - fea =0

interface reinforcement ratio p = Asi / Ai

with

Asi the area of reinforcement crossing the interface including shear rein-
forcement from shear design with sufficient anchorage at both sides of

the interface

Aithe area of the interface



3.3 Interface shear models in current design concepts

Syd design yield strength of the interface reinforcement

o inclination of interface reinforcement 45° < a < 90°

% strength reduction factor for concrete cracked in shear and variable in the
national annexes but recommended as v = 0.6 - (1 —fe / 250)

Jed design concrete cylinder compressive strength

The coefficients of adhesion and friction depend of the condition and roughness of the
interface surface and are generally defined as national parameters. However, the coeffi-
cients defined in [EC2] are listed in Table 3-1.

Table 3-1: Classification of the surface and coefficients of adhesion and friction according to [EC2]
Interface Classification cl-] u-
very smooth  surface cast against steel, plastic or special prepared  0.025 - 0.1 0.5

wooden moulds

smooth slip formed or extrudes surface, free surface without 0.2 0.6
further treatment

rough surface with at least 3mm roughness at about 40 mm 0.4 0.7
spacing achieved by raking, exposing of aggregate or
other methods

indented surface with indentations according to Figure 3-8. 0.5 0.9

45°<a <90°

interface

new concrete <+ d=5mm
old concrete %o
%
% 1
D
% NEd
Figure 3-8: Required surface conditions for an indented surface according to [EC2]

For uneven shear distributions, the interface reinforcement may be distributed in accord-
ance to Figure 3-9. A minimum reinforcement across the interface is not included in the
design of [EC2].

el R

i Edi I p- fyd (p, sina + cosa)
e C'fctd + i“l'cn

Figure 3-9: Required interface reinforcement along the structure’s axis

p
<
ol

For fatigue loading, the shear resistance for adhesion in Eq. (3-20) must be halved with
cfat = 0.5- Cstat.
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3 Models for horizontal interface shear transfer

3.3.3 Provisions of EC2+NA(D)

Since [EC2] works as an international regulation for European countries, the National
Annexes may define certain alterations and modifications. Generally, the provisions of
the National Annex of Germany [EC2NAD] describe the interface shear resistance in
accordance to the [EC2] provisions. Thus, Eq. (3-19) applies for calculating the applied
shear stress. The calculation of interface resistance follows Eq. (3-21).

VRdi = C “fod + L- O + P-fra- (1.2- w-sina + cost) < 0.5 -V - feq (3-21)
Compared to the [EC2] approach, certain changes were developed considering evalua-
tions of test data [Zi106].

e The factors for calculating the term of adhesion and friction (c and p) were slightly
modified (Table 3-2) and the roughness quality of indented surfaces was extended
including exposed aggregates with dg = 16 mm and a roughness of at least 6 mm.
To practically quantify the roughness of surfaces, reference values according to the
sand-patch method of KAUFMANN [Kau71] (Chapter 2.4.2) were defined.

e The shear resistance of the clamping effect of reinforcement was increased. Thus,
the term considering the vertical component of the reinforcement was increased by
the factor 1.2. The factor is based on the verification of interface shear transfer ac-
cording to the recent German design code DIN 1045-1 [D1045-1], which can be
mechanically interpreted as an additional shear resistance due to dowel action
[DA600].

¢ For limiting the interface shear resistance, the term of maximal shear resistance was
decreased, since the data base, especially for very smooth and smooth surfaces, is
very small. Therefore, the factor v was defined depending on the interface roughness
(Table 3-2). For very smooth interfaces however, a design would be excluded since
v =0 applies. Nevertheless, the shear resistance due to friction can be accounted for
very smooth surfaces but must be limited to the maximum shear capacity of a
smooth surface with v = 0.2, which leads to the limitation of u-on <0.1-fcq. For con-
crete classes > C55/67, the strength reduction factors v in Table 3-2 must be multi-
plied by the term 1.1 — fo/500.

In addition to the regulations of [EC2], more specific construction rules were introduced.
Thus, interface reinforcement inclined in the direction of the compressive strut (declin-
ing towards the support) should not be considered for design (90° < a < 135°). Con-
struction rules defined for shear resistance generally apply for interface shear. Based on
[Furl6], the maximum longitudinal spacing of interface reinforcement in slab structures
without required shear reinforcement is defined as 2.5-4 <300 mm and for transverse
spacing 5-h <700 mm and 375 mm to the edges.

Contrary to [EC2], the adhesive interface shear capacity must be neglected for fatigue
cfat = 0 Cstat.
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Table 3-2: Classification of the surface and coefficients of adhesion and friction according to
[EC2NAD]
Interface Classification cl-] u -] v[]
very smooth  surface cast against steel, plastic or special pre- 0.0" 0.5 0

pared wooden moulds

smooth slip formed or extrudes surface, free surface with- 0.2 0.6 0.2
out further treatment

rough surface with at least 3 mm roughness at about 40 0.4 0.7 0.5
mm spacing achieved by raking, exposing of aggre-
gate or other methods
(e.g. Rtz 1.5 mm)

indented surfaces with exposed aggregates of dyg > 16 mm 0.5 0.9 0.7
and a roughness of at least 6 mm
(e.g. Rt2 3.0 mm)

surface with indentations according to Figure 3-8.

) higher values must be proved by special verifications; R: mean roughness depth achieved by the sand-patch
method according to KAUFMANN [Kau71]

3.3.4 New Proposal of prEC2:2018

In context of the revision process of [EC2], the regulations for shear at interfaces defined
in the new proposal ppEC2:2018 [prEC2:18] are presented in the following. For the sake
of consistency, the shear stress acting at an interface are named teqi for the applied in-
terface shear stress and trai for the interface shear resistance, respectively.

For composite action, the applied shear stress due to horizontal shear is defined in ac-
cordance to [EC2] (Eq. (3-19)). For calculating the interface shear resistance, the regu-
lations are extended by a term considering interfaces with interface reinforcement not
sufficiently anchored (e.g. toppings on flexural composite members), which is based on
the Model Code 2010 [MC10] provisions.

The design of interfaces without interface reinforcement and interfaces with interface
reinforcement where yielding of the interface reinforcement can be provided due to suf-

ficient anchorage, the interface shear resistance trqi may be calculated according to Eq.
(3-22).

TRdi = CVI'\/E/'YC + U, Oyt p 'fyd'(uv~ sina+cosa) <0.5-v foy (3-22)

Compared to the [EC2] provisions, the following changes may be named.

¢ For the sake of clarity, indexes are included for the coefficient of adhesion c¢yi and
friction Wy. The classifications of the coefficients are summarised in Table 3-3.

e The term considering the adhesive capacity was rewritten by substituting the con-
crete tensile strength by considering the square root of the characteristic concrete
compressive strength fck, reduced by the partial safety factor of concrete y. = 1.5.
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3 Models for horizontal interface shear transfer

¢ The permitted angle of the interface reinforcement was extended to a lower limit of
35° <a <90° based on experiences with lattice girders. For shear reinforcement
however, the limits 45° < a < 90° apply.

¢ The maximum interface shear capacity is defined to be 50 % of the strength reduc-
tion factor v and design concrete cylinder compressive strength feq for 90° inclined
shear reinforcement. Since no particular information regarding strength reduction
for interface shear are provided, v may be taken as 0.5 in accordance to the shear
design regulations when the limits of the permissible angle of compression strut cotf
are satisfied (1.0 < cotd < 2.5 for ordinary reinforced members without normal
force).

For interfaces with interface reinforcement insufficiently anchored and thus, yielding of
the reinforcement cannot be provided, the design follows Eq.(3-23). The expression is
based on Model Code 2010 [MC10], which considers the effect of clamping and dowel
action of the reinforcement. Nevertheless Eq.(3-23) accounts for insufficient anchorage,
the interface reinforcement should be anchored for at least 0.5:fyqa with a minimum em-
bedment length of 8-@ (with @ as bar diameter) if no other anchorage method are ap-
plied. The coefficients of adhesion, clamping effect and dowel action may be taken from
Table 3-3.

it = Tt 1, Ot K fy it K o [ff (3-23)
With
cv2  coefficient of adhesion, cyv2 = 0 for tensile stress perpendicular to the in-
terface
ki coefficient of the tensile forces in the reinforcement due to the clamping
effect
ke coefficient for the flexural resistance of the reinforcement due to dowel

action. If the longitudinal distance of a bar to the structures edge is
<10-9, ks = 0 applies

The classifications of surface quality were extended by distinguishing intermediate sur-
faces according to [EC2] between very rough and keyed surfaces. The classification of
all surface conditions as well as reinforcement classifications are described in Table 3-3
and Figure 3-10. However, for very rough interfaces with minimum interface reinforce-
ment sufficiently anchored and permissibly angled, the verification may be omitted.
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Table 3-3: Classification of the surface and coefficients of adhesion and friction according to
[prEC2:18]
Interface Classification ovi [-] uvl-]  oel] ki [-] ki [-]
very smooth surface cast against steel, plastic 0.0095 0.5 - 0 1.5
or special prepared wooden
moulds
smooth surface with less than 3 mm rough- 0.075 0.6 - 0.5 1.1

ness, e.g. a free surface left without
further treatment after compacting

rough surface with at least 3 mm rough- 0.15 0.7 0.035 0.5 0.9
ness (from peak to valley meas-
ured at maximum 40 mm spacing)
achieved by raking, exposing of ag-
gregate or other methods (Figure
3-10 (a))

very rough  surface with at least 6 mm rough- 0.19 0.9 0.070 0.5 0.9
ness (from peak to valley meas-
ured at maximum 40 mm spacing)
achieved by raking, exposing of ag-
gregate or other methods (Figure
3-10 (a))

keyed" surface with shear keys according 0.37 0.9 - - -
to Figure 3-10 (c)

1) factors for keyed interfaces should be applied for the area of each key with A = bierf - ket and tedi = Vedi - A

classification of rough/very rough interfaces interface reinforcement keyed interfaces
<40 mm anchorage N, 3d < h,<10d
¥ > v I +d

3d < h,<10d
0.5<h/h,<2.0

roughness
by raking

roughness by
exp. aggregates

35°<a<90°

Figure 3-10:  Classification of rough and very rough interfaces (a), classification of interface reinforce-
ment (b), classification for keyed interfaces (c)

The detailing rules regarding spacing are adopted from the regulations in [EC2NAD].
Deviating from [EC2] and [EC2NADY], the expression in [prEC2:18] defines minimum
reinforcement dsmin along edges of slabs, where delamination of the insitu concrete can-
not be prevented by confinement due to permanent loads (e.g. walls) according to Eq.
(3-24). Since the design of beam structures requires minimum shear reinforcement, no
additional regulation regarding minimum interface shear reinforcement are formulated.

Ads,min = tmin'fctm /fyk (3'24)
With
fmin  minimum thickness of old and new concrete layer
fam  mean tensile strength of the respective concrete layer
Sy characteristic yield strength of reinforcement

43



3 Models for horizontal interface shear transfer

For fatigue, [prEC2:18] limits the verification to rough, very rough and keyed interfaces.
The design distinguishes between interfaces without and interfaces with interface rein-
forcement. If no reinforcement crosses the interface, the maximum applied shear stress
must be limited to 50 % of the static adhesive strength whereas the full resistance of
normal stress can be considered (Eq. (3-25)).

TRai= 0.5 - ¢y \/JZ/YC + W, ¢ On <v-fy (3-25)

If reinforcement crosses the interface, the approved stress range in the reinforcement
bars must be verified. Therefore, the resistance term of adhesion is omitted and a reduced
inclination of compression strut from 45° to 25° is assumed. The flatter inclination is
considered by a reduction factor of 1/cotf =~ 0.45 with 6 = 25° as shown in Eq. (3-26).

1 AGRsk
Atpgi =H 0 On t P 045

: (“v,fat' sin o+ cos (x) <v-fq4 (3-26)

Ys,fat

With

Acrsk approved characteristic stress range in the reinforcement derived by S-N
curves depending on expected number of load cycles.

vsfae  partial safety factor of reinforcement under fatigue ys fa = 1.15

3.3.5 Provision of Model Code 2010

The interface shear design according to Model Code 2010 [MC10] is based on a shear
friction model developed by RANDL [Ran97] (s. Chapter 3.2.7) which considers the ca-
pacity of interface reinforcement by distinguishing between the clamping effect and
bending effect of dowel action.

For verification, the interface shear resistance Trdai must exceed the applied shear stress
Trdi considering the partial safety factors. For determining the applied shear stress, the
assumptions according to [EC2] (Eq. (3-19)) apply.

To calculate the interface shear resistance, two scenarios are defined. The scenario of
rigid bond for interfaces without interface reinforcement where good adhesive bond can
be assumed and no tensile stress acts perpendicular to the interface, as well as the sce-
nario of non-rigid bond, where interface slip is allowed and interface reinforcement is
applied.

For rigid bond, brittle slip behaviour is assumed and usually no - or low degrees of
interface reinforcement (0 < p < 0.05 %) are applied. Therefore, the interface shear re-
sistance is only influenced by the load bearing capacities of adhesion and friction (Eq.
(3-27)).
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TRdi = Ca“ferd + L-On £ 0.5-V-fea

With
Ca

uw

On

v

coefficient for adhesion

coefficient of friction

(3-27)

lowest compression stress acting on the interface
reduction factor accounting for the strength of the diagonal concrete strut

v =0.55 - 30/fx)"? < 0.55

The aforementioned coefficients depend on the surface quality of the interface. In ac-
cordance to [EC2], the classification of very rough interfaces includes shear keys. The
surface classification with corresponding coefficients of adhesion and friction are sum-
marised in Table 3-4.

Table 3-4:

Surface classifications and adhesive coefficients for rigid bond according to [MC10]

Interface

Classification

Ca -] ul]

fox = 20 fok = 35
N/mm?2 N/mm?2

very smooth

smooth

rough

very rough /
shear keys

surface cast against steel, plastic or timber form- 0.025 0.5 0.5
work
surface left as cast, slightly treated after casting 0.2 0.6 0.6

against formwork, mean roughness depth of
R: < 1.5 mm achieved by the sand-patch method

surface intensely roughened with Rt > 1.5 mm 0.4 0.7 0.7

surface intensely roughened with Rt > 3.0 mm 0.5 0.8 1.0

R:: mean roughness depth achieved by the sand-patch method according to KAUFMANN [Kau71]

If rigid bond cannot be guaranteed or the applied shear stress exceeds the adhesive re-
sistance, non-rigid bond behaviour is assumed. For these cases, interface reinforcement
must be applied across the interface. The shear resistance of the reinforcement distin-
guished between capacity due to axial stress (clamping effect) and bending of the rein-
forcement (dowel action). The design equation follows Eq. (3-28).

With
Cr

1)
K1

IR Ve
TRd = Cr " J

coefficient for adhesion
coefficient of friction

+ u'(Gn+p'Kl'fyd'sin(x+cosa)+1<2 p- fyd'fcdSBC'V oy

(3-28)

coefficient of the tensile forces in the reinforcement due to the clamping

effect
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K2 coefficient for the flexural resistance of the reinforcement due to dowel
action
Be coefficient of angle of the diagonal concrete strut

The coefficients for non-rigid bond behaviour depend on the surface qualities as listed
in Table 3-4 and are summarised in Table 3-5.

Table 3-5: Design coefficients for the non-rigid bond verification according to [MC10]

Interface cr[] K1 [-] Kz [-] u[-] Be [-]

fex > 20 fok > 35

N/mm? N/mm?
very smooth 0 0 1.5 0.5 0.5 0.3
smooth 0 0.5 1.1 0.6 0.6 04
rough 0.1 0.5 0.9 0.7 0.7 0.5
very rough / 0.2 0.5 0.9 0.8 1.0 0.5

shear keys

In accordance to [EC2], a stepwise distribution of the interface reinforcement following
the shear stress distribution may be used (Figure 3-9). For smooth surfaces however, the
flexibility of surface even allows a redistribution of forces, which may lead to a uniform
distribution of interface reinforcement. For cases where interface reinforcement is re-
quired, a minimum reinforcement should be applied covering the loss of adhesion and
aggregate interlock in order to prevent brittle failure. The minimum reinforcement ratio
pmin for beam members is calculated according to Eq. (3-29). By considering redistribu-
tional effects, which may be expected for slab members, the minimum reinforcement
ratio may be reduced (Eq. (3-30)).

Pmin,beam = O-Z'fctm /fyk >0.001 (3'29)
Pmin,slab = Olzfctm /fyk >(.0005 (3-30)

To prevent delamination of the concrete overlay for cases were confinement cannot be
guaranteed, the provision of [prEC2:18] (Eq. (3-24)) apply.

Under fatigue loading conditions, the adhesive coefficients for rigid bond must be re-
duced to ca fat = 0.5- castar, Whereas for non-rigid bond the entire shear resistance must be
reduced to trdifac = 0.4 Traistar. A detailed description of the interface shear design ac-
cording to [MC10] can be found in [Ran13].

3.3.6 Provisions of ACI 318-14

The ‘Building Code Requirements for Structural Concrete’ by the American Concrete
Institute (ACI) are reported by the ACI Committee 318 and formulated in the standard
ACI 318-14 [ACI318]. The code formulates shear friction for all cases where shear
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3.3 Interface shear models in current design concepts

transfer across a given plane must be considered. Besides interface shear between con-
crete cast at different times, shear transfer across existing or potential cracks or across
interfaces between dissimilar materials are considered.

For interface shear verification, [ACI318] compares the factored shear resistance V,
with the acting shear force V, according to Eq. (3-31).

0-Va2Vy (3-31)
With
0 partial safety factor for shear design ¢ = 0.75

In contrast to the regulations in [EC2] and [MC10], the shear resistance distinguishes
between vertical and horizontal shear due to composite action. To classify the interface
surface quality, [ACI318] only distinguishes between surfaces intentionally roughened
to a roughness amplitude of 0.25 inch (6.4 mm) and surfaces not intentionally rough-
ened.

The interface resistance for vertical shear V; is based on the basic shear friction theory
and can be calculated depending on the properties of the shear plane as well as on the
concrete type according to Eq. (3-32).

0-Va=0-Avt - fy - (L- sind + cosQ) (3-32)
With
Ayt cross sectional area of interface reinforcement
fy characteristic yield strength of interface reinforcement with a maximum
of fymax = 60,000 psi = 413,7 N/mm?
1) coefficient of friction
i = 1.0A for intentionally roughened surfaces
1 = 0.6\ for surfaces not intentionally roughened
With
A = 1.0 for normal weight concrete
A = 0.75 for lightweight concrete
o angle between the interface reinforcement and the interface plane

If permanent net compression stress occurs across the interface, a load bearing capacity
due to normal stress may be added to reduce the amount of interface reinforcement.
However, if the inclination of the interface reinforcement leads to compressive stress in
the reinforcement in the direction of shear, the shear friction equation does not apply
(Va=0).
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3 Models for horizontal interface shear transfer

Since the formulation of the interface shear resistance may become unconservative for
some cases (e.g. [Kah02][Mat01]), upper limits on the shear friction strength are neces-
sary. For monolithic structures and intentionally roughened surfaces Eq. (3-33), and for
not intentionally roughened surfaces Eq. (3-34) applies.

Intentionally roughened surfaces:

0.2+, A,
O Vima < ¢-max{ (3.31 [N/mm?] +0.08:f.)A, (3-33)
11.03 [N/mm?] -A

Not intentionally roughened surfaces:

oV <omin]__ 2T A (3-34)
fmax 5.52 [N/mm?] ‘A,
With
e specific cylinder concrete compressive strength after 28 days

Ac cross sectional area on concrete participating the load transfer

For horizontal interfaces in composite flexural members, [ACI318] gives special regu-
lations and limitations for horizontal shear transfer which distinguish the design not only
by the interface roughness, but also by the magnitude of the shear force and the amount
of interface reinforcement.

Generally, the upper limit of longitudinal interface shear verification is defined as
Vu < 0-3.45[N/mm?]-by-d, where by is the width of the surface of the interface and d is
the effective depth, which is limited to 0.84. For interface shear due to composite action
which exceeds the upper limit, the formulations described above with the shear re-
sistance according to Eq. (3-32) applies.

For small shear forces with V, < ¢-3.45[N/mm?]-byd, the shear resistance shall be cal-
culated depending on the surface roughness and the interface reinforcement. Thus, a
minimum interface reinforcement Ay min must be applied for all cases where interface
reinforcement is required to resist horizontal shear (Eq. (3-35)).

( 0.75
f 5 (3-35)

Av,min > ma {

0.35 [N/mm?] - bw
mm —_—
\ f

48



3.3 Interface shear models in current design concepts

With

by width of the web or contact surface where the interface reinforcement is
applied

s spacing of interface reinforcement

If the designed interface reinforcement exceeds the minimum reinforcement
(Av = Av,min), the horizontal shear resistance Vi for surfaces intentionally roughened to
an amplitude of approximately 6.4 mm can be calculated according to Eq. (3-36).

Ayt
yt) by-d (3-36)

. 2 .
oV =4 min A (1.79 [N/mm~]+0.6

A%

3.45 [N/mm?]-b,-d

With

Ay cross sectional area of transverse reinforcement

S specified yield strength of transverse reinforcement
by width of horizontal interface

d effective depth

For interfaces which are not intentionally roughened and with interface reinforcement
exceeding the minimum reinforcement, as well as for all other case, the horizontal shear
resistance is given by Eq. (3-37). This implies that interfaces without interface reinforce-
ment must be intentionally roughened to an amplitude of approximately 6.4 mm and the
interface resistance is limited to 0.56 N/mm? according to Eq. (3-37).

¢-Von = ¢-0.56 [N/mm?]- by- d (3-37)

The interface reinforcement may consist of single bars or wires, multiple bar stirrups or
vertical legs of welded wire reinforcement and must be sufficiently anchored at both
sides of the interface. The longitudinal spacing of the bars is limited to the maximum of
61 cm and four times the least dimension of the supported element.

For fatigue loading conditions, the provisions according to ACI 318-14 do not include
any specific regulations regarding interface shear design.

3.3.7 Provisions of AASHTO LRFD Bridge Design Specifications

Besides the regulations in ACI 318-14, specifications for bridge structures are governed
by the American Association of State Highway and Transportation Officials
(AASHTO). The AASHTO currently provides two guidelines for the design of concrete
bridges, the ‘Standard Specifications for Highway Bridges’ [AA-S] and the ‘Load Re-
sistance Factor Design Bridge Design Specifications’ (LFRD). For interface shear, the
provisions in the standard specification are similar to the regulations in [ACI318]
whereas the regulations in the LFRD Bridge Design Specifications [AA-L] are more
developed and specified and thus, presented in the following.
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3 Models for horizontal interface shear transfer

In accordance to the [ACI318] provisions, [AA-L] considers interface shear transfer
across potential cracks, interfaces between dissimilar materials, between concrete cast
at different times and between different elements of the cross section. As specifically
stated in [AA-L], interface reinforcement must be applied across the interface.

For design, the interface shear resistance Vi shall satisfy the condition in Eq. (3-38).

Vri

(I) Vi 2 Vi

With
¢

Vni
Vui

(3-38)

resistance factor for shear

¢ = 0.9 for normal weight concrete

0 = 0.8 for lightweight concrete

¢ = 1.0 for extreme limit states

nominal interface shear resistance

factored interface shear force due to loading condition

For composite action, the factored interface shear stress along the interface can be de-
termined according to Eq. (3-39).

i = Vu / (bvi : dv)

With
Vi
bvi
dV

(3-39)

shear force

interface width considered to be engaged in shear transfer

distance between centroid of tension steel and the mid-thickness of the
slab to compute a factored interface shear stress

The nominal interface shear resistance considers the load bearing capacities of adhesion,
friction and reinforcement based on modifications of shear friction theory. In accordance
to the regulations in [EC2] and [MC10], the term of adhesion is defined depending on
the roughness of the interface but in the contrary, not depending on the concrete strength

(Eq. (3-40)).

O Vii=0 (c-Acv + U (At - fy + Po))

50

With
c

u
ACV

Avf

(3-40)

cohesion factor [N/mm?]

friction factor

area of concrete considered to be engaged in interface shear Acy = bvi - Lvi
with

byi the interface width considers to be engaged in shear transfer

Lyi interface length considers to be engaged in shear transfer

area of interface reinforcement within the area Ay



3.3 Interface shear models in current design concepts

fy design value of yield strength of interface reinforcement with
fy <414 N/mm?

P permanent net compressive force normal to the interface, for tensile
forces Pc =0

If the normal force acting at the interface is tensile, additional reinforcement must be
provided with a cross section Avpc according to Eq. (3-41).

P

= te (3-41)
T8,

A

The minimum reinforcement which must be applied across the interface follows
Eq. (3-42).
_0.054,,

A, (3-42)
f fy

The calculated interface shear resistance for longitudinal shear should not exceed the
limit according to Eq. (3-43).

. K 1 fC ' .ACV -
b V= ¢ .mm{ oy (3-43)
With
1 specified concrete compressive strength of the weaker concrete

Ki fraction of concrete strength to resist interface shear
K>  limiting interface shear resistance

The coefficients of cohesion, friction and maximum concrete strength of girder and slab
bridges are summarised in dependence of concrete type and surface condition in
Table 3-6. The values were determined by experimental data according to e.g. [Lo094]
and [Kah02]. For vertical shear across a crack in e.g. brackets, corbels or ledges, the
cohesion factor shall be taken as ¢ = 0.

Table 3-6: Coefficients for calculating the interface shear resistance according to [AA-L]

¢ [N/mm3] u [ Ki[-] Ko[N/mm?3]

concrete places against a clean concrete surface,

free of laitance but not intentionally roughened 0.52 0.6 0.5 5.52

normal weight concrete placed against a clean
concrete surface, free of laitance, with a surface 1.65 1.0 0.25 10.34
intentionally roughened to an amplitude of 6.4 mm

lightweight concrete placed against a clean con-
crete surface, free of laitance, with a surface in- 1.65 1.0 0.25 6.89
tentionally roughened to an amplitude of 6.4 mm
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3 Models for horizontal interface shear transfer

The reinforcement applied as interface reinforcement may consist of single bars, multi-
ple leg stirrups or welded wire fabric. The reinforcement must be sufficiently anchored
at both sides of the interface by embedment, hooks, mechanical methods like headed
studs or welding on order to guarantee yielding of the reinforcement. The longitudinal
centre to centre spacing of the interface shear connectors in beams or girders shall not
exceed 122 cm or the depth of the member, whereas for cast-in-place box girders, the
spacing is limited to 61 cm.

The provisions according to [AA-L] do not include any specific regulations regarding
interface shear transfer for fatigue loading conditions.

3.3.8 Comparison of design provisions

The codes presented in the previous chapters are based on the model concepts of Mohr-
Coulomb and shear friction theory, but with different modifications and considerations
of the influence of the interface roughness. Comparing the safety concept of the codes,
the regulations according to [EC2], [EC2NAD], [prEC2:18], and [MC10] use a semi-
probabilistic safety concept with applying safety factors on the applied permanent and
life loads, as well as material safety factors for the material resistances. [ACI318] and
[AA-L] use global safety factors reducing the shear resistance.

To calculate the applied shear stress for composite action in beam and slab structures,
all codes consider the acting shear force as the governing influence. Whereas [EC2],
[EC2NAD], [prEC2:18], and [MC10] calculate the lever arm of the internal forces as
z=0.9d, [ACI318] assumes the inner lever arm with the full effective depth and
[AA-L] defines the inner lever arm as the distance between the centroid of the tension
steel and the mid-thickness of the slab.

A comparison of all presented codes, distinguishing between the load resistance terms,
1s presented in Table 3-7.

For calculating the interface shear resistance, all models define the load bearing re-
sistances by terms of adhesions, friction induced by normal stress and reinforcement and
limit the interface shear resistance to a maximum interface capacity. For the term of
interface reinforcement, all codes but [MC10] agree on the shear friction formulation
with friction induced by clamping of the interface reinforcement. In [MC10] however,
an additional term of dowel action is introduced. In [prEC2:18], the additional term of
dowel action is adopted for interfaces with reinforcement not sufficiently anchored. The
definition of roughness differs between the European codes with generally classifying
interfaces as very smooth, smooth, rough, very rough (indented) and keyed, and the
American Codes only distinguish between surfaces intentionally roughened and not in-
tentionally roughened. For considering the friction term, all codes agreed on normal
shear stress and a friction coefficient. The term of adhesion however, is described by
concrete strength and roughness coefficients in [EC2], [EC2NAD], [prEC2:18], and
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3.3 Interface shear models in current design concepts

[MC10], whereas [ACI318] and [AA-L] assume constant adhesive strength depending
on the interface roughness. The maximum shear resistance is applied for all codes to be
depended on the concrete compressive strength, but only the terms of [EC2] and
[prEC2:18] being independent of the interface classification. For fatigue, the American
Code do not provide specific regulations. For interfaces without interface reinforcement,
[EC2],[prEC2:18] and [MC10] define a reduced adhesive strength of 50 %, whereas
[EC2NAD] neglects the resistance term of adhesion. For the verification of stress range
in the interface reinforcement, [prEC2:18] provides a design expression which omits the
adhesive resistance and assumes a flatter inclination of the compression strut with the
factor 1/0.45. The regulations in [MC10] limit the fatigue resistance to 40 % of the static
resistance.

Table 3-7: Comparison of introduced codes regarding the formulation of load bearing capacities
adhesion, friction, reinforcement and maximum shear resistance
Adhesion Friction Reinforcement Max. shear resistance
EC2 C - fud L On p- fa- (U -Sina + cosa) 0.5 v - fud
05 vk
EC24NA(D) ¢ - fug U on p - fo- (1.2- 1 sino. + cosa) Yo
prEC2:2018  ¢yy/fuly, M, On pfa (p," sin o +cos a) 0.5 v fy
(toppings) CooTaly, B, On ke, fa+kip T fog
MC2010
rigid bond Ca- fotd - On - 0.5 v - fu
non-rigid bond ¢, - f, " Lo, wpicy g M+ p/fafg @ By v fd
ACI 318
for shear stress < ¢-3.45 ®
intentionally
roughened &  ¢-0.56 @ -® -
without rfemnt $-3.45G)
with rfcmnt oA-1.76 4 — @ o-pu-p-fy
for shear stress = ¢-3.45 ©® intentionally roughened:
0.2:f,
¢ max{3.31® +0.08:£.’
@ . _ 11.03®
B B ¢-p - - (wsina + cosa) not intentionally roughened:
. (021
¢'m'n{5.52(3>
AASHTO (K f!
FRD o O-p-on O-Wep-fy mln{ ;<2°

rfcmnt: reinforcement; (): clamping effect; @: dowel action;®): in [N/mm?2]; 4): not specifically defined but may be

considered
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3 Models for horizontal interface shear transfer

Since not only the equations themselves, but the roughness definition with correspond-
ing design coefficients differ among codes, a comparison of shear resistance equations
1s only possible qualitatively. However, Figure 3-11 shows the comparison of the design
equations for interfaces without interface reinforcement and normal stress. Therefore,
the calculated design shear stress trai 1S plotted over the mean value of concrete tensile
strength f.d. For comparison, the interface classifications according to [ACI318] and
[AA-L] are defined as smooth surfaces for not intentionally roughened interfaces in Fig-
ure 3-11 (a) and very rough surfaces for intentionally roughened surfaces in Figure 3-11

(b).
(a) Adhesion - smooth (b) Adhesion - very rough
1.0 2.5
EC2:2004 0=00% EC2:2004 EC2+NA(D)
E EC2+NA(D) 6.=0 — - - - - prEC2:2018 MC 2010
£ 08177 %%12818 £ 20 ACI 318-14  -wwoeeeeeee AASHTO
> ACI 318-14 E |p=o.0%,c =0 |
= 06 Lo AASHTO Z 154 : AASHTO
Y AASHTO o ™ ACI318-14
e .
@2 04 4 P P w 1.0 1 -l
o ACI 318-14 ',,_'_\--' @ el
= . PR i = prEC2:2018 -
P g pEC22018, -7 ES;ZNOQ?D) D 05 - o>l N EC2:2004
© o MG2040 5 o EC2+NA(D)
g o MC2010
® 0.0 r T ' ' S 0o : . : '
0.0 0.5 1.0 1.5 2.0 25 0.0 05 1.0 1.5 2.0 2.5

concrete tensile strength f 4 [N/mm?] concrete tensile strength 744 [N/mm?]

Figure 3-11:  Comparison of codes regarding the term of adhesion for smooth (a) and very rough

interfaces (b)

The comparison in Figure 3-11 shows, that the constant adhesive strength in the Amer-
ican standards give higher values compared to the European codes. Since the European
equations define the interface resistance by terms of the concrete strength, the calculated
adhesive resistance increases with increasing concrete strength. The expression of
[prEC2:18] leads to slightly higher interface shear strengths than [EC2],[EC2NAD] and
[MC10] give similar values.

To compare the influence of the amount of interface reinforcement, Figure 3-12 shows
the curves of calculated shear strength over the interface reinforcement ratio p for a
characteristic concrete compressive strength of fox = 25 N/mm? and without normal
stress.
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(@) Interface reinforcement - smooth (b) Interface reinforcement - very rough
8.0 8.0
— ECZANA(D) fy = 25 Nimm? fy = 25 Nimme
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Figure 3-12 Comparison of codes regarding the term of interface reinforcement for smooth (a) and
very rough interfaces (b)

Since [ACI318] does not consider the term of interface reinforcement for smooth surface
(Figure 3-12 (a)), the calculated shear stress is described by a constant which forms the
lower limit of the comparison. For all other equations, the design curves increase with
an almost similar inclination with increasing reinforcement ratio, with [MC10] giving
the lowest values. The main difference between the codes is the upper limit of the inter-
face shear equations. Therefore, [AA-L] gives the highest values, and [EC2NAD] shows
the lowest limit with additionally reducing the maximum shear resistance with a factor
considering the interface roughness. For very rough interfaces (Figure 3-12 (b)) the ad-
hesive terms (p = 0) differ significantly and the inclinations vary slightly. In accordance
to smooth interfaces, the upper limits of interface resistance are defined differently, with
[AA-L] giving the highest, and [ACI318] giving the lowest limit.

To examine the influence of maximum shear resistance, Figure 3-13 compares the for-
mulations for smooth interfaces (a) and very rough interfaces (b) over the design con-
crete compressive strength fca. The equation according to [prEC2:18] is independent of
the surface quality and thus, gives the highest values for smooth interfaces. The [EC2]
expression is also independent of the concrete strength but with lower values for high
concrete strengths. For smooth interfaces, the American codes do not include an influ-
ence of the concrete strength, whereas for very rough interfaces, an influence is defined
for small concrete strengths. The highest influence of the interface roughness gives the
[EC2NAD] approach and thus, shows the highest interface resistances for very rough
interfaces and high concrete strength.
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Figure 3-13:  Comparison of codes regarding the term of maximum interface shear resistance for
smooth (a) and very rough interfaces (b)

For all evaluated codes, the effect of friction induced by normal stress is expressed by
the applied normal stress and a roughness coefficient. However, in common building
practice, normal stress in composite beam and slab structures is generally induces by the

shear stress 1zg; [N/mm?]

g
o

50.0

10.0 20.0 30.0 40.0 50.0
concrete comp. strength 4 [N/mm?]

self-weight of the insitu concrete and thus, is comparatively small.
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4 Previous experimental investigations

4.1 Introduction

To investigate the load bearing mechanisms of concrete-to-concrete interfaces, several
researchers conducted experimental investigations to achieve better understanding of
particular influencing factors for different load bearing mechanisms and their collabo-
ration in a structural element. For individual examinations of the load bearing mecha-
nisms (adhesion, friction or aggregate interlock and interface reinforcement), small size
specimens present a good and efficient method to consider the many varying influencing
parameters for interface shear like interface roughness and condition, concrete strength,
age and composition (e.g. aggregates or additives), interface reinforcement (e.g. shape,
amount and anchorage) as well as the applied load (considering e.g. normal stress, bend-
ing and cyclic loading conditions). In beam and slab structures, the longitudinal shear
transfer across an interface does not develop due to pure shear, but due to composite
action. Thus, due to the interaction of the different load bearing mechanisms in the struc-
tures, the interface shear resistance as well as the crack development and stress states
may differ from results achieved by small size tests. To investigate the effect of interface
shear transfer on the structural behaviour, composite bending tests with beam and slab
specimens were conducted and presented in literature.

In the following chapter, governing results from test series with small size tests as well
as beam and slab tests are presented. Detailed overviews of the test series presented in
this chapter, as well as further test series evaluated within the database evaluation in
Chapter 6, including test setup, dimensions, material properties, test parameters and fail-
ure shear stresses can be found in Annex B.

4.2 Small size specimen
4.2.1 Introduction

An overview of the generally used test setups for small size tests in literature gives Fig-
ure 4-1. Investigations for the isolated adhesive strength of interfaces were commonly
conducted by tensile tests (a) and splitting tensile tests (b). Since the adhesive bond
directly correlates with the tensile strength of the interface, these investigations examine
the influence of tensile stress on the interface bond. For adhesive shear strength, the
commonly used test setups are push-off tests (c), push through tests (g) and sliding
walls (h). In corbel tests (e) and eccentric sliding walls (1), the load resultant regularly
acts in the interface, but with additional moments along the interface induced by the
eccentricity of the applied forces. To investigate the influence of normal stress acting
perpendicular to the interface, modified push-off tests (d) and modified corbels (f) with
inclined interfaces give constant ratios of shear and normal stress at the interface. To
control the magnitude of normal stress independent from shear stress, normal stress can
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be applied externally to the specimens e.g. for push-off and push-though tests as well as
for corbels and sliding walls. For investigating the effect of interface reinforcement, the
small size tests presented in Figure 4-1 could also be conducted with interface reinforce-
ment, such as stirrups, bars and dowels across the interface to investigate the general
load bearing mechanism, shape, amount and efficient anchorage.

(a) tensile test (b) splitting tensile test (c) push-off (d) modified push-off (e) corbel

+F IF \F I\F \F

I ‘ i %

(f) modifie,c__i corbel (9) push-g?rough (h) sliding wall (i) eccentric sliding wall
F

F 7 v
— 4+ o
<T

Fe Tt
Figure 4-1: Small size tests for investigating the interface resistance of concrete cast at different
times

In the following, results collected by selected test series from literature are presented
considering investigations for adhesive bond, aggregate interlock due to normal stress
as well as clamping of interface reinforcement and dowel action.

4.2.2 Investigations for adhesion

In composite concrete structures with concrete-to-concrete interfaces, complex stress
states with a combination of normal and shear stress occur at the interface [Lin06_1].
Thus, investigations considering adhesive bond basically differentiate between tensile
and shear tests determining the stress state parallel and orthogonal to the interface.

Investigations to determine the influence of interface roughness and carbonation of con-
crete on the adhesive tensile strength were reported e.g. in [Sch96b], [Blo89] (cited by
[Rei04]) and [Blo98] using the tensile tests setup as shown in Figure 4-1 (a). Even
though the results of the tensile strength showed high scatter, an increase of bond
strength with increasing interface roughness could be determined. Thus, for high inter-
face roughnesses, the concrete failure may not necessarily occur in the interface but in
the weaker concrete layer.

In concrete composite members, interfaces are commonly stressed parallel to the inter-
face due to shear stress. Commonly used tests setups for adhesive shear strength are
push-through and push-off tests as shown in Figure 4-2, here exemplarily depicted by
DASCHNER [Das86a], RANDL [Ran97] and REINECKE [Rei104].
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(a) DASCHNER (b) RANDL (c) REINECKE
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Figure 4-2: Test setups to investigate the adhesive shear strength conducted by DASCHNER

[Das86a] (a), RANDL [Ran97] (b) and REINECKE [Rei04] (c)

For all test series, the adhesive shear failure occurred as brittle failure after the adhesive
bond was exceeded. In accordance to the adhesive tensile tests, an increase of shear
resistance with increasing interface roughness could be determined, but with very large
scatter. The investigations by [Das86a] only showed small influence of concrete strength
of both concrete layers, whereas the investigations by [Rei04] led to an significantly
higher increase of interface shear resistance with increasing concrete strength of the new
concrete compared to an increase of concrete strength of the old concrete. Considering
the concrete properties, [Rei04] determined no influence of aggregate type but higher
shear strengths for dry concrete surfaces compared to wet surfaces. [Ran97] stated an
influence of the interface size on the adhesive shear resistance. With unimpaired bond,
the shear stress is mostly transferred at the edge of the interface. The inner zone is mainly
ineffective until the crack develops, and the edge region spread in the direction of shear.
Especially for long interfaces, the elastic stress distribution concentrates in the edge re-
gion. Thus, the mean shear stress is influenced by the length of the interface.

4.2.3 Investigations for aggregate interlock and friction

After the applied shear stress exceeds the adhesive resistance of the interface, a crack
opens along the interface. If normal stress act perpendicular to the interface, the hori-
zontal displacement is prevented by frictional resistance or aggregate interlock. To de-
termine the frictional resistance of concrete interfaces, experimental investigations were
conducted by test specimens with interfaces between concrete cast at different times as
well as monolithic precracked specimens to analyse the shear transfer across a concrete
crack. Even though the surface of an interface between concrete cast at different times
generally differs from a crack surface, the results from the investigations have partially
been transferred.

To determine the shear resistance of a cracked surfaces, investigations with monolithic
precracked specimens and applied normal stress have been conducted by e.g. [Hof69],
[Wal81], [Nis62] and [Das86a] (cited by [Ran97]) as well as [Rei04] and [Tas87]. The
test setups are shown in Figure 4-3.
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Figure 4-3: Test setups for inter-crack shear with monolithic specimens according to [Hof69] (a),
[Wal81] (b), [Nis62] and [Das86a] cited by [Ran97] and [Rei04] (c), [Tas87] (d), [Rei04]

As expected, the precracked specimens reached higher displacements compared to mon-
olithic specimens, with sudden appearance after loading where the initial displacement
occurred after complete crack formation. According to [Hof69], the precracked speci-
mens yielded 20 — 30 % less load compared to monolithic specimens. Whereas [Hof69]
only determined an influence of the concrete strength for high interface reinforcement
ratios, the investigations by [Wal81], [Nis62], [Das82] and [Tas87] showed an increase
of shear resistance with increasing concrete strength and normal stress.

In contrast to precracked specimens, the condition of the interface between concrete cast
at different times mainly depends on the surface treatment. To evaluate the transition
between adhesive bond and shear resistance due to aggregate interlock, [Han60] com-
pared load-displacement curves from sliding wall tests with T-cross sections and normal
stress induced by clamping of the interface reinforcement as shown in Figure 4-4 (a).
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Figure 4-4: Test setup and shear stress-displacement curves by [Han60] (a) and relation of failure

shear stress and normal stress for different roughnesses according to [Das86a] (b)

To exclude the effect of the amount of interface reinforcement, he subtracted the load-
displacement curves by stirrups-only curves (specimens without interface bond).
Whereas for smooth surfaces, no further shear stress could be applied after failure of the
adhesive resistance, rough surfaces showed a further increase of shear resistance after
an adhesive peak at between 0.02 and 0.03 mm displacement due to aggregate interlock.
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The relation of externally applied normal stress and interface shear resistance was in-
vestigated in several test programmes, e.g. published in [Das86a], [Mai98] (cited by
[Rei04]), [Rei04] and [Ran08], using push-off and push-through tests with controlled
normal stress, as well as modified push-off tests with a constant ratio of shear- and nor-
mal stress due to inclined interfaces. As exemplarily shown by a test series reported in
[Das86a] (Figure 4-4 (b)), a linear relation between applied normal stress and shear
strength could be determined and with increasing interface roughness, higher shear
stresses could be transferred. An increase of interface shear resistance with increasing
normal stress and interface roughness could also be determined by modified push-off
tests in [Mai98], [Rei04] and [Ran08], but with higher scatter of test data. Additionally,
[Rei04] determined a minor influence of the concrete strength of the new concrete layer
on the interface resistance due to aggregate interlock and normal stress.

4.2.4 Investigations for interface reinforcement

According to the general model concept for interface shear design, the predominant ef-
fect of interface reinforcement is the clamping effect, where tensile stress in the rein-
forcement prevent the interface opening, and the resulting compressive stress across the
interface leads to frictional forces. If horizontal displacement of the interfaces occurs,
the bending of the reinforcement bars leads to an additional load resistance term of
dowel action (s. Chapter 2.3.3).

To investigate the effect of friction induced by clamping of the interface reinforcement,
test series have been conducted in accordance to the test-setups presented in Chapter
4.2.3, e.g. by [Bir66], [Hof69], [Mat72] and [Mat74], using monolithic precracked spec-
imens as well as specimens with concrete cast at different times. The results of the test
series correspond to the results from the investigations with applied normal stress, where
the interface shear resistance increased with increasing normal stress (in this case in-
duced by increasing amount of interface reinforcement) and increasing interface rough-
ness.

The interface shear resistance due to dowel action has been investigated by test series in
e.g. [Hof69], [Pau74], [Tso89], [Mat72] and [Ran97]. To minimize the effects of adhe-
sion and friction, bondbreaker was partially applied between the concrete layers. Ac-
cording to investigations in [Hof69], a load resistance due to dowel action can only be
activated when relative displacement occurs between the concrete layers. With a test
programme published in [Pau74], the effect of dowel action was examined by shear tests
with smooth and waxed surfaces to prevent adhesive bond of the surfaces. The load-
displacement curves for test specimens with different reinforcement ratios are shown in
Figure 4-5 (a). As expected, the shear resistance increases with increasing reinforcement
ratio. According to steel strain measurement, all bars were yielding after approximately
2.5 mm displacement. However, after the slip was further increased to 12.7 mm, the load
could be further increased about 88 % for p =0.31 %, about 43 % for the p =0.69 %
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and only about 9 % for p =1.23 %. This indicates, that the smallest bar diameters ac-
count for the largest post-elastic stress gain due to kinking effect. However, even though
the load increase due to dowel action was significant in the test series, [Pau74] stated
that due to the large necessary displacements for the activation of this load bearing
mechanism, dowel action should not be considered as a variable component for shear
resistance along construction joints.
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Figure 4-5: Test setup and load-displacement curves relationships for investigations for dowel ac-

tion [Pau74] (a), load-displacement curves of sandblasted and HPW interfaces with
shear dowels according to [Ran97][Ran08] (b)

A research programme to examine the interaction of clamping effect and dowel action
was reported in [Ran97][Ran05]. The push-off tests with dowels as interface reinforce-
ment were conducted with surfaces roughened by sandblasting and high-pressure water
(HPW). The shear resistance of dowel action was determined by smooth unbonded in-
terfaces. The load-displacement curves for a sandblasted and a HPW interface are shown
in Figure 4-5 (b). Whereas the dowel resistance increases until failure, the load-displace-
ment curves for the rough interfaces reach their maximum after about 0.5 — 1.5 mm
when the resistances of adhesion and aggregate interlock were exceeded. [Ran05] de-
scribes the further increase of shear stress with increasing displacement by the kinking
effect of the reinforcement. Additionally, strain measurement of the reinforcement
showed yielding due to interaction of normal force and bending.

4.2.5 Investigations under cyclic loading

Experimental investigations determining the effect of cyclic loading on the interface
shear resistance have been reported e.g. in [Tas87]. To examine the loss of bearable
shear stress under repeated loading, they tested push-through tests with smooth and
rough surfaces under low-cycle fatigue up to eight load cycles. For smooth interfaces,
the shear stress-displacement curve in Figure 4-6 (a) depicts only small fret of shear
resistance, whereas for rough surfaces, the displacement curve in Figure 4-6 (b) shows
a large decrease of shear resistance with increasing number of load cycles and similar
interface slip. [Tas87] explained this effect by fret of the rough surface profiles, which
may reduce the frictional resistance of the interface.
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Figure 4-6: Typical shear stress — displacement curves under cyclic loading for smooth interfaces
(a) and rough interfaces (b) according to [Tas87]

Cyclic tests to examine the fatigue resistance of adhesive bond have been published in
[Zi104] with push-through tests varying the interface roughness and concrete strength.
The specimens were tested with a upper shear stresses between 50 and 90 % of the
ultimate shear strength of a static reference test and the lower shear stress was set to be
about 30 — 40 % of the upper shear stress. After reaching the reference number of load
cycles (N = 1.0 — 2.0 mil.) the specimens were tested monotonically until failure. Even
though the test results showed large scatter, the displacement measurements after
N = 1.0 mil. load cycles showed almost no fracture during testing for upper shear stress
about 50 % of the static shear strength.

A decrease of interface shear resistance under cyclic loading conditions has also been
reported in [Ran05] and [Ran13] with tests in accordance to Chapter 4.2.4, Figure 4-5
(b). The specimens were tested with upper shear stress between 41 — 60 % of the static
ultimate shear strength up to N = 2.0 mil. load cycles. By statistically evaluating the test
results including test series with precracked fatigue tests in [Pru88], a limit for the ratio
of upper shear stress and ultimate static shear resistance of 42 % was derived for design,
which was adapted for the fatigue verifications defined in Model Code 2010 [MC10] (s.
Chapter 3.3.5).

4.3 Beam and slab specimen
4.3.1 Introduction

For composite beam and slab specimens, more complex stress states can be expected at
the interface due to load redistributions and crack development caused by the interaction
of flexure and shear. Comparing beam and slab specimens however, the main difference
are the dimensions of the structure as well as the location of the interface in the cross
section. For beam specimens, the concrete interface commonly occurs between flange
or slab with a comparatively small width, whereas for slab specimens, the interface is
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commonly located at the bottom of the cross section. Therefore, the interface generally
covers the whole structure and thus, yields higher possibilities of stress distributions. On
the contrary, the larger interface areas in slab structures provide higher possibilities of
blemished in the bond structure, which might have a negative effect on the interface
shear resistance. Additionally, due to common construction rules, a minimum amount
of shear reinforcement must be applied in beam specimens, whereas the design of slabs
does not necessarily require shear reinforcement.

4.3.2 Investigations with beam specimens

The experimental investigations in literature with composite beam specimens were con-
ducted predominantly by T-beam cross sections, tested in three- or four point simply
supported beam tests with and without interface reinforcement [Han60], [Sae64],
[Das86a], [Lo0o94], [Kah04]. The failure of the composite beams without interface rein-
forcement indicated a different load bearing behaviour compared to monolithic beams
with individual strain distributions acting in the cross sections. Generally, it was ob-
served that with increasing load, shear cracks formed from flexural cracks and after
reaching the interface, the cracks developed along the interface. For all test series, the
crack development along the interface decreases with increasing interface roughness and
thus, higher shear stresses could be transferred.

In a test programme conducted by [Han60] two individual strain distributions were ob-
served in the two concrete layers after interface delamination. In the old concrete layer,
the upper parts of the flexural cracks were closing, indicating compression in the upper
part of the old concrete section. In the new concrete layer, tensile stresses above the
interface led to flexural cracks at the bottom of the new concrete section. The failure
was induced by shear cracks in the concrete topping. Investigations in [Sae64] examined
the influence of interface roughness, as well as the influence of shear span, location of
the interface in the cross section and the amount of interface reinforcement. For the beam
tests, three types of failure could be observed. Beams with high shear span to depth
ratios (a/d = 7.29) mostly failed in bending, but with little horizontal cracks along the
interface between load and support but no horizontal cracks at the end of the beams. The
specimens with smaller shear slendernesses (a/d = 2.14 and 3.43) failed either due to a
combination of flexure and shear or predominantly due to shear cracks, which were
forming from flexural cracks and developing along the interface until reaching the end
of the beam. If interface reinforcement was applied, higher shear stresses could be trans-
ferred. Regarding the position of the interface, interfaces placed below the neutral axis
somehow gained higher loads than interfaces placed above the neutral axis. However,
increasing the concrete strength only showed little influence on the shear capacity of the
interface. Similar results were achieved by a test programme conducted by [Das86a].
For T-beams without interface reinforcement, the interface failure mode was brittle,
whereas for specimens with interface reinforcement, the tests showed a quasi-monolithic
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load bearing behaviour and the shear cracks were crossing the interface without consid-
erable displacement. The failure mechanism was mostly defined as concrete crushing in
the web or yielding of the shear reinforcement. T-beam specimens in [Loo94] with in-
terfaces left as cast and coarse aggregates showed no significant interface slip and stirrup
stress until horizontal shear stress of T = 1.5 - 2.0 N/mm?2. The effectiveness of stirrups
improved with increasing distance from midspan but being ineffective in the support
area. An influence of the concrete strength of the flanges was observed by [Kah04]. For
flanges with lower concrete strengths, the simply supported T-beams showed flexural
failure, and flanges with high strength concrete failed by concrete crushing of the flanges
between the load points.

To investigate the influence of different shrinkage and creep as well as stress redistribu-
tion due to strain differences between prestressed planks and the added concrete layers,
[Abe72] published a test series with rectangular beams and prestressed planks without
interface reinforcement. Generally, it could be observed that the interfaces roughened
by wire brushing were sufficient to avoid horizontal shear failure, which only occurred
after yielding of the flexural reinforcement. If the new concrete layer was cast after
shrinkage and creep of the prestressed plank already took place, compressive stress oc-
curred in the prestressed element increasing the effect of prestressing. However, tensile
stress developed in the new concrete layer which had an additional weakening effect on
the interface shear resistance.

4.3.3 Investigations with slab specimens

To determine the hypothesis that interface reinforcement in composite slabs may be ne-
glected under certain conditions, [Reh80] conducted semi-precast slab specimens as
shown in Figure 4-7. The specimens were tested in four-point bending tests with a shear
span to depth ratio of a/h = 4.0. The crack patterns of all specimens, except those with
smooth surfaces weakened by oil, showed horizontal cracks forming from flexural
cracks close to the support, developing along the interface and inclining to a shear crack
towards the load application. For the very smooth and oiled interface, a delamination of
the new concrete occured along the whole structural axis (Figure 4-7 (b)).
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Figure 4-7: Slab specimens conducted by [Reh80]: Cross section (a), span with crack patterns for

a very smooth and rough interface (b)

However, according to these investigations, interface reinforcement can be neglected if
the acting shear stress is less than 50 % of the full shear strength according to the regu-
lations in [D1045] and the interface is sufficiently roughened. Smooth interfaces as well
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as surfaces left as cast shall not be not permitted for interfaces without interface rein-
forcement.

Investigation with prestressed semi-precast composite slabs without interface reinforce-
ment published in [Heg03] were conducted with high strength concrete for the precast
slabs and normal strength insitu concrete. The interfaces were left as cast or roughened
by raking. For all specimens, a typical shear failure in accordance to failure of mono-
lithic specimens occurred. A delamination of the interface could only be observed by
very small horizontal cracks which did not participate is the failure crack pattern.

4.3.4 Investigations under cyclic loading

Following the investigations by [Sae64], [Bad67] examined the effect of cyclic loading
on the interface shear strength of concrete composite T-beams. The test parameters for
the four-point bending tests were interface roughness, interface reinforcement ratio and
shear slenderness. The cyclic loading was applied by 250 cycles per minute with upper
loads between 70 — 124 % of the reference tests by [Sae64] and lower loads about 20 %
of the upper loads. If no failure occurred during cyclic testing until reaching N = 2.0 mil.
load cycles, the specimens were tested until monotonic failure. The load bearing behav-
1our of the fatigue tests generally corresponded to monolithic tests with similar crack
distributions but larger scatter in beard number of load cycles and for the load displace-
ment curves. With increasing interface roughness, the interface shear resistance could
be increased. The influence of interface reinforcement was increasing proportional to
the amount of reinforcement crossing the interface and with increasing shear slender-
ness, the shear resistance decreased.

According to results from a test programme with 4-point bending T-beam tests under
cyclic loading in [Chu76], where the test parameters were interface reinforcement ratio
and magnitude of the applied load, a fatigue failure of the interface is not probable if the
upper load is smaller than 55 % of the static reference load or if the interface shear stress
is smaller than T = 2.75 N/mm?2. The interfaces were roughened by exposing the aggre-
gates and the cyclic load was applied with 240 cycles per minute until reaching
N = 1.0 mil. load cycles. The upper load was 70 % and the lower load was 10 % of the
ultimate load of reference tests.

For semi-precast slabs with stirrups as interface reinforcement, as well as T-beams under
high fatigue loads, a research programme was published in [Sch96a][Sch96c¢][Sch96d].
The test parameters were the interface roughness, interface reinforcement ratio and con-
crete strength of both, precast and insitu concrete. The four-point bending tests with
ald = 3.0 were subjected to 1.25 of the service loads and then, cyclically loaded between
0.5 and 1.0 of the service loads until reaching N = 2.0 mil. load-cycles. If no fatigue
failure occurred, the tests were monotonically loaded until failure. The results of the
tests showed, that for surfaces left as cast, as well as for rough surfaces, the load bearing
behaviour and crack patterns were similar to monolithic structures, with cracks crossing
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the interface without significant displacement. Thus, the interface reinforcement was
mainly not stressed in the interface area.

To investigate the fatigue behaviour of semi-precast slabs with lattice girders, several
fatigue tests were conducted in the 1980s. The test programmes and important test re-
sults are presented in Chapter 5.2.2.

An overview of the presented test series with test setup, dimensions, material properties,
test parameters and failure shear stress can be found in Annex B.
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5.1 Introduction

For precast constructions, lattice girders are prefabricated reinforcement systems to be
installed in semi-precast elements, e.g. in semi-precast slabs or element walls. On build-
ing site, the semi-precast elements are finished with insitu concrete. The prefabrication
reduces construction time in the building process and minimises the risk of mistakes
while assembling. On site, the precast element can be used as slab formwork and the
lattice girders combined with insitu concrete ensure a quasi-monolithic bearing behav-
iour. Lattice girders can be used to secure transport and assembling for building state,
and for final state, the lattice girders can be used as interface reinforcement. Depending
on type and disposition, lattice girders can also account for shear reinforcement
[Furl4][Furl6]. In buildings, semi-precast slabs are generally subjected to monotonic
loading. However, in industrial constructions due to e.g. forklift trucks or oscillating
machinery, as well as in bridge construction, the semi-precast slabs may be subjected to
cyclic loading conditions due to traffic loads.

The design of semi precast slabs with lattice girders follows the general technical ap-
provals for the lattice girders, which are based on the National Annex of Eurocode 2
[EC2NAD]. For fatigue, the fatigue-strength-curves (S-N-curves) defined in [EC2NAD]
for profiled bars, which are either bent or welded, are not applicable for lattice girders.
Due to the geometric condition with a combination of bent and point-welded bars with
a smooth surface, the design in the technical approvals is limited to a simplified fatigue
verification. The design regulations in the general technical approvals were derived
based on fatigue tests in literature. To improve and expand the limits of application,
theoretical and experimental investigations have been conducted at the Institute of Struc-
tural Concrete (IMB), RWTH Aachen University.

The following chapter starts with the background on lattice girders as interface rein-
forcement in semi-precast slabs for fatigue. Subsequently, two experimental pro-
grammes conducted at IMB are presented. Starting with small size tests to determine
S-N-Curves for lattice girders and followed by a test programme to investigate the fa-
tigue behaviour of semi-precast slabs with lattice girders. The test programmes were
conducted during a research programme initiated by the Research Association of the
German Concrete and Precast Industry e.V. and funded by the German Federation of
Industrial Research Association (AiF, IGF number 18407 N/1). A detailed description
can be found in [Heg17].



5 Own experimental investigations

5.2 Lattice girders for fatigue
5.2.1 Introduction

Whereas a large number of lattice girder types exist for monotonic loading, only three
types of lattice girders are approved for fatigue in semi-precast slabs and three for ele-
ment walls. The lattice girders approved for fatigue are manufactured by the companies
Badische Drahtwerke GmbH (B-Tec) and Filigran Trigersysteme GmbH & Co.KG (Fil-
igran) and summarised with corresponding number of technical approvals in Table 5-1.

Table 5-1: Lattice girders with general technical approval for fatigue
semi-precast slabs element walls
B-Tec Filigran B-Tec Filigran

KTS EQ KTS EQ
Z-15.1-38 Z-15.1-93 Z-15.2-100 Z-15.2-40
KT100
Z-15.1-136
KTW
Z-15.2-9

Z-15.1-38 [DZ-38]; Z-15.1-93 [DZ-93], Z-15.2-100[DZ-40][DZ-136] [DZ-100], Z-15.2-40 [DZ-40]; Z-15.1-136 [DZ-
136]; Z-15.2-9 [DZ-9]

Lattice girders B-Tec KTS [DZ-38] and Filigran EQ [DZ-93] are structurally identical,
approved for semi-precast slabs as well as element walls and can also account as shear
reinforcement. Due to the wide range of application as well as the small mandrel dia-
menter, which has an adverse effect on the fatigue strength, these lattice girder types
have been chosen for the following theoretical and experimental investigations.

The geometries of lattice girders B-Tec KTS [DZ-38] and Filigran EQ [DZ-93] for a
height of 10 — 16 cm and 17 — 30 cm are shown in Figure 5-1.
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Figure 5-1: Geometries of lattice girder KTS [DZ-38] and EQ [DZ-93]

As mentioned in Chapter 2.3.3, reinforcement bars declining towards the support cannot
be accounted for interface reinforcement. Due to the 90° inclination of every second
diagonal and the other diagonals being inclined towards the support, all bars can be
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included for interface shear design. If the height of the girder covers the structures height
and follows the construction rules of shear reinforcement, the lattice girders can be ac-
counted for shear design.

5.2.2 Fatigue tests from literature

The fatigue behaviour of semi-precast slabs with lattice girders has been investigated in
order to derive design specifications in the technical approvals. In this context, 29 fa-
tigue tests have been conducted and described in literature. For semi-precast slabs with
lattice girders KTS [Sch85], EQ [Web89] and KT100 [Sch81][Sch82][Sch83], the spec-
imens were tested with simply supported slabs with two point loads. For element walls
with KTW [Web95], the specimens were tested as simply supported slabs with cantile-
vers. Table 5-2 dedicates lattice girder types, number of tests and test setups.

Table 5-2: Fatigue tests with lattice girders from literature

Geometry Lattice girder Test setup

B-Tec Filigran

KTS EQ

n=10 n=2 AFS  4AF

KT100 yay

n=14

KTW , 4" ; $AF

n=3 ! 1 |
AN AN

slabs

>

walls

n: no. of tests; test reports: KTS: [Sch85]; EQ: [Web89]; KT100: [Sch81][Sch82][Sch83]; KTW: [Web95]

All fatigue tests were cyclically loaded with a frequency of f=2.0 — 2.5 Hz and a con-
stant load range up to N = 2.0 million load cycles. The upper load limit for the cyclic
loading was determined to generate a tensile stress in the diagonals of 70 % of the yield
strength, which results in a load exceeding the approved operating load by 25 %. The
applied stress range in the diagonals varied between Acpia = 180 — 230 N/mm?2. After
reaching the N = 2.0 mil. load cycles, the specimens were loaded monotonically until
failure. Comprehensively for all test series, the shear span to effective depth ratio was
kept between al/d=3.4-3.8, the concrete compressive strength varied between
Jemeyt = 16.1 — 39.3 N/mm? for the precast slab and femeyt = 13.9 — 32.5 N/mm? for the
insitu concrete. The lattice girders in the slab’s cross section were placed in one, two or
three rows in order to determine the effect of the amount of interface reinforcement. The
interface quality was left as cast, left as cast with additional bond breaker or intentionally
roughened by raking. Figure 5-2 shows an exemplary test specimen from the test series
conducted for lattice girder KTS [Sch85].
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Figure 5-2: Test specimen and test setup for fatigue tests with lattice girders KTS according to
[Sch85]

Most of the fatigue tests ended either by fatigue bending failure or after residual failure
after reaching the reference number of load cycles. Interface shear failure only occurred
for four specimens during cyclic loading and for two specimens after residual load.
These specimens had a smooth surface including bond breaker. A pure shear failure did
not occur during these investigations.

To specifically determine the fatigue resistance of the critical section of the lattice gird-
ers at the bent and welded node between diagonal and chord, additional small size tests
have been conducted with lattice girders B-Tec KTW and Filigran EQ
(s. Table 5-2) . Therefore, the diagonals were cast in concrete cubes with a concrete
strength of B25 and with an interruption of bond by a cladding tube installed until the
welded node (Figure 5-3 (a)). The cyclic loading was applied to the diagonal with a
constant stress range and a frequency of f= 100 Hz.
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Figure 5-3: Investigations to determine the stress range resistance according to [Web89] [Web95]:

test setup (a), fracture of node (b) and test results (c)

All small size tests failed in the welded node between diagonal and chord
(Figure 5-3 (b)). In Figure 5-3 (c), the applied stress ranges are shown with the corre-
sponding number of load cycles. With these test results, a characteristic approved stress
range of Acrs = 92 N/mm? could be determined for N = 2.0 mil. load cycles, which was
adopted to the fatigue verification of lattice girders (s. Chapter 5.2.3).
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5.2.3 Design of semi-precast slabs with lattice girders

The design of semi-precast slabs with lattice girders follows the general technical ap-
proval of the lattice girders, which are based on the regulations of [EC2NAD]. Gener-
ally, the design of lattice girders KTS [DZ-38] and EQ [DZ-93] is in accordance to the
regulations in [EC2NAD]. For cyclic loading, the chords cannot be included in the de-
termination of longitudinal reinforcement. For interface shear, the formulations and ma-
terial coefficients apply in accordance to Chapter 3.3.3. However, the maximum shear
resistance differs from the [EC2NAD] expression and is limited to the values in
Table 5-3. The values were adopted from the limitations defined in [D1045] and reduced
to 50 %.

Table 5-3: Maximum shear resistance of lattice girders KTS and EQ for normal weight concrete
according to the general technical approvals [DZ-38][DZ-93]

C20/25 C25/30 C30/37 C35/45 C40/50 C45/55 C50/60

VRd,max

[N/mm?] 2.4 2.8 3.3 3.6 3.8 4.0 4.1

For fatigue, the stress range in the diagonals of the lattice girders has to be verified. Due
to absence of S-N-curves, a verification of stage 2 or stage 3 is excluded and thus, the
verification is limited to a simplified verification with an approved characteristic stress
range of Acrsk = 92 N/mm? for N = 2.0 mil. load cycles.

For interface shear design, the fatigue resistance of the lattice girders is derived by con-
verting the interface shear equation of [EC2NAD] (Eq. (3-21)). For semi-precast slabs
with lattice girders under cyclic loading, the interface must have at least a rough surface.
Thus, the formulation is modified by considering the coefficients for rough interfaces
(u = 0.7), neglecting the term of adhesion for fatigue (¢ = 0) and the term of friction
(u-on = 0). Furthermore, the stress range is increased by the term 1/0.6. The factor 0.6
is based on regulations in DIN 1045:88 [D1045], which includes the conservative esti-
mation of a shallow angle of compression strut by a reduction factor of 0.85 and a cor-
rection factor 0.7 for the enhanced fracture potential of the bent diagonals [Ber89]. Sub-
stituting the yield strength of the reinforcement by the approved stress range and the
partial fatigue safety factor for steel, as well as implying the inclination of every second
angle of the diagonals with a1 = 90°, the verification of stress range at an interface with
lattice girders follows Eq. (5-1).
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Ac
Av =p —X. (1.4-sina, + 1.67-cosa,) (5-D

Rdi,fat,LG
s, fat

With
p interface reinforcement ratio of lattice girders
Acrsk approved characteristic stress range
Acgrsk = 92 N/mm? for N = 2.0 mil. load cycles
ysfac  partial safety factor of reinforcement under fatigue ysfa = 1.15
o2 inclination of inclined diagonal in accordance to Figure 5-1

The design value of the applied shear stress shall not exceed the limitation of Eq. (5-2)
with the static maximum shear resistance according to Table 5-3.

VRdi,max,fat = 0.5- VRdi,max,stat (5_2)
Additionally, certain detailing rules have to be satisfied for fatigue. The interface shall
at least have a rough surface with a height of the precast slab with a minimum depth of
hpre > 6 cm. The lattice girders shall have a minimum height of Ar.g > 10 cm with an
inclination of the diagonals of a» > 45° and the lower chords cannot be accounted as
longitudinal reinforcement. The diameter of the longitudinal reinforcement in the pre-
cast slab is limited to @s,max = 16 mm and shall be sufficiently anchored at the supports.
Furthermore, a stepwise distribution of the longitudinal reinforcement is not permitted.

5.3 Small size fatigue tests to determine S-N-curves for lattice girders
5.3.1 Introduction

Due to absence of fatigue-strength curves (S-N-curves) for lattice girders, the fatigue
design of semi-precast slabs with lattice girders is limited to a simplified verification by
limiting the stress range in the diagonals to Acork =92 N/mm? for N = 2.0 mil. load
cycles. In order to extend the range of application by deriving S-N-curves for lattice
girders, small size fatigue tests with lattice girder diagonals cast in concrete cubes have
been conducted at the Institute of Structural Concrete, RWTH Aachen using the proce-
dure of the Interactive method. This procedure had also been adapted to derive S-N-
curves for other lattice girder systems, e.g. in [Fur19]. In the following, methods to de-
termine S-N-curves are presented, followed by the experimental investigations and sta-
tistic evaluation conducted at IMB.

5.3.2 Methods to determine the fatigue strength of reinforcing steel

In literature, different procedures are provided to determine the endurance fatigue
strength and S-N-curves for reinforcing steel. Most methods are based on several cyclic
tests with a constant stress range each. In the following, the procedures of the PROBIT
method (endurance fatigue strength) as well as the Stair-step method and the Interactive
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method (S-N-curves) are presented. An overview of additional methods can be found in
[Blo03].

PROBIT method

The PROBIT method [Bux86] generally serves the determination of the endurance fa-
tigue strength of materials. Therefore, 50 specimens are tested at similar magnitudes in
a range of the estimated endurance fatigue strength until a predefined number of load
cycles. By considering the number of run-through specimens, the survival probability
can be determined for every magnitude. By this relationship, the mean values and the
measure of scatter of the endurance fatigue strength can be implied.

Stair-Step method

The Stair-Step method is a common procedure to determine S-N-curves and is described
in [Bux86] and [Dub95]. For the tested material, the endurance fatigue strength its scat-
tering range are estimated based on experience values. The estimated scattering range is
then allocated in about four equally sized parts. The first specimen is tested on a medium
load level and the load levels of the following specimens are stepwise increased for run
through specimens and decreased for specimens with failure. Following this procedure,
the mean value of the fatigue strength can be approached. By considering the standard
variation, a function for the fatigue strength with arbitrary survival probabilities can be
extrapolated. According to [Dub95], a number of 15 — 20 tests are required, whereas
[Bux86] demands a number of 40 specimens.

Interactive method

To determine a complete and reliable S-N-curve, covering the whole range between low
cycle fatigue strength and high cycle fatigue strength (Figure 5-4 (a)) with a comparable
small number of test specimens, [Blo03], [Maul0Oa] and [MaulOb] presented the Inter-
active method. By applying this method, predefining the tested load levels shall be
avoided and a statistically consistent approximation of the quantiles with self-defined
level of reliability for all ranges of S-N-curves shall be assured. Additionally, by evalu-
ation with the Interactive method, partial safety factors based on DIN EN 1990 [ECO0]
for covering scatter can be derived.

For the determination of S-N-curves, three to five monotonic and 20 — 25 cyclic tests
with constant stress ranges are necessary with preferably similar test specimens. The
load level of the first test is defined to be about the yield strength of the specimen. Dur-
ing the further process of the test programme, the stress curve of the S-N-curve is ap-
proached by adjusting the load level to incrementally approximate the high cycle fatigue
strength. Therefore, the applied stress range is varied with defining either a constant
minimum shear stress or maximum shear stress, respectively. The statistic evaluations
follow the experimental programme, starting after the fourth fatigue test. In the first
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instance, the mean function of the fatigue strength is developed incrementally, followed
by generating a quantile function with arbitrary confidence level. An exemplarily de-
scription of the test procedure is shown in Figure 5-4 (b).
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Figure 5-4: Function covering the S-N-curve (a) and process description of test procedure (b) ac-

cording to the Interactive method [Mau10a]

The function of the S-N-curve f (Ac) to determine the fatigue strength depending on the
number of load cycles N follows Eq. (5-3).

& 5-3
f(80) = o + (f, = Oin — 010"V -3)
With
Ju tensile strength of steel specimens
Omin minimum stress of cyclic loading in the specimen

a1, o2, 03 parameters determined by regression analysis

The regression parameter a1 corresponds to the endurance resistance and the dimension-
less parameters o and a3 describe the slope of the S-N-curve for the fatigue strength
limited to the boundaries 0 < a2 < 1 and a3 > 0.

To transfer the mean curve in a quantile function with arbitrary confidence level, quan-
tile factors can be determined by calculating p-quantiles following Eq. (6-3).

A, = Aoy + k, AG (5-4)

With

Acp,  p-quantile of Ac with significance level < (1-W)
with W as confidence level

Aom  mean value of sample

kn quantile factor

AG  standard deviation of sample

To develop a S-N-curve in accordance to the trilinear design curves defined in [EC2]
and [EC2NADY] (Figure 5-4 (a)), the gradients ki and k2 can be defined as upper limits
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by k2 = 2-k1 — 1. An extensive description of determining S-N-curves with the Interac-
tive method can be found in [Blo03], [MaulOa] and [MaulOb].

5.3.3 Description of test specimens and test setup

For determining S-N-Curves of a representative lattice girder, small size specimens have
been conducted with lattice girder diagonals cast in concrete cubes. For the experimental
investigations, lattice girder type Filigran EQ [DZ-93] with the maximum height of
30 cm has been chosen. This lattice girder is equivalent to B-Tec KTS [DZ-38] and pre-
sents an adverse geometry with the small mandrel diameter between diagonal and ver-
tical bar and the point welded node between lower and upper chord. To minimise the
scatter of test results, all girder diagonals in the experimental investigations came from
one production batch.

To evaluate the fatigue strength of the welded nodes, the sections between diagonal and
lower chord as well as between diagonal and upper chord have been investigated.
Whereas two diagonals are welded to the upper chord, only one diagonal is welded to
the lower chord. For the test specimens, the critical areas were cut out of the girder and
casted in a formwork cube with dimension of » = 15 cm and a concrete class of C20/25
(Figure 5-5 (a) and (b)). In order to ensure a direct load application at the critical node,
a cladding tube was built in the formwork to prevent bond between concrete and rein-
forcing bar. The lower and upper chord had a diameter of @chora = 5 mm and were cast
up to the edges of the cube to prevent restraints at the ends of the chords. The diagonal
had a length of 30 cm and a diameter of @aix = 7 mm, which satisfies the required test
length of 140 mm or 14-@ = 98 mm according to [D15630].

(a) I AG (C) mnnnn EEmcsos
load application
steel plate
diagonal of lattice girder
cladding tube
concrete cube b = 15cm
/ node of lower/upper chord

Figure 5-5: Schematic depiction of fatigue test setup (a), node of lattice girder in formwork (b) and
test setup for fatigue tests (c)

5.3.4 Test procedure

According to the test procedure of the Interactive Method (s. Chapter 5.3.2), three to
five monotonic tests as well as 20 — 25 fatigue tests are necessary to determine a S-N-
curve of a material. For the monotonic tests, three concrete cubes for each, lower chord
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and upper chord, have been conducted. The specimens have been tested upside down in
a test rig by clamping the diagonal bar with wedges. The load was applied displacement
controlled by a test cylinder until steel failure.

For the fatigue tests, the concrete cubes were clamped between two steel plates and the
cyclic loading from the test cylinder was introduced by wedge anchorage to the diagonal
(Figure 5-5 (c¢)). The load was applied with a frequency of f=20 Hz up to N = 5.0 mil.
load cycles.

The stress ranges were defined following the test procedure depicted in Figure 5-4 (b).
In accordance to [MaulOb], the minimum stress was determined to omin = 125 N/mm?
and the stress ranges were applied by adjusting the maximum load omax. Even though
constant minimum stress contradicts the general determination of a constant maximum
stress for establishing the fatigue resistance of reinforcement with of omax = 300 N/mm?
[D488][D15630], the Interactive method recommends a constant minimum stress to
cover stress ranges Ac > 300 N/mm? and to ensure a more realistic evaluation with con-
sidering constant permanent loads of the structure. The fatigue tests started with a max-
imum stress in the range of the yield strength. For the following four tests, the stress
range was decreased stepwise until reaching the estimated endurance fatigue strength.
Due to the parallel statistic evaluation of the test results, the path of applied stress ranges
could be subsequently adjusted. Test specimens exceeding the limit of load cycles were
declared as run through specimens and were cyclically tested with a higher stress range.
To achieve a reasonable path of S-N-curve after statistic evaluation, 33 tests with lower
chords and 25 tests with upper chords were conducted.

5.3.5 Results of small size fatigue tests

The lattice girder diagonals subjected to monotonic tensile stress failed with the fracture
being located between load application and welded node (Figure 5-6 (a)). Failure in the
immediate area of load application and welded node with a distance < 4-@gia did not
occur. The yield strength of the static test was determined to fy = 564 — 573 N/mm? for
the specimens with diagonals and lower chords and between fy = 558 — 567 N/mm? for
diagonals and upper chords.

For both, the lower and upper chord nodes, failure of the diagonal in the fatigue tests
occurred at the welding. In this context, Figure 5-6 (b) shows the fractured diagonal of
a lower chord node which was subjected to a stress range of Ac = 375 N/mm? and bore
N =162,177 load cycles and Figure 5-6 (c) gives a detailed view of the fatigue fracture.
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IME ... Ao =375 N'mm?

U012 n-162117

Figure 5-6: Fracture pattern of small size specimen under monotonic loading (a), cyclic loading (b)
and fatigue fracture of welded node (c)

The test results of the static and fatigue tests of lower and upper chords are shown in
Figure 5-7. For comparison, the test results from fatigue tests from literature [Web89]
[Web95] (Chapter 5.2.2) were added to the diagram. The comparison of the applied
stress range Ac and borne number of load cycles N for the lower chords (black points)
and upper chords (grey points) shows a similar distribution of test results. For the ma-
jority of cases, the upper chord tests bore less load cycles for high stress ranges but with
less scatter compared to the lower chords. The required stress range according to the
technical approval of the lattice girders with Acrsk = 92 N/mm? for N = 2.0 mil. load
cycles were satisfied for all tests.
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€ 5000 4| ©upperchord
§ 3 o reference tests from literature
— 400.0
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Figure 5-7: Test results of small size fatigue tests for lower and upper chords with reference tests

from literature

The comparison of the tests results from literature shows the extended range of the fa-
tigue-strength relation, especially for high stress ranges and low number of load cycles.
In the range of small stress amplitudes, the own investigations bore a higher number of
load cycles for the majority of cases.

5.3.6 Evaluation of S-N-curves for lattice girders

The small size fatigue tests were evaluated based on Interactive method, separately for
lower and upper chords as well as for the overall test data. The analysis only included

79



5 Own experimental investigations

the test data of the own investigations and excluded the test results from literature. The
determination of the mean function of the test data follows Eq. (5-3) (Chapter 5.3.2) by
regression analysis with the method of least error squares. The yield strength determined
by the static test was considered by a number of load cycles N = 1. Figure 5-8 (a) shows
the mean functions of the individual evaluations as well as the overall evaluation in
double logarithmic illustration

Cx
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Figure 5-8: Fatigue test results of lower and upper chords with mean functions (a) and 5 %-quantile

functions (b)

By considering standard deviation and quantile factors (Eq. (5-4), Chapter 5.3.2), the
mean function could be transferred to quantile function with arbitrary confidence level.
In this context, Figure 5-8 (b) depicts the 5 %-quantile functions for the individual and
the overall evaluations. For a confidence level of 90 %, the quantile factors kn result in
1.69 for the lower chord, 1.71 for the upper chord and 1.64 for the overall evaluation.

The analysis confirms, that tests with lower chords (black points and black dotted curve)
bore more load cycles compared to tests with upper chords (grey points and grey dotted
curve), but with higher scatter. This influences the 5 %-quantile function, especially in
the range of fatigue strength. The 5 %-quantile curve of the overall evaluation (black
curve) only exceeds the curves of the individual evaluation in the range of short time
fatigue strength for the upper chords and in the range of fatigue strength for the lower
chords. However, the borne stress ranges of all test data are located above the overall
evaluation.

For applying the S-N-curves in structural building practice, the overall evaluation was
used in order to derive consistent design S-N-curves based on the design format of [EC2]
and [EC2NAD]. In this context, three strategies of analysis were followed. To satisfy
the safety level defined in [ECO], the first strategy was a derivation based on the 5 %-
quantile function. In analogy to the S-N-curves in [EC2] and [EC2NAD], the second
point of the trilinear curve was adopted to N* = 1.0 mil. load cycles with the correspond-
ing stress range of Acrsk = 67 N/mm?2. The gradients of the S-N-curve in the range of
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fatigue strength k1 and the range of endurance fatigue strength k> were determined con-
sidering the requirement k> = 2-k1 — 1 to k1 = 3.5 and k2 = 6 in order to approximate the
5 %-quantile function over the whole range of short time fatigue strength, fatigue
strength and endurance fatigue strength. The scope of the S-N-curve is shown in
Figure 5-9 (a) and the parameters are summarised in Table 5-4 (a).
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Figure 5-9: Proposals of S-N-curves for lattice girders using the confidence level of 5 %-quantiles
(a), 10 %-quantiles (b) and the counting criteria (c)

Table 5-4: Overview of parameters for proposals of design S-N-curves for lattice girders
(a) S-N design curve (b) S-N design curve (c) S-N design curve
5 %-quantiles 10 %-quantiles counting criteria
N+ =1,000,000 N* =1,000,000 N* =1,000,000
Acrsk = 67 N/mm?2 Acrsk = 85 N/mm? Acrsk = 100 N/mm?
ki =3.5 ki=4 ki=5
ke=6 ke=5 ke=9

Due to the high scatter of test data, the S-N-curve according to the 5 %-quantile evalu-
ation gives a too conservative estimation. Since the load in the small size specimens was
directly applied to the weak point of the lattice girder (welded node) and failure of a
structural member does not occur after fracture of a single bar, the test setups depict the
most adverse case. In the structure however, failure of one bar does not introduce fatigue
failure of the interface. The released stress in the interface after failure of one bar can be
redistributed to other sections of the lattice girders and thus, several fatigue failures of
lattice girders are necessary until structural failure occurs. In order to provide proposals
for a more economic design, this effect was considered to transfer the results from small
size tests to structural size. Thus, two additional strategies were followed. The first al-
ternative strategy was to decrease the quantile factors in the statistic evaluation to 10 %-
quantiles. The 10 %-quantile function as well as the approximated design S-N-curve is
shown in Figure 5-9 (b). For N* = 1.0 mil. load cycles the corresponding stress range
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was set to Ac = 85 N/mm?. The gradient coefficients are adopted analogous to the coef-
ficients in EC2+NA(D) for welded bars to k1 =4 and k> = 5 (Table 5-4 (b)).

With the second alternative strategy, the design S-N-curve was calibrated to deceed all
stress ranges determined by the small size tests (counting criteria). The scope of the
design curve was approximated to the test data to follow the design curve in [EC2NAD]
for stirrups as shear reinforcement. Therefore, the approved stress range for stirrups of
Ac =175 N/mm? for N* = 1.0 mil. load cycles was reduced to Ac = 100 N/mm? main-
taining the coefficients k1 = 5 and k> = 9 (Figure 5-9 (c) and Table 5-4 (c)). According
to this evaluation, the curve corresponds to the approved stress range of lattice girders
of Ac =92 N/mm? for N* = 2.0 mil. load cycles.

5.4 Fatigue tests on semi-precast slabs with lattice girders
5.4.1 Introduction

The interface fatigue verification of semi-precast slabs with lattice girders in technical
approvals [DZ-38][DZ-93] are based on investigations from literature
(s. Chapter 5.2.2). To extend the limited data basis and to verify the investigations from
literature, 14 test specimens with two sub-tests have been conducted with semi-precast
slab sections under cyclic loading. The specimens were designed as single-span slabs
and were tested in four-point bending tests (sub-test I) and three-point bending tests
(sub-test II), respectively.

In three test series with lattice girders KTS [DZ-38] and EQ [DZ-93], the test parameters
were varied in the range of the technical approvals. The parameters were slab thickness
(16 — 36 cm), amount of lattice girders (2 rows for pure interface reinforcement, 3 rows
for medium and 4 rows for high interface reinforcement ratios) and concrete strength
(C25/30 — C50/60). Additionally, the influence of the interface roughness has been in-
vestigated. An overview of the test programme gives Figure 5-10.

The realisation of the required rough interfaces is difficult to implement in the prefabri-
cation plants, especially for large interface reinforcement ratios. Thus, in order to inves-
tigate the effect of untreated interfaces, concrete surfaces were tested without mechani-
cal post-treatment to be very smooth and oiled or left as cast with a roughness depth of
R =0.4 mm. Achieving the minimum roughness depth of a rough interface according
the regulations in [EC2NAD] with R> 1.5 mm without mechanical post-treatment is
difficult to implement. Therefore, a smaller limit of a rough surface in accordance to
[D1045-1] with R = 0.9 mm (‘rough’) without mechanical post-treatment has been in-
vestigated. For comparison, also a rough interface with slightly roughening after con-
crete casting was provided.
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Figure 5-10:  Overview of test specimens and test parameters

Since the applied lattice girders KTS and EQ may also be accounted as shear reinforce-
ment, the shear capacity has been investigated during the research programme. The test
results considering the shear resistance can be found in [Hegl7][Wiel7a][Wiel7b].

5.4.2 Description of test specimens

For the test specimens, the precast slabs were manufactured with a slab thickness of
hpre =7 cm and a width of b = 85 cm. To extend the application of the limited diameter
of the longitudinal reinforcement in the technical approvals of @ < 16 mm and to ex-
clude flexural failure, longitudinal reinforcement bars with @ = 20 mm and a yield
strength of fy = 900 N/mm? with a longitudinal reinforcement ratio of p1 = 2.0 % were
applied. The lower chords of the lattice girders have not been accounted as longitudinal
reinforcement.

The applied lattice girders were the structurally identical shear lattice girders KTS
(B-tec) and EQ (Filigran) with a girder height of 10 cm for the 16 cm slabs and 30 cm
for the 36 cm slabs. For specimen EG14, the concrete cover in the compression zone
was reduced and thus, the slab thickness was decreased to 33 cm. The span of the slabs
for the four-point bending tests was defined to 3-a, with a being the distance between
load application and support, to achieve a shear slenderness of a/d = 4.0. The geomet-
rical parameters of the test series are summarised in Table 5-5.
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Table 5-5: Dimensions and geometrical parameters of test specimens
series 0 series 1 series 2

dimensions 420/85/36 (EG10-13)
(Ibrh) [em] 190/85/16 180/85/16 390/85/33 a1
height precast slab / 7/29 (EG10-13)
insitu concrete [cm] & & 7/26 (EG14)
effective depth d [cm] 13 13 33 (ea10-13)/ 30 (EG14)
distance load-support a [cm] 50 50 130
lattice girder type KTS 100 KTS 100 EQ 30
shear slenderness a/d 4.0 4.0 4.0
long. reinforcement pi [%] 2.0 2.0 2.0

| = total length; b = width; h = total height

5.4.3 Fabrication of test specimens

The precast slabs for the initial specimens of series 0 with two rows of lattice girders
were manufactured in the prefabrication plant ELSKES in Kamp-Lintfort, Germany. The
reinforcement in the precast slab was in accordance to Figure 5-11, but with a support
overlay of 20 cm and additional stirrups along the slab’s ends. The slabs were cast with
a concrete C25/30 and a surface left as cast. After concrete hardening, the precast slabs
were transported to the laboratory of IMB. Before applying the insitu concrete with an
aspired concrete strength of C25/30, the interface of EG02 was additionally weakened
by oil to prevent adhesive bond and to achieve a very smooth surface quality.

The specimens of the following test series 1 and 2 were manufactured at IMB in order
to ensure an exact disposal of reinforcement and surface roughness and to prevent pre-
vious damage of the measurement devices in the slabs. The precast slabs of test series 1
generally followed series 0, but with a smaller support overlay of 15 cm and without
edge stirrups in order to test a more adverse case for interface shear failure. The rough-
ness of the interface was aspired to be Ry = 0.9 mm for specimens EG03 — EG08 without
mechanical post-treatment. Specimen EG09 had a rough surface by slightly roughening
after concrete casting. In test series 1, two, three and four rows of lattice girders were
applied and the concrete strength for both, precast slab and insitu concrete varied be-
tween C25/30 and C50/60. For the specimens of test series 2 with a precast slab of 7 mm,
the interface roughness was about R = 0.9 mm, in accordance to series 1. The insitu
concrete layer for EG10 — EG13 was 29 cm. In order to determine the effect of the height
of the concrete cover in the compression zone, the insitu concrete layer of specimen
EG14 was reduced to 26 cm. The interface reinforcement varied between two and four
rows of lattice girders and the concrete strength was C25/30 and C50/60.
Figure 5-11 exemplarily shows dimensions and reinforcement detail of series 1 speci-
mens with two rows of lattice girders (EG03, EGO6 and EG09). The parameters and
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5.4 Fatigue tests on semi-precast slabs with lattice girders

material properties of the test specimens are summarised in Table 5-6. The reinforce-
ment details of the other specimens as well as the material properties of concrete and
reinforcement are illustrated in Annex A.

upper concrete cover ¢,,,= 4 cm — load application b = 8 cm
lower concret cover ¢,,,=2cm — I I — support b =10 cm
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Figure 5-11:  Reinforcement detail of specimens EG03, EG06 and EG09

The longitudinal reinforcement consisted of bars @ = 20 mm with a yield strength of
fy =900 N/mm? to prevent flexural failure. According to the technical approvals of the
lattice girders, the longitudinal reinforcement must be fully anchored at the support.
Since extending the support overlay and applying additional stirrup arms along the edges
would have a positive effect on the interface shear resistance, the anchorage of the lon-
gitudinal bars was enhanced by screw-nuts. The transverse reinforcement was deter-
mined to be 20 % of the longitudinal reinforcement with @ = 10 mm bars and yield
strength of fy = 500 N/mm?2. To ensure a crack formation of flexural cracks in the area
of the welded sections of the lattice girders, triangular crack introducers were placed
underneath the welded point where the initiation of developing shear cracks from flex-
ural cracks was expected. To prevent shear failure of the slab at midspan between the
load application point and support in the second sub-tests, additional stirrups were ap-
plied, since the diagonals of the lattice girders declining towards the support cannot fully
participate in the shear resistance.
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Table 5-6: Parameters and material properties of test specimens
Tost hges a na fymLG n fym,l fem,pre fem,insitu rﬂ:gz_ Risand  Rijaser
[em] [cm] [] [N/mm2] [] [N/mm?] [N/mm?3] [N/mm?] [-1 [mm] [mm]
EGO1 16 50 2 546 7 954 25.3 356  smooth 024 0.42
EGO2 16 50 2 546 7 954 25.6 33.9 Sn‘q’(‘igw 026 0.43
EGO3 16 50 2 546 7 939 27.7 33.2 :F‘:“(?:; 064 -
EGO4 16 50 3 546 7 939 27.9 34.0 :F‘:“(?:; 093 -
EGO5 16 50 4 546 7 939 28.2 35.2 :F‘:“(?:; 078 -
EGO6 16 50 2 546 7 939 51.1 61.3 :F‘:“(?:; 0.97 1.33
EGO7 16 50 3 546 7 939 51.1 61.3 :F‘:“(?:; 101 1.19
EGO8 16 50 4 546 7 939 51.4 61.3 :F‘:“(?:; 107  1.04
EGO9 16 50 2 546 7 939 329 344 ::“192 202 -
EG10 36 130 2 554 18 939 36.0 32.0 :HOU(?; 082 1.01
EG11 36 130 4 554 18 939 37.2 36.0 :HOU(?; 078 0.85
EG12 36 130 2 554 18 939 48.6 55.6 :HOU(?; 1.02  0.63
EG13 36 130 4 554 18 939 49.0 56.8 :R"“fg'; 119  1.67
EG14 33 120 4 554 17 939 31.5 34.8 :HOU(?; 096 -

hges: overall slab height; a: distance between load application and support; n.c: number of lattice girder rows; fym,a:
mean yield strength of the diagonals of the lattice girders; m: number of longitudinal reinforcement bars; fm,: mean
yield strength of longitudinal reinforcement; fempre: mean concrete compressive strength of precast slab; fom,in-situ:
mean concrete compressive strength of insitu concrete; Risand: mean roughness depth by sand patch method,
Rtlaser: mean roughness depth by laser triangulation, ': additionally weakened by formwork oil

To verify the surface quality of the precast slabs, the roughness of the interface was
measured by the sand-patch-method according to KAUFMANN [Kau71] and by laser-
triangulation with a new laser system [Vogl7] (s. Chapter 2.4.2). For the sand-patch
method, a minimum of three measurements were performed by applying a defined
amount of sand to the surface and measuring the diameter after circular spreading with
a wooden plate (Figure 5-12 (a)). For the laser-triangulation, about 10 two-dimensional
measure lines were recorded by the laser system (Figure 5-12 (b)). A comparison of the
determined roughness depths by the two methods is depicted in Figure 5-12 (c). Since
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5.4 Fatigue tests on semi-precast slabs with lattice girders

the laser-triangulation system with the small measuring ranges and flexible handling,
can also record the rougher edge areas of the slabs, the determined roughness depths are
generally larger compared to the sand-patch method. The determined mean values of
roughness depth according to both methods are listed in Table 5-6.
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Figure 5-12:  Measuring method for test specimens: sand-patch method (a) and laser triangulations
(b), comparison of measures roughness depths (c)

For documentation of the tests, continuous measurements were made by electronical
documentation. The disposal of the measurement devices is depicted exemplarily for
specimen EG10 in Figure 5-13. To record the strain development in the reinforcement,
strain gauges (SG) were applied to the diagonals, welded points and lower chords of the
lattice girders in the range of the expected interface and shear cracks, as well as on the
longitudinal reinforcement in the range of maximum moments (Figure 5-13 (a)). The
measurement of the horizontal and vertical displacement of the interface, the crack open-
ing of the shear crack and the deflection of the specimen was implemented by displace-
ment transducers (W) (Figure 5-13 (b)).

(a) strain gauges (SG) . (b) displacement transducers (W)
v : v
1
1
1 W a
+\ \ : . 40° U WintJ
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= P = P = = [ J—]

@ SG on lattice girder diagonals : W,,, horizontal interface slip

[ SG on lattice girder welded points o 1 O W,,,., vertical interface opening

© SG on lattice girder lower chords ! Vv(den W, diagonal crack opening
O SG on longitudinal reinforcement : W, deflection

! 4w 325 65 415
\ ~ ~ T~
: Vv(mals:‘ H W(im) [Cm]

Figure 5-13:  Measurement instrumentation for specimen EG10: strain gauges (SG) at reinforcement
and displacement transducers (W)
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5.4.4 Test setup and test conduction

For the first sub-tests, the single span slabs were supported on support blocks with steel
rollers. The load from the test cylinders was transferred by a steel girder so that the shear
spans were one third of the total span. A schematic depiction of the test setup gives
Figure 5-14 (a), and Figure 5-15 (a) and (b) show the test setups in the laboratory at
IMB. By the test setup of a four-point bending test, the shear force is constant at both
ends of the slab between load application and support. The mid area between the load
application points is free of shear with a constant, maximum moment.

After fatigue failure of the weaker end in the first sub-tests, the specimens were trans-
ferred to three-point bending tests by moving the support from the fractured side to the
previous load application. The fractured ends of the specimens were wedged by steel
profiles. Thus, the fatigue tests could be continued in the second sub-tests as a three-
point bending tests by subjecting the unimpaired side to the same shear load until fatigue
failure (Figure 5-14 (b) and Figure 5-15 (c) and (d)).

(a) sub-test | AF t (b) sub-test Il
test cylinder —== steel AF¢ steel
girders steel wedges test cylinder girders
|f\[\f\f\f\f\/1/1/1/1/1/7| H\ : f\f\/]/]ﬂ/]/&/wl
H_Iu jE H_Iu
K—Pi—bi—bl
support block a a

with steel roller

Figure 5-14:  Schematic test setup of fatigue tests: sub-test | (a), sub-test Il (b)

The fatigue tests in series 0 were started by deformation-controlled monotonic loading
with 0.5 mm/min until flexural cracks reached the interface. This load level was defined
as maximum load for the cyclic loading. For test series 1 and 2, the maximum loads
were previously defined to be 60 % to 80 % of the calculated static interface resistance
according to [EC2NADY]. For specimens with an interface roughness of Rt = 0.9 mm, the
interface resistance of a rough interface was presumed. The reference values for speci-
mens with high interface reinforcement ratios were the calculated static shear resistance.

After applying the initial maximum load, the load range was defined to be between 30 %
to 75 % of the maximum load. Thereby, the calculated stress ranges in the lattice girders
were aspired to be about Acs = 200 N/mm?2. The fatigue load was applied force-con-
trolled starting with a frequency of f = 0.1 Hz with continuous measurements of strain
gauges and displacement transducers. After 100 load cycles, the frequency was in-
creased to f=2.89 or 5.78 Hz, depending on the deflection of the specimens. The dis-
placement and strain measurements were monitored in periods after 1000 or 2000 load
cycles. Depending on borne number of load cycles, crack distribution as well as dis-
placement and strain measurements, the load range was increased in the first instance
followed by increasing the maximum load.
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5.4 Fatigue tests on semi-precast slabs with lattice girders

After failure of one side of the specimen in the first sub-test, the unimpaired side was
subjected to the ultimate load levels of the first sub-test. If the state of fracture did not
allow proceeding the fatigue test, the second side was monotonically loaded until failure.

[E—

(a) sub-test | - test series 0/1 | _ (b) sub-test | - test series 2

Figure 5-15:  Test setup for fatigue tests: sub-test | for test series 0/1 (a), sub-test | for test series 2
(b), sub-test Il for test series 0/1 (c), sub-test |l for test series 2 (d)

The implemented maximum shear forces and shear force ranges of the initial fatigue
loading and the fatigue loading when failure occurred are summarised in Table 5-8. An-
nex A.4 gives a comprehensive depiction of the applied load history for each specimen.
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5.4.5 Test results

The maximum shear forces and shear force ranges at the beginning of the fatigue tests
as well as when fatigue failure occurred, are listed in Table 5-7 (series O and 1) and
Table 5-8 (series 2) for the first and second sub-tests. The fatigue loading caused pro-
gressing crack formation with increasing deformation, crack widths and steel strains in
the reinforcement. As expected, the fatigue tests with several million load cycles showed
a higher scatter compared to static tests. The scatter involves failure mode, interface
displacement, stress of lattice girders and borne number of load cycle. The failure mode
as well as borne number of load cycles are listed in Table 5-7 (series 0 and 1) and Table
5-8 (series 2).

Table 5-7: Overview of applied load, number of load cycles and stress ranges (series 0 and 1)
Test Vimax,1  AV4 Ny Vinaxt  AWs Ne Naes ACtalci  AOmax,test tailure
[kN]  [kN] [-] [kN]  [kN] [-] []  [N'mm?  [N/mm?]
EGO1a 116 35 1,50€¢ 162 58 0,18e® 4,18ES 109 270 F/Q
EGO1b 162 58 350 4,18E8 Q
EGO2a 116 35 1,50€8 116 58  1,16e® 2,66E° 109 215* F
EGO2b 116 58 0,93€e8 3,59€e8 F/Q
EG03a 152 90 2,07e8 2,07e°8 279 230" F/Q
EGO3b 152 90 1,17€8 3.25E8 Q
EGO4a 165 83 3,00€8 165 112,5 1,36e® 4,36E® 171 215* Q
EG04b 2601 Q
EGO5a 226 133  2,70e* 2,704 176 125 Vbz
EGO5b 2711 Q
EGO6a 172 105  2,25€® 197 120 0,35e® 2,60E8 326 195 F/Q
EGO6b 197 120 1,124 2,62E8 F/Q
EG0O7a 172 88 2,00e8 197 120 3,32e* 4,03e8 121 55 Q
EGO7b 197 120  2,25€® 6,28E® Q
EG08a 215 110 2,0E8 215 1525 1,95e® 3,95e 171 115* Q
EGO08b 2
EG09a 155 93 8677 8677 187 175* F/Q
EGO9b 155 61 1,09e8 1,10€8 F/Q

a: sub-test I; b: sub-test Il; Vinax1: maximum shear force at start of test; AV4: shear force range at start of test; Ni:
number of load cycles after first loading ; Vmaxs: maximum shear force at failure; 4Vt shear force range at failure;
Nt number of load cycles after last loading at failure; Nges: overall number of load cycles; Accalc,1: calculated stress
range in lattice girders according to technical approval with AV1; Aomaxtest: measured maximum stress range in
lattice girders by strain gauges; F: interface failure; Q: shear failure; Voz: anchorage failure of lattice girder in the
compression zone; VL: anchorage failure of longitudinal reinforcement; *: fracture of lattice girders; ': residual load
capacity; 2: no sub-test Il
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5.4 Fatigue tests on semi-precast slabs with lattice girders

Table 5-8: Overview of applied load, number of load cycles and stress ranges (series 2)
Test Vinax,1  AWV4 Ny Vinaxt AW Ni Nyes AGCcalc,t  AOmax,test tailure
[kN]  [kN] [-] [kN]  [kN] [-] []  [N/mm? [N/mm?]

EG10a 282 150 2,00e6 372 225 1000 2,00g® 193 100* F/Q
EG10b -2
EG11a 537 195 0,31€8 0,31€8 125 115 Voz/ VL
EG11b 537 195 0,908 1,21€8 Vi
EG12a 359 135  2,00e6 420 233 0,74e® 4,12g8 173 255* F/Q
EG12b 420 233 0,35€e8 4,47E® Q/VL
EG13a 519 165 435 435 105 115 Voz/ VL
EG13b 519 165 9129 9564 Vi
EG14a 487 178 1,63€8 1.63€8 125 175 Voz/ VL
EG14b 487 178  2,87e* 1.66E® Q/ VL

a: sub-test I; b: sub-test Il; Vimax1: maximum shear force at start of test; AVi: shear force range at start of test; Ni:
number of load cycles after first loading ; Vimaxf: maximum shear force at failure; AVi: shear force range at failure;
N:: number of load cycles after last loading at failure; Nges: overall number of load cycles; Accaic,1: calculated stress
range in lattice girders according to technical approval with AV1; Aomaxtest: measured maximum stress range in
lattice girders by strain gauges; F: interface failure; Q: shear failure; Voz: anchorage failure of lattice girder in the
compression zone; VL: anchorage failure of longitudinal reinforcement; *: fracture of lattice girders; ': residual load
capacity; 2: no sub-test Il

Specimens with low interface reinforcement ratios realised by two rows of lattice girders
(EGO1 — EGO03, EG06, EG09, EG10 and EG12) bore, except for specimen EG09, a min-
imum of N = 2.0 mil. load cycles. Independent of concrete strength and interface rough-
ness, a combination of interface and shear failure occurred. Slabs with medium interface
reinforcement ratios and three rows of lattice girders (EG04 and EG07) failed predom-
inately by shear failure with only small crack development along the interface. For tests
with high interface reinforcement ratios (EGOS, EGO8, EG11, EG13 and EG14), only
EGO8 showed a clear shear crack after N > 2.0 mil. load cycles. For the other highly
reinforced and highly loaded specimens, failure occurred generally due to anchorage
failure of the lattice girder in the compression zone of the slab or failure of the anchorage
of the longitudinal reinforcement at the support. In the following, the influence of inter-
face roughness, interface reinforcement ratio, slab thickness and steel strains are pre-
sented. An influence of the concrete strength could not be determined.
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5 Own experimental investigations

Influence of interface roughness

During the test programme, the interface roughness was varied by specimens in series 0
and 1 with concrete strength of C25 and two rows of lattice girder. Therefore, the fol-
lowing interface conditions were investigated:

e left as cast with bond breaker (very smooth, EG02)

e left as cast with a roughness depth of R, = 0.24 mm determined by the sand-patch
method (smooth, EGO1)

e left as cast with an aspired roughness depth of R; =~ 0.9 mm (‘rough’, EG03)
e left as cast with slightly roughening to R; = 2.0 mm after casting (rough, EG09)

The crack patterns and borne number of load cycles of the four specimens are shown in
Figure 5-16. For all investigated interface roughness, delamination of the interface could
be determined. For specimen EG02 with a very smooth surface, delamination already
occurred during initial static loading. The crack formation along the interface for EGO1
with a smooth surface appeared during the cyclic loading (N > 1.5 mil load cycles). Both
specimens failed due to shear of the interface. Since the specimens EGO1 and EG02
were designed with a longer support overlay and additional stirrups along the ends of
the slab, the unimpeded shear of the insitu concrete layer was additionally counteracted.
For EGO3 with an interface with a low roughness, the failure occurred due to delamina-
tion of the insitu concrete layer with considerable horizontal slip after a shear crack
developed towards the support. Specimens EG09 with a rough interface failed in a com-
bination of interface and shear but without complete delamination of the insitu concrete.

ottt h=16cm A A C25
EGO02 s :

N =2,660,000

very smooth

EGO1

N =4,180,000

smooth

EGO3

. [N=2.075,000

AN
‘rough' R~0,9mm

EG09

IN=9,000

rough

Figure 5-16:  Influence of interface roughness: crack patterns of specimens EG01, EG02, EG03 and
EGO06
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5.4 Fatigue tests on semi-precast slabs with lattice girders

Except for specimen EG09 with a slightly roughened surface, all specimens exceeded
N > 2.0 mil load cycles. Despite the applied fatigue load and the concrete properties of
specimen EG09 were similar to EG03, fatigue failure occurred after N = 9,000 load
cycles. After monotonic loading, no crack could be observed at the interface. The hori-
zontal and vertical displacement of the interface occurred after N = 2,000 load cycles
and gradually increased until failure. The early failure might be explained by insufficient
bond between the concrete layers, e.g. due to unintended blemishes in the interface.
Thus, the early failure of the rough interface can be evaluated as aberration and needs
further investigations. After exposure, the lattice girders showed fractures of the welded
nodes in the area of the failure crack. By the strain measurements of the lattice girders,
stress ranges of Ac = 175 N/mm? could be determined at the welded nodes. Since the
strain gauges were not placed in the immediate area of the failure crack, the stress ranges
in the fractured girder nodes might have been considerably higher.

To compare the flexural behaviour of the composite specimens, Figure 5-17 (a) shows
the load deflection curves of specimen EGO1 — EGO3 for the static initial loading and
the first load cycle. Despite similar concrete properties, specimen EG02 with a very
smooth surface showed a lower stiffness with a deflection of 7 mm. Thus, separate load
bearing behaviour of precast slab and insitu concrete layer can be assumed. With in-
creasing interface roughness, the inclination of the load-deflection curves increases for
specimens EGO1 and EG03, which confirms an improvement of composite action.

(a) load - deflection curve (b) interface displacement
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Figure 5-17:
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Influence of interface roughness: load-deflection curve of specimens EG01 — EGO03 (a),

development of horizontal slip for specimens EG02 and EG03

A comparison of the development of horizontal interface displacement of specimen
EGO02 and EGO03 is shown in Figure 5-17 (b). The measured horizontal slip at the side
of fatigue failure (black curve) shows interface slip after the static initial loading of
1.5 mm for EG02 and 0.7 mm for EG03. During the fatigue loading, the interface slip
remained mainly constant for EG02 and increased gradually after increasing the load
range. For EG03, a constant increase of interface slip could be determined during the
fatigue test with an stepwise increase after about N = 500.000 load cycles. This might
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be induced by failure of the lattice girder diagonal located in the area of the slip meas-
urement. For this diagonal, stress ranges of Ac =230 N/mm? and fracture after exposure
of the specimen could be determined. The horizontal slip of the unimpaired side only
showed small displacements with slight increase during the first fatigue sub-test. A fail-
ure however, did not occur for another N > 1.5 mil. load cycles.

Influence of interface reinforcement ratio

Figure 5-18 shows the influence of the interface reinforcement ratio realised by two,
three and four rows of lattice girders by crack patterns of the failure crack in the first
sub-test. The compared specimens of series 1 had a concrete strength of C25 and an
interface roughness of about Ri= 0.9 mm.

Test specimen EG03 with small interface reinforcement ratio shows a clear interface
failure with considerable interface slip of 1.5 cm. Specimen EG04 with a medium inter-
face reinforcement ratio failed by a shear crack without horizontal interface displace-
ment and only small interface opening. For specimen EGO05 with a high interface rein-
forcement ratio and high fatigue shear loading, the comparable small number of load
cycles, with the unfractured lattice girders as well as the crack formation leads to the
assumption of anchorage failure of the lattice girder in the compression zone. However,
a delamination of the interface could also be identified.
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Figure 5-18:  Comparison of interface reinforcement ratio: Crack patterns of specimens EG03, EG04
and EG05

Influence of slab thickness

With similar shear slenderness of a/d = 4.0, higher interface resistances could be deter-
mined for thinner slabs with shorter spans compared to thicker slabs with longer spans.
Thus, a size effect for the interface resistance may be presumed for the interface capac-

ity.
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To compare the influence of the slab thickness for a thin specimen with 2 =16 cm
(EGO06) and a thick specimen with & = 36 cm (EG12), Figure 5-19 shows the crack for-
mation at ultimate fatigue load as well as the load history of the fatigue test and the
measured crack width of the interface and the major shear crack. Both specimens had
two rows of lattice girders, a concrete strength of C50 and an interface roughness about
R~ 0.9 mm. The crack formation shows a clear crack development along the interface
for the large specimen (EG12) and a shear crack without interface displacement for the
small specimen (EG06). For qualitative comparison of the load history, the applied shear
force in the fatigue tests is related to the calculated static shear force according to
[EC2NAD)] Vies/ Vealc and depicted over the number of load cycles N. With displacement
transducers, the development of interface crack width win and shear crack width waia
could be measured during the fatigue test. Despite the high related shear force, the crack
widths of the small specimen EG06 were smaller than Winydia < 0.2 mm until reaching N
= 2.25 mil. load cycles. Whereas the crack width of the interface remained mostly con-
stant, the crack width of the shear crack increased after increasing the load level after N
> 2.25 mil. load cycles until failure. The larger specimen EG12 with comparatively
smaller loading showed large crack widths of wgia = 0.4 mm already after initial loading.
The crack width increased slightly after increasing the load range and gradually after
increasing the maximum load until failure. The measurement of the interface opening
only showed small crack widths after initial loading but increased gradually after in-
creasing the load range.

/\ A C50 ‘rommm
EG12

load history EG06

load history EG12

— 1.0 — 1.0
g 0.8 o E 0.84
o6 5086 C
> 04 > 04
02 T >: 0.2
0.0 5 5 6 6 6 0.0 A6 P ‘8 ) 6
0 1.0 2.0 3.0 4.0e 5.0e 0 1.0 2.0e 3.0e 4.0e 5.0e
number of load cycles N [-] number of load cycles N [-]
=3.0 crack opening 3.0 crack opening
.E. — Wi é
220 Wi 220
£ =
o ©
X X
80.0 - . . . 8.0l ; —
S 0 1.0e° 20 3.06° 4.0 5.0¢° S0 1.0 2.0 3.06° 4.0 5.0
number of load cycles N [-] number of load cycles N [-]

Figure 5-19:  Comparison of slab thickness: Crack patterns, load history and measured crack width
of interface and shear crack for specimens EG06 and EG12
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Influence of steel strains

Figure 5-20 exemplarily shows the measured steel strains of the diagonals €4ia and the
welded node ewer Of the lattice girders for specimens EG12, to evaluate the influence of
the stress ranges in the lattice girders. The stress range in the diagonals of the lattice
girders calculated from the measured steel strain range was about Ac = 167 N/mm? for
a period of N > 2.0 mil. load cycles. This exceeds the approved stress range according
to the technical approvals of the lattice girders of Acorsk = 92 N/mm? by 76 %. The meas-
ured stress ranges of the welded nodes was determined to be only Ac =42 N/mm? since
the cracks did not develop along the welded nodes. After exposure of the lattice girders,
fractures could only be determined in the diagonal and rectangular bars of the lattice
girders (Figure 5-20). As mentioned in context of the influence of interface roughness,
specimen EG03 showed a clear increase of horizontal slip after failure of lattice girder
diagonal. However, failure of one diagonal did not induce structural failure.

¥ v
EG12 = /\ /\ C50 ‘rough' R~0,9mm
_ 10 load history
= 0.8
; 0.6
2040
02
> 0.0
0 1.0e® 20e° 3.0 4.06° 5.0¢°

number of load cycles N [-]

steel strains of lattice girders

—=3.0

B’._E. _'gma

: 2.0y —E&u

'S Ao = 167 N/mm?
©1.0

2 Ag =42 N/mm? 4 P
7 ry

o
o

1.08° 208 308" 4.06° 5.0€
number of load cycles N [-]

Figure 5-20:  Influence of steel strains: load history, strain measurements of lattice girder and frac-
tured lattice girder for specimen EG12

Table 5-7 and Table 5-8 compares the largest measured stress ranges in the lattice gird-
ers Aomax.test t0 the calculated stress ranges Accalc,1, determined by the initially applied
shear force range AV, according to the interface fatigue regulations of the technical ap-
provals [DZ-38][DZ-93]. The measured stress ranges in the diagonals of the lattice gird-
ers, as well as the calculated stress ranges were generally larger than the stress range of
the technical approvals with Acrsk = 92 N/mm?. Structural failure of the slabs induced
by fatigue failure of the lattice girders (in Table 5-8, tests with fractured lattice girders
are labelled by * in the column of AGmax.test) could generally not be determined after the
initially applied load level. Despite for specimen EG09, which can be assessed as aber-
ration, structural failure with fractured lattice girders could only be determined for spec-
imens with large numbers of load cycles and high stress ranges.
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5.4.6 Test evaluation and comparison to design regulations

To assess the interface shear concepts of the general technical approval of the lattice
girders [DZ-38][DZ-93], [EC2] and [EC2NADY] for fatigue, the conducted fatigue tests
and the fatigue tests from literature (s. Chapter 5.2.2) were evaluated by the calculated
stress ranges in the lattice girders. For the 47 fatigue tests, the calculated characteristic
stress ranges Aocies,Rki Were related to the approved stress range according the technical
approvals Acrsk = 92 N/mm? and plotted over the borne number of load cycles
(Figure 5-21). Even though the design is limited to N = 2.0 mil. load cycles, all tests
were related to the approves stress range of Acrsk = 92 N/mm?2. Specimens with diver-
gent failure modes, e.g. anchorage failure of lattice girders or longitudinal reinforce-
ment, were excluded. To determine the calculated stress range, the applied shear force
ranges AV were calculated in accordance to Eq. (3-19), Chapter 3.3.2 to the applied
shear stress range Av =3 - AV / (bi - z) with B = 1.0. The applied shear stress range was
then implemented in the interface shear design expression according to [EC2]
(Eq. (3-20), Chapter 3.3.2), [EC2NAD] (Eq. (3-21), Chapter 3.3.3) and the technical
approval (TA) of the lattice girders (Eq. (5-1), Chapter 5.2.3), without partial safety
factors.
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Figure 5-21:  Evaluation of calculated stress ranges for the design of lattice girders as interface rein-
forcement
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The best accordance to the test data gives the expression of the TA (Figure 5-21, bottom
left). The expression according to [EC2] (Figure 5-21, top left), which allows a 50 %
consideration of the adhesive term for fatigue, and the expression according to
[EC2NAD] (Figure 5-21, top right) which neglects the term of adhesion for fatigue and
increases the resistance of the interface reinforcement by the factor 1.2 show a similar
trend level. The [EC2] approach however, gives a larger range of scatter, especially for
large numbers of load cycles, whereas [EC2NAD] shows a decrease of scatter for large
numbers of load cycles.

To verify the S-N-curves for lattice girders derived in Chapter 5.3, the test data was
evaluated considering the S-N-curve derived by the counting criteria with the parame-
ters listed in Figure 5-21, bottom right. Therefore, the approved characteristic stress
ranges were calculated depending on the borne number of load cycles for each test. Fig-
ure 5-21, bottom right shows the calculated stress ranges in the lattice girders according
to the regulations in the TA related to the approved stress ranges. Compared to the eval-
uation with an approved stress range of Acorsk = 92 N/mm? (Figure 5-21, bottom left),
the evaluation with the S-N-curves gives a better agreement, especially for especially
for N < 2.0 mil. load cycles. For N > 2.0 mil. load cycles, the S-N-curve gives smaller
allowable stress ranges, which lead to slightly higher related stress ranges in the lattice
girders. However, with the S-N-curve, the range of application for fatigue design of
lattice girders can be extended to a reliable verification allowing N > 2.0 mil. load cycles.

Besides the fatigue verification of the reinforcement, the fatigue resistance of the con-
crete must be verified in accordance to the design concepts in [EC2], [EC2NAD] and
TA. Therefore, the concrete stress must be limited. By evaluating the own experimental
investigations, the stress limits can be confirmed. Furthermore, the valid range for the
simplified verification of concrete under shear for N = 1.0 mil. load cycles can be ap-
proved. Despite the adverse interface quality of the specimen, the maximum resistance
of the interface can be complied. For the tests with low reinforcement ratios, the maxi-
mum interface resistance is generally not decisive since prior failure of the interface
reinforcement occurs. The permissible range of the maximum fatigue resistance of the
compression strut can also be satisfied by the test specimens with high interface rein-
forcement ratios. A detailed description of the evaluation for the maximum fatigue re-
sistance can be found in [Hegl17].

The construction rules for semi-precast slabs with lattice girders defined in the technical
approvals can generally be confirmed. In order to extend the application of the diameter
of the longitudinal reinforcement, @ = 20 mm bars were applied. Due to the high lon-
gitudinal reinforcement ratios, and the dense assembly, especially in the thick slabs, an-
chorage failure occurred for some specimens. Thus, sufficient anchorage and concrete
cover must be provided. For high interface reinforcement ratios, a sufficient anchorage
in the compression zone must be ensured, especially for high shear loads.
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5.5 Summary

To investigate the fatigue behaviour of semi-precast slabs with lattice girders, S-N-
curves were derived from small size tests with lattice girder diagonals cast in concrete
cubes. Subsequently, the fatigue behaviour of slab specimens was investigated by 14
fatigue tests with two sub-tests. The test parameters were interface roughness, slab thick-
ness, interface reinforcement ratio and concrete strength.

For the fatigue tests, higher scatter occurred compared to static tests. The scatter con-
cerns failure mode, interface delamination, strain of lattice girders and borne number of
load cycles. The failure of specimens with low degrees of interface reinforcement was
generally induced by interface failure after high numbers of load cycles with
N > 2.0 mil. Therefore, the bearable fatigue load level generally increased with increas-
ing roughness. Only one specimen with a rough interface had premature failure, which
might be explained by aberration and must be further investigated. Specimens with me-
dium interface reinforcement ratios failed predominantly by shear with only small inter-
face delamination. The failure of specimens with high interface reinforcement ratios was
generally introduced by anchorage failure of the lattice girder in the compression zone
or by anchorage failure of the longitudinal reinforcement. With similar shear slenderness
of ald = 4.0, higher interface resistances could be determined for thinner slabs with
shorter spans compared to thicker slabs with longer spans, which may lead to the as-
sumption of a size effect for interface capacity. The stress ranges in the lattice girders
determined by test results were considerably higher compared to the approved stress
range according to the technical approvals. A direct comparison between static and fa-
tigue resistance is not possible due to absent missing tests.

The fatigue design regulations of lattice girders according to the technical approvals can
generally be confirmed by this test programme, however, they are conservative. By ap-
plying the derived S-N-curves, the evaluation leads to a better agreement of design ex-
pression and test data for N < 2.0 mil. load cycles. Furthermore, the range of fatigue
application for lattice girders could be extended to N > 2.0 mil. load cycles.
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6 Development and evaluation of experimental databases

6.1 Introduction

To evaluate the interface shear design equations according to the codes presented in
Chapter 3.3, consistent and critically reviewed databases with interface shear tests pro-
vide an essential foundation. By using systematically processed test data, predictability
and level of reliability of design expressions can be determined and compared. Further-
more, the accuracy of the considered influencing parameters can be evaluated. The eval-
uated design codes are Eurocode 2 [EC2], Eurocode 2 with the National Annex of Ger-
many [EC2NAD], the draft for the next Eurocode 2 [prEC2:18], Model Code 2010
[MC10], ACI 318-14 [ACI318] and AASHTO LFRD[AA-L].

The coefficients accounting for the influence of interface roughness were derived using
different, mostly isolated test series. To verify the design equations, no complete, con-
sistent and critically reviewed database evaluations existed, which distinguish between
small size tests and structural members as well as between monotonic and cyclic load-
ing. Database evaluations from literature concentrate either on small size tests or struc-
tural members or are not entirely comprehensible. For interface shear, database evalua-
tions are published e.g. in [Heg99], [Zil06], [Krc16] and [Soll17]. To develop a con-
sistent assembly of test data, existing databases shall be merged, harmonised and re-
viewed within the current Shear Friction Database development of ACI 445D.

In order to accomplish a complete overview of existing test data as well as to ensure a
consistent and critically reviewed data base for evaluation of interface shear equations,
test reports were collected, reviewed and evaluated within this thesis. To systematically
evaluate the interface shear regulations by tests presented in literature (an extract of the
evaluated test series can be found in Chapter 4), and by own investigations (s. Chapter
5.4), the collected test data was assigned in sub-databases to investigate the different
effects of structural behaviour, load bearing mechanisms and loading conditions. There-
fore, two major data bases were developed distinguishing between small size tests and
structural members with beam and slab specimens. Considering the loading conditions,
the major databases were divided in specimens with monotonic and cyclic loading con-
ditions. To separately investigate the effect of externally applied normal stress and in-
terface reinforcement, the databases were further separated in specimens without inter-
face reinforcement (rfcmnt) and with interface reinforcement. Thus, eight sub-databases
were the basis for the database evaluation presented in this chapter. The structure and
classification of the databases is shown in Figure 6-1.
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Figure 6-1: Overview of databases with small size test as well as beam and slab specimens

6.2 Database preparation and evaluation criteria
6.2.1 Introduction

To develop consistent and critically reviewed databases, test reports were compiled from
literature. The test data was summarised and categorised in the corresponding sub-data-
bases, considering the major selection criteria of specimen type, loading conditions and
interface reinforcement as stated in Figure 6-1. For each test, the relevant test parameters
of geometry, interface condition, material parameters of concrete and reinforcement as
well as ultimate load and failure mode were assessed. Since the collected test reports
presume different definitions of interface condition, determinations of concrete strength
and units for stress and dimensions, the data was converted to achieve a consistent base
for evaluation. Furthermore, selection criteria were defined to fulfil the application lim-
its of the database evaluation for horizontal interfaces in beam and slab structures.

6.2.2 Selection criteria and harmonisation of test data
Database filter

The comprehensive collected data were filtered to only comprise specimens with com-
plete test data (sufficient documentation of interface roughness, geometrical and mate-
rial properties as well as ultimate load). The evaluation range was limited in terms of
concrete to concrete interfaces commonly used in building practice. Therefore, speci-
mens with keyed interfaces as well as grout injected interfaces were not considered. The
limits of concrete strength were defined in accordance to the application limits of [EC2]
to 12 N/mm? < fok < 100 N/mm?2. Besides tests with lattice girders, no tests with smooth
reinforcement surfaces were evaluated.
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The databases with small size specimens only consider specimens subjected to pure
shear, which excludes tensile and splitting tests. Precracked specimens, which were con-
ducted to investigate the shear transfer across existing cracks, as well as specimens
where the load application results in a load resultant along the interface but combined
with considerable moment acting in the interfaces (e.g. modified corbels and sliding
walls) were excluded. For both, small size tests as well as beam and slab specimens,
tests with prior failure (e.g. interface delamination before testing) and different failure
mode were not considered.

The database filter can be summarised to:
¢ undefined or incomplete test data
e keyed interfaces
e grout injected interfaces
¢ monolithic precracked specimens
¢ tensile and splitting test
e tests with considerable moment eccentricity acting in the interface
¢ limit of concrete strength 12 N/mm? < fcx < 100 N/mm?.

e prior failure or different failure mode

For consistency, test parameters originally formulated in imperial and pound units were
translated to metric and newton units. The ultimate load was defined and calculated to
shear stress T in N/mm?.

Interface classification

The classification of the interface surface condition in the test reports does not follow
consistent regulations. Therefore, the documented surface conditions were categorised

in consistent interface classes for a comparable database evaluation as shown in
Table 6-1.

The introduced surface classifications generally correspond to the classifications de-
fined in [prEC2:18], which is similar to the regulations in [EC2], [EC2NAD] and
[MC10]. Differing from the expression in [EC2NAD], the classifications in [EC2] do
not distinguish between very rough and keyed surfaces, but only defines indented sur-
faces as keyed surfaces. For very rough surfaces in accordance to Table 6-1, no classi-
fication is included. Thus, for the [EC2] evaluation, interfaces with very rough surfaces
were evaluated as rough surfaces. The surface classifications in [ACI318] and [AA-L]
only distinguish between surfaces not intentionally roughened and intentionally rough-
ened to an amplitude of at least 6.4 mm (s. Chapter 3.3). Thus, for the evaluation with
the [ACI318] and [AA-L] provisions, intentionally roughened surfaces were defined as
very rough surfaces and the remaining surface classes were defined as not intentionally
roughened.
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Table 6-1: Classification of the surface condition for the database evaluation
Interface Classification
very smooth - concrete cast against formwork, plastic, steel or similar material
smooth - surfaces left as cast

- surfaces additionally smoothed
- surfaces cast against formwork and lightly sandblasted

- surfaces with a mean roughness depth R < 1,5 mm determined by the sand-
patch-method

- surfaces with a maximum roughness of 3 mm (peak to valley)
rough - surfaces additionally roughened by raking, brushing or similar methods to a
roughness between 3 mm and 6 mm (peak to valley)

- surfaces with exposed aggregates by e.g. sandblasting or other methods to a
roughness between 3 mm and 6 mm (peak to valley)

- surfaces with a mean roughness depth R: > 1,5 mm determined by the sand-
patch-method
very rough - surfaces additionally roughened by raking, brushing or similar methods to a min-
imum roughness of 6 mm (peak to valley)

- surfaces with exposed aggregates by e.g. sandblasting or other methods to a
minimum roughness of 6 mm (peak to valley)

- surfaces with a mean roughness depth R: > 3,0 mm determined by the sand-
patch-method

Conversion of concrete strength

According to the evaluated design concepts defined in the European codes, the adhesive
term of the interface shear strength is defined by the concrete tensile strength or to be
proportional to the square or cubic root of the characteristic concrete compressive
strength. The concrete compressive strength in these concepts is defined to be deter-
mined by a cylinder (150/300 [mm]). The tensile strength is the maximum stress under
centric tension and can be specified by spitting tests or flexural tests.

In case the evaluated test reports determine the concrete compression strength with spec-
imens of different sizes or shape (e.g. cubes), the values were converted to the uniaxial
concrete compressive strength f.1, using the relations described in [Reil2]. Thus, the
cylinder concrete compressive strength fecy1 of a 150/300 [mm] cylinder can be recalcu-
lated with Eq. (6-1).

fie=0.95 - foeyl (6-1)

Table 6-2 summarises the conversion factors of different specimens to the uniaxial con-
crete compressive strength fic according to [Reil2].
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Table 6-2: Conversion of different test specimens’ dimensions into the uniaxial concrete compres-
sive strength according to [Rei12]
specimen dimension [mm] uniaxial concrete compressive strength
cylinder 150/ 300 fic =0.95 - feeyl, 150300
100/ 300 f1c=1.0 - feeyl, 100300
100/ 200 f1c=0.92 - feeyl, 100200
cube 100 f1c=0.68 - fccube 100
150 f1c=0.75 - fccube,150
200 f1c=0.79 - fecube,200
prism 120/120/ 360 Sf1e=1.0 - foprism

fic: uniaxial concrete compressive strength; . cyi,150/300: cylinder concrete compressive strength of a cylinder with
diameter/height of 150/300 mm; f; cube,100: CONCrete compressive strength of a cube with a side length of 100 mm;
fe.prism: concrete compressive strength of a prism

Since test reports usually report mean values of the concrete compressive strength, the
mean cylinder concrete compressive strength femcyt must be converted to the character-
istic concrete compressive strength fck for evaluation. [EC2] and [MC10] determine the
relation of mean and characteristic value according to Eq. (6-2).

ka =fcm,cyl - Af (6_2)

For concrete cast on site, the codes formulate Af = 8 N/mm?. To evaluate databases with
tests conducted under laboratory conditions, the transformation factor can be reduced to
Af =4 N/mm? [Reil2].

The concrete tensile strength is commonly specified by splitting or bending tests. The
uniaxial tensile strength f.1 can be calculated by the splitting tensile strength feisp deter-
mined by a 150/300 [mm] cylinder or prism using the relation defined in [EC2]

(Eq. (6-3)).
fu1 = 0.9 - fursp (6-3)

The flexural tensile strengths fc.nex determined by bending tests can be converted into
the uniaxial tensile strength according to the definition in [MC10] as a function of the
depth of the test beam &y, (Eq. (6-4)).

0.6 - hb0'7 (6-4)

ctl™ 1 + 006 . hb0.9 ct,flex

For test reports providing both, splitting and flexural tensile strength, the splitting tensile
strength was the governing strength for further calculations. To evaluate the databases,
the uniaxial concrete tensile strength was defined as the mean concrete tensile strength
feum. If the test reports do not provide the concrete tensile strength of the specimens, the
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concrete compressive strength was converted by empiric relations as described in
[Rei112]. The translation of concrete compressive to tensile strength according to [EC2]
and [MC10] differs for lower concrete strength classes (< C50/60) and higher concrete
strength classes (> C50/60) and can be calculated according to Eq.(6-5) and (6-6).

fam = 0.3 - fu2 for < C50/60 (6-5)
fom = 2.12 - In(1 + 0.1(fix + Af)) for > C50/60 (6-6)

To transfer the mean concrete tensile strength to characteristic level, the relation in
Eq. (6-7) according to [EC2] and [MC10] was used.

fetk0.05 = 0.7 - fom for 5 % - fractile values (6-7)

6.2.3 Statistic evaluation of databases

To compare the test data to the interface shear design regulations defined in the selected
codes, the experimental failure shear stress Test was related to the calculated shear stress
Teale. The test parameters in the database collected from test reports are generally formu-
lated as mean values. Thus, an evaluation with mean values would be appropriate to
compare the design equations, not considering fractile values and safety factors for ma-
terials. However, the coefficients regarding the surface classification in the interface
shear equations were derived using the characteristic values of test data. Furthermore,
the expressions of the European design codes consider the terms of adhesive strength by
terms of the design concrete tensile strength fca ([EC2], [EC2NAD] and [MC10] for
rigid bond), by the square root of the characteristic concrete compressive strength
fex"lye ([prEC2:18]) and the cubic root fex!’* ((MC10] for non-rigid bond). According to
[EC2], the characteristic concrete compressive strength fcx is defined by the mean con-
crete compressive strength fem with a constant standard deviation . (Eq. (6-8)). Thus,
for increasing concrete strength, the coefficient of variation COV decreases and the in-
fluence of scatter reduces.

fo = fom — 8 N/mm? = fem — 1.645 - 6c — e = 4.9 N/mn?? (6-8)

For design expressions, fu'”? and fu”® were introduced to describe the concrete tensile
strength, which corresponds to be proportional to the concrete tensile strength. For mean
evaluation however, a calculation with e.g. fem'? = (fix + 8)"? would lead to a general
reduction of standard deviation. In this context, Figure 6-2 compares the expressions of
concrete tensile strength expressed on mean and characteristic level by the ratios of
mean values fom/fem!”? and the characteristic values fow/fex'’? over the mean concrete com-
pressive strength. The concrete tensile strength was therefore calculated in accordance
to Egs. (6-5) to (6-7). The evaluation shows, that the ratio of mean strengths shows larger
deviations A, from the mean value of the mean concrete strengths Xm m compared to the
mean value of characteristic strengths Xmx with the deviation Ag.
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Expression of concrete tensile strength
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Figure 6-2: Comparison of expressions for mean and characteristic concrete tensile strength

Since the characteristic expressions of concrete tensile strength and square root of char-
acteristic concrete compressive strength show smaller deviations over the practical
range of concrete strength, the databases were evaluated on characteristic level. Regard-
ing the American Codes, it has to be mentioned, that the design concepts of [ACI318]
and [AA-L] do not define the adhesive resistance by terms of concrete strength but in-
troduce constant adhesive strengths and use a global safety factors for design.

For the statistic evaluation of databases, a log-normal distribution of test data was as-
sumed. This is in accordance to [JOIOO], which recommends a log-normal distribution
for shear. To determine mean values my, standard deviation sx, coefficient of variation
COV and characteristic 5 % quantiles Xi s of the test data x; for a number of n tests, the
test data must be logarithmised with In(x;). The mean value my and standard deviation
sy of the logarithmised test data are calculated in accordance to Eq. (6-9) and Eq. (6-10)
[ECO].

1 ;
my= ;Z In(x;) (6-9)

1 6-10
5= ﬁz (In x; - my)? (6-10)

The mean value mx and standard deviation sx as well as the coefficient of variation COV
for the test data after logarithmised determination of statistic values can be calculated
according to Egs. (6-11) to (6-13).

sy° (6-11)

my=exp (my+ —-

2

52 -
Sx=exp (my+ %) /exp(syz) -1 (6-12)
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5, 6-13
COV = - = /exp(syz) -1 (6-13)

The determination of the 5 % characteristic quantile ratio of the test evaluation follows
Eq. (6-14).

Xk.5% = exp (my + kn- sy) (6-14)

The 5 % quantile values k, were adopted from [ECO] with a confidence level of 75 %
and considering the number of test specimens for an unknown coefficient of variation
COV (Table 6-3).

Table 6-3: kn values for the characteristic 5 % quantiles [ECO]

n 3 4 5 6 8 10 20 30 e

COV known 1.89 1.83 1.8 1.77 1.74 1.72 1.68 1.67 1.64
COV unknown  3.37 2.63 2.33 2.18 2.00 1.92 1.76 1.73 1.64

6.3 Database evaluation with small size tests
6.3.1 Introduction

For the database with small size specimens, a total of 1161 tests could be collected from
30 research publications and test reports. After applying the database filter (s. Chapter
6.2.2), the complete database was reduced as shown in Figure 6-3. The filter criteria of
tests with incomplete documentation and different failure mode also includes test spec-
imens which failed before testing as well as aberration specimens. Specimens were only
defined as aberration specimens if the tested shear resistance exceeded the shear re-
sistance of comparable specimens by their multiple.

The selected database consists of 553 tests for evaluation. For separately evaluating the
contributions of adhesion, friction by applied normal stress and by reinforcement, the
data was separated in sub-databases. The database for adhesion (A-1) includes 83 spec-
imens conducted as push-off or push-through tests without externally applied normal
stress or reinforcement. Database A-2 holds 145 tests with specimens with externally
applied normal stress. To determine the contribution of reinforcement, 266 tests can be
evaluated in database B. Since the expressions in the design equations formulate the
effect of normal stress and reinforcement by considering the effect of friction, the same
friction factor p is used. Thus, database AB includes 39 tests where both, interface rein-
forcement and normal stress was applied. Small size specimens under cyclic loading
conditions without interface reinforcement could only be collected from one test report
with a number of 20 tests. In literature, fatigue tests with small size specimens with
interface reinforcement could not be found.
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Figure 6-3: Overview of databases with small size tests

An overview of the researchers and test reports included in the database for the complete
database as well as for the selected database can be found in Annex B.1. In the following
chapters, the evaluations of the sub-databases are presented separately for the considered
design codes. Annex B.1 holds the complete compilation of the evaluation diagrams.

6.3.2 Database A-1: Adhesion

For an isolated consideration of interface resistance due to adhesion, only tests were
evaluated which did neither include interface reinforcement nor externally applied nor-
mal stress. The distributions of the 83 evaluated tests regarding interface classification,
dimension of interface, concrete strength of precast and insitu concrete as well as the
decisive smaller concrete strength for design are shown in Figure 6-4 and Figure 6-5.
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Figure 6-4: Distribution of 83 small size tests for isolated adhesive strength regarding interface clas-

sification and interface dimensions
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Figure 6-5: Distribution of 83 small size tests for isolated adhesive strength regarding concrete

strengths

To assess the design equations of the considered design codes, the ultimate shear stress
of the interface from tests Test was compared to the calculated characteristic adhesive
strength with Tcaic = Tri,i. If test reports only provide failure loads Vies, the failure inter-
face shear stress was calculated by Tiest = Viest /Aint, With Aine being the area of interface.

The evaluation of the test data according to the considered design equations with corre-
sponding characteristic design expressions, number of evaluated tests, mean value Xm,

coefficient of variation COV and characteristic 5 % quantile ratio Xs¢ are summarised
in Table 6-4.

Table 6-4: Statistic evaluation of small size tests for adhesion in database A-1 with Tiew/tri.i

Code TRK,i = Tadh No. of tests Xm Ccov Xs%
EC2:2004 c " foik 83 3.18 0.41 1.58
EC2+NA(D) C " fotk 83 3.07 0.39 1.53
prEC2:2018 c - fo!? 83 3.06 0.37 1.57
MC2010 C " fotk 83 3.07 0.39 1.53
ACI 318 Tadh = const. 11 5.42 0.14 4.09
AASHTO Tadh = const. 83 2.81 0.49 1.15

Xm: mean value trui/tcalc, COV: coefficient of variation, Xs%: characteristic 5 % quantile ratio

For calculating the adhesive strength, [EC2], [EC2NAD], [MC10] refer to the concrete
tensile strength, whereas [prEC2:18] formulates the square root of the characteristic con-
crete compressive strength. The high coefficients of variation with COV =0.37 - 0.41
for the European codes show the high scatter of test data. This was expected, since the
interfaces form a weak plane in the monolithic material structure, which can only by
partially controlled. The coefficient of variation of the [EC2] evaluation gives a higher
value, since the interface classification only allows very rough interfaces to be consid-
ered as rough surfaces. The definition of the concrete tensile strength being proportional
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to the square root of the characteristic concrete compressive strength according to
[prEC2:18] gives the lowest, but still high coefficient of variation. Table 6-5 depicts a
more detailed evaluation of codes by summarising the coefficients of adhesion as well
as the statistic evaluation for each interface classification. As expected, the scatter of
test data decreases with increasing interface roughness. Especially for smooth interfaces,
high coefficients of variation are determined. This confirms, that the bond development
for smooth interfaces depicts a critical range which can hardly be controlled and speci-
fied. Additionally, influencing parameters as e.g. concrete consistency, water saturation
and cleanness of interface have an effect on the adhesive strength which cannot be as-
sessed by the design expressions.

Table 6-5: Evaluation of database A-1 with t./rii isolated for interface classification

Co%  aastcaton oadnoson  tews X0 OOV X

< very smooth 0.025 - - - -
§ 5 smooth 0.20 64 3.03 0.42 1.42
Sy rough 0.40 19 3.69 0.30 2.08

- very rough O - - - -

5 very smooth 0 - - - -
< g smooth 0.20 64 3.03 0.42 1.42
(N“; E,:ﬂ rough 0.40 8 3.15 0.35 1.50
w very rough 0.50 11 3.26 0.20 2.21

© very smooth 0.0095 - - - -
é g smooth 0.075 64 3.07 0.40 1.47
EJNJ % rough 0.15 8 3.17 0.34 1.30
o very rough 0.19 11 3.09 0.16 2.28

very smooth 0.025 - - - -
§ g smooth 0.20 64 3.03 0.42 1.42
L§> = rough 0.40 8 3.15 0.35 1.50
very rough 0.50 11 3.26 0.20 2.21

g g not roughened @) - - - -
&E’ (i roughened 0.56 N/mm?2 11 5.42 0.14 4.09
CI:—E) 27 not roughened 0.52 N/mm?2 72 2.96 0.51 1.19
% = roughened 1.66 N/mm? 11 1.83 0.14 1.38

Xm: mean value trki/Tcalc, COV: coefficient of variation, Xs«: characteristic 5 % quantile ratio, "): very rough surfaces
are classified as rough surfaces; @: No regulations for interfaces not intentionally roughened without interface rein-
forcement

The design regulations in [AA-L] specifically demand concrete interface to be rein-
forced. However, since the design equation also includes an adhesive resistance term,
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6 Development and evaluation of experimental databases

specimens without interface reinforcement were evaluated by only applying the adhe-
sive resistance. The design equations of the American codes [ACI318] and [AA-L] only
distinguish between intentionally roughened and not intentionally roughened surfaces.
Additionally, the regulations according to [ACI318] define different design expressions
for vertical and horizontal interfaces. For small size tests, the regulations for vertical
interfaces apply, which exclude interfaces without interface reinforcement. To provide
an evaluation of the adhesive resistance, the adhesive strengths for horizontal interfaces
were applied in these investigations. Nevertheless, only interfaces intentionally rough-
ened are allowed without interface reinforcement. Therefore, only test data with very
rough interfaces could be evaluated. Divergent from the European design expressions,
the American codes define the adhesive resistance as a constant strength depending on
the interface roughness. [ACI318] defined a low adhesive strength of tagn = 0.56 N/mm?
for intentionally roughened surfaces, which gives a lower coefficient of variation of
COV =0.14 with a high mean value X = 5.42. The adhesive strengths in [AA-L] result
in a very high coefficient of variation for not intentionally roughened surfaces with
COV =0.51 and Xm = 2.96 and a lower coefficient of variation and mean value
COV =0.14 and X = 1.83 for intentionally roughened surfaces.

Due to the high coefficients of variation generally determined by interface shear tests,
the coefficients of adhesion as well as the adhesive strengths were calibrated to achieve
high mean values and thus, high characteristic 5 % quantile ratios. For all evaluated
codes, the 5 % quantile ratios exceed the minimum value of Xs¢ > 1.0 and thus, can be
considered on the safe side.

For interfaces without interface reinforcement and without externally applied normal
stress, the main influencing parameters are the concrete tensile strength and the interface
roughness. Experimental and numerical investigations from literature show, that the in-
ner zone of the interface i1s mainly ineffective until the crack develops, and with pro-
gressing crack distribution, the edge regions develop in the direction of shear. Especially
for long interfaces, the elastic stress distribution concentrates in the edge regions and
thus, the mean shear stress decreases with increasing length of the interface. For large
interfaces however, higher possibilities of blemishes in the bond structure can be esti-
mated. Another investigated influence was the test setup. Even though the test data was
filtered to specimens with a theoretically pure shear stress state at the interface, complex
stress states may occur at the interface due to deviation of load application, load disper-
sals or unintended eccentricities. In the following, the influences of tensile strength, in-
terface roughness, interface dimensions and test setup are evaluated.

Influence of roughness

The determination of interface roughness is generally subjective, and no overall defined
parameters exist to ensure a consistent classification of interface roughness. In database
A-1 however, the interface roughness was measured by the sand-patch methods accord-
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6.3 Database evaluation with small size tests

ing to KAUFMANN [Kau71] for 63 specimens and the mean roughness depth R; was de-
termined. Figure 6-6 shows the failure shear stress related to the characteristic concrete
tensile strength over the determined roughness depth R:.
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Figure 6-6: Influence of interface roughness determined by database A-1

For the evaluated test data, an increase of interface resistance can be determined. The
coefficients of adhesion c¢ as defined in [EC2], [EC2NAD] and [MC10] for an adhesive
resistance with trki = c:feic describe the lower limit of test data. Especially test results
for smooth interfaces show a wide range of scatter, covering the range between lower
limit and resistances comparable to rough interfaces. For rough and very rough inter-
faces however, the interface shear resistances exceed the characteristic value of the ten-
sile strength.

Influence of tensile strength

The adhesive resistance directly correlates with the concrete tensile strength. In this con-
text, Figure 6-7 depicts the test data related to the calculated adhesive resistance accord-
ing to [EC2NAD] with an characteristic adhesive resistance of c:fck and according to
[prEC2:18] with c-fek!”2. Figure 6-8 shows the evaluation of [AA-L] with a constant ad-
hesive strength of tri1=0.52 N/mm? for interfaces not intentionally roughened and
TrRk,i = 1.66 N/mm? for interfaces intentionally roughened.

The comparison with [EC2NAD] and [prEC2:18] gives a wide distribution of test results
for all interface roughnesses. The formulation of the concrete tensile strength in
[EC2NAD] shows a general decrease of tested interface resistance with increasing ten-
sile strength whereas for the formulation of the square root of the characteristic concrete
strength in [prEC2:18], the inclination of the trendline flattens and thus, gives a slightly
better estimation of adhesive strength. The constant adhesive strengths according to
[AA-L] give an almost constant estimation for intentionally roughened surfaces whereas
for not intentionally roughened surface, the comparably small adhesive strength under-
estimates the test results with increasing concrete tensile strength.
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Tensile strength - Database A-1

Tensile strength - Database A-1

10.0 10.0
Xn=3.07 | [©smooth £C2-2018 || Xn=3.06 || @smooth
o 80 4 EC(QC’L_'?A§D) COV =0.39| | ¢rough — 804l @iz || cov=o037| erough
= o Xs% =153 | | @very rough = Xs% =153 || every rough
— o
2 604 B og N 6.0 1 o8
o~ =) 8 g
0 %%, u = 8 oo
Z 40 . ® o O Z 40 4 e * of
t N a t ........... oe...... o
Ul i |90 v
& 2.0 - o BFo & 2.0 - % o o
_______ SIS R - I a ° A&
0.0 r r r r r 0.0 r r r r r
00 10 20 30 40 50 60 00 10 20 30 40 50 60
tensile strength .y, [N/mm?] tensile strength ., [N/mm?]
Figure 6-7: Influence of tensile strength on the related interface resistance according to [EC2NAD]
and [prEC2:18]
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Figure 6-8: Influence of tensile strength on the related interface resistance according to [AA-L] for

database A-1 (83 tests)
Influence of test-setup and interface dimensions

To examine the influence of test-setup, Figure 6-9 (top left) depicts the ratio of tested to
calculated interface resistance according to [EC2NAD] over the concrete tensile
strength, comparing the results of push-off and push-through specimens (s. Chapter 4.2)
for smooth interfaces. The wide range of scatter for both test-setups show no clear dif-
ference in interface shear resistance.

Figure 6-9 (top right) depicts the influence of the dimension of the test specimens by the
length of the interface as well as by the width of the interface. Even though an influence
of the interface dimensions was expected, the test results show no clear influence. How-
ever, the evaluation of the interface area (Figure 6-9 (bottom)) shows an increase of
related interface resistance with increasing interface area, which is mainly caused by the
increasing range of scatter of tested interface resistances for larger interfaces. The pre-
dictability regarding test-setup and dimension considering tests with pure adhesive bond
must be scrutinised, since the high scatter of test results and the absence of systematic
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6.3 Database evaluation with small size tests

test series investigating the influence of test-setup and dimension do not allow a reliable
statement.
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Figure 6-9: Influence of test-setup, interface dimensions and area of interface for an evaluation ac-

cording to [EC2NAD]
6.3.3 Database A-2: Friction

According to the design expressions in the evaluated codes, the interface shear resistance
can be increased by normal compressive stress perpendicular to the interface. For all
evaluated codes, the effect of normal stress o, is considered by ic = 1 - on With the
coefficient of friction p depending on the interface roughness. An isolated evaluation of
friction term without considering the adhesive resistance is not possible. However, con-
sidering the adhesive term as defined in the evaluated codes, the effect of normal stress
can be evaluated. Therefore, database A-2 holds 145 small size tests with externally
applied normal stress and without interface reinforcement. Figure 6-10 depicts the dis-
tribution of the test data regarding the interface classification and maximum applied
normal stress. For the consideration of the adhesive term, Figure 6-11 shows the distri-
bution of precast and insitu concrete strength as well as the decisive minimum concrete
strength for design.
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Interface classification

Distribution of 145 small size tests with normal stress regarding interface classification
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The evaluation of the design codes for the ratio of tested to calculated characteristic
interface shear resistance Tiest/Trki With corresponding number of tests, mean value X,
coefficient of variation COV and characteristic 5 % quantile ratio Xs¢ is summarised in
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Table 6-6.
Table 6-6: Statistic evaluation of small size tests for friction in database A-2 with tex/Tri
Code TRk = Tadh + Thric No. of tests Xm cov Xs%
EC2:2004 c " fetk LL* On 145 2.46 0.28 1.51
EC2+NA(D) c " fetk L+ On 145 2.34 0.28 1.42
prEC2:2018 ¢ " fox2 L+ On 145 2.32 0.29 1.40
MC2010 ¢ " feik L - On 145 2.35 0.27 1.46
ACI 318 Tadh = CONSt. [ On 34 2.11 0.29 1.25
AASHTO Tadh = const. L+ On 145 2.24 0.43 1.03

Xm: mean value tr«i/tcalc, COV: coefficient of variation, Xs%: characteristic 5 % quantile ratio
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6.3 Database evaluation with small size tests

The regulations of [ACI318] do not give an explicit formulation for calculating frictional
resistance due to normal stress but allow an additional consideration for positive influ-
ences due to normal forces. Thus, an expression for frictional resistance in accordance
to the other evaluated codes was assumed with applying the friction coefficients defined
in [ACI318] for the frictional resistance due to interface reinforcement. Since [ACI318]
does not allow a verification of not intentionally roughened interfaces without interface
reinforcement, the evaluation is limited to 35 specimens with very rough interfaces.

Table 6-7: Evaluation of database A-2 with t./trii isolated for interface classification
00 augfcaion  ofachoson  offictony 1o X1 GOV e
< very smooth 0.025 0.5 20 228 027 1.38
§ g smooth 0.2 0.6 75 236  0.31 1.37
e rough 04 0.7 50 269 020 1.88
- very rough ) - - - - -
5 very smooth 0 0.5 20 2.34 0.27 1.40
<3 smooth 0.2 0.6 75 236 031 1.37
8+ E rough 0.4 0.7 16 288 019 202
u very rough 0.5 0.9 34 2.04 0.20 1.41
© very smooth 0.0095 0.5 20 2.27 0.27 1.38
é f smooth 0.075 0.6 75 235 0.31 1.36
§ &):i rough 0.15 0.7 16 2.94 0.19 2.05
o very rough 0.19 0.9 34 2.02 0.20 1.40
very smooth 0.025 0.5 20 2.28 0.27 1.38
§ g smooth 0.20 0.6 75 2.36 0.31 1.37
g =3 rough 0.40 0.7 16 2.88 0.19 2.02
very rough 0.50 0.8 /1.0 34 2.15 0.16 1.63
g g not roughened ) - - - - -
2 % roughened 0.56 N/mm?2 1.0 34 2.11 0.29 1.25
g ~  hotroughened 0.52 N/mm?2 0.6 111 2.44 0.45 1.09
g iz: roughened 1.66 N/mm? 1 34 1.61 0.20 1.13

Xm: mean value trki/Tcalc, COV: coefficient of variation, Xs«: characteristic 5 % quantile ratio, (") very rough surfaces
are classified as rough surfaces; @: for fx 2 20 N/mm2; ©@: fx = 35 N/mm2; ¥): No regulations for interfaces not
intentionally roughened without interface reinforcement; ©): no particular regulations to consider normal stress de-
fined — coefficient adapted from reinforcement term

Compared to the evaluation of specimens with pure adhesion, mean value and coeffi-
cient of variation decrease for the database with applied normal stress. However, the
still high coefficients of variation between COV =0.27 and 0.29 and mean values be-
tween Xm = 2.32 and 2.46 give characteristic 5 % quantile ratios of Xs4 = 1.40 — 1.51.
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6 Development and evaluation of experimental databases

The American codes define higher coefficients of friction for both, intentionally rough-
ened and not intentionally roughened surfaces which leads, combined with the constant
terms of adhesion, to lower mean values and higher coefficients of variations. However,
a characteristic 5 % quantile ratio of Xs4 > 1.0 can still be achieved. In accordance with
database A-1, the isolated evaluations for each interface classification in Table 6-7
shows an increase of mean value and coefficient of variation with increasing interface

roughness for all codes.

The influence of tensile strength on the adhesive term and normal stress on the frictional
term according to the database evaluation with [prEC2:18] and [AA-L] is depicted in
Figure 6-12.
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Figure 6-12:  Influence of tensile strength and normal stress for an evaluation according to [EC2NAD]

and [AA-L] for database A-2 (145 tests)

Due to the applied normal stress, no considerable influence of the tensile strength could
be determined for the evaluated data with the [prEC2:18] expression. Confirming the
statistic evaluation, the scatter decreases compared to tests without normal stress. The
influence of normal stress shows a small decrease of interface resistance with increasing
magnitude of normal stress. The evaluation according to [AA-L] in Figure 6-12 with
constant adhesive terms shows higher scatter of test data. Especially for not intentionally
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roughened surfaces and higher tensile strengths, the assumption of a constant adhesive
strength seems inappropriate. The high scatter, especially for small normal stress, may
as well be attributed to the constant adhesive strength. Regarding the influence of spec-
imens’ dimensions and test setup, no considerable influences could be determined by
the evaluated test data.

To limit the magnitude of normal stress, the European codes introduce a limitation of
applied external normal stress of 0.6-f.q to exclude progress of fracture due to normal
stress. In this context, Figure 6-13 shows the related resistance for the [EC2NAD] eval-
uation over the ratio of normal stress to characteristic concrete compressive strength
on/fek. For the excluded range 0.6 < ou/fck, a decrease of related interface shear resistance
can be determined. For normal stress larger 60 % of the characteristic concrete strength,
the calculated interface resistances exceed the experimental strength. Thus, the limita-
tion of normal stress to 0.6-fcqa seems reasonable.
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Figure 6-13:  Limitation of normal stress according to [prEC2:18]
6.3.4 Database B: Interface reinforcement

For the database evaluation of small size tests with interface reinforcement, 266 tests
without externally applied normal stress could be evaluated. Since the evaluated codes
generally describe the effect of interface reinforcement by clamping effect, which - ac-
cording to shear friction theory - results in additional frictional forces, Tint = Tadh + Treinf
applies. The expression according to [prEC2:18] for concrete toppings where no suffi-
cient anchorage of the reinforcement bars can be provided, as well as the [MC10] pro-
visions, introduce an additional load bearing resistance due to dowel action. However,
for the evaluation of test data, the resistance term of adhesion as well as for reinforce-
ment is considered. Figure 6-14 and Figure 6-15 show the distribution of the test data
regarding interface classification, reinforcement ratio, concrete strength of precast and
insitu concrete as well as the decisive concrete strength for design.
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Figure 6-14:  Distribution of 266 small size tests with interface reinforcement regarding interface clas-
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Figure 6-15:  Distribution of 266 small size tests with interface reinforcement regarding concrete
strength

The expression of adhesive strengths and terms of interface reinforcement of the evalu-
ated codes are summarised in Table 6-8. For specimens with bondbreaker, the term of
adhesion was generally neglected for evaluation. An exception was made for a number
of twelve tests with rough interfaces and bondbreaker conducted by [Ran97], which
shows a high underestimation of calculated resistance compared to the achieved exper-
imental resistance by only considering the term of reinforcement. For these specimens,
it was assumed that adhesive bond did develop despite bondbreaker.

Differing from the evaluation without interface reinforcement, [ACI318] allows an eval-
uation for not intentionally roughened interfaces with interface reinforcement. Thus, all
266 tests could be evaluated by all codes. Table 6-8 gives the statistic results of the
evaluation for the experimental resistance compared to the calculated characteristic in-
terface shear resistance.
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Table 6-8: Statistic evaluation of small size tests with interface reinforcement in database B with
Tiest/ TRKi
Code 1Rk, = Tadh + Trein Tgs.tgf Xm COV  Xs%
EC2:2004 c " fo p-fyk- (L-sina + cosa) 266 1.63 0.30 0.96
EC2+NA(D) ¢ * foik p - fyk- (1.2- 1 sina + cosa) 266 1.38 0.32 0.78
prEC2:2018 ¢ fo'? p-fyd- (Mv-sina + cOsa) 266 1.56 0.31 0.91
(toppings) c " f!2 kepe1, fyc+ Ky fo fo 266 2.00 0.35 1.08
MC2010 ¢ fo'B kip, factko pr/ fiie fox 266 2.14 0.37 1.12
ACI 318 - p-fyk- (LU-sina + cosa) 266 2.67 0.60 0.92
AASHTO Tadh = CONSt. p- fyk- (L-Sina + cosa) 266 1.67 0.68 0.50

Xm: mean value tr«i/Tcalc, COV: coefficient of variation, Xs%: characteristic 5 % quantile ratio

For comparison, the design expressions of the evaluated codes can be divided into three
groups. The equations in [EC2], [EC2NAD] and [prEC2:18] include the term of adhe-
sion considering the concrete tensile strength, and the term of reinforcement by consid-
ering the clamping effect as well as a horizontal component for inclined reinforcement.
The evaluations lead to high coefficients of variations between COV = 0.3 and 0.32 and
mean values between Xm = 1.38 and 1.63. [EC2NAD] increases the resistance of rein-
forcement by the factor 1.2, which results in a smaller mean value but a higher coeffi-
cient of variation. All three codes do not fulfil the claimed characteristic 5 % quantile
ratio of Xs¢ = 1.0, with [EC2NAD] giving the smallest ratio of 0.78. Contrary to the
evaluation of specimens without interface reinforcement, the isolated evaluation for
each roughness class in Table 6-9 shows an increase of coefficient of variation with
increasing interface roughness.

The second group includes the expressions of [prEC2:18] for concrete toppings and the
[MC10] expression, which formulate the term of reinforcement by a combination of
clamping effect and dowel action. The database evaluation yields to higher mean values
(Xm = 2.0 and 2.14) and higher coefficients of variation (COV = 0.35 and 0.37) com-
pared to the expressions only considering the clamping effect. However, due to the high
mean values, the characteristic 5 % quantile ratio exceed the limit of Xs4 = 1.0.

The expressions of [ACI318] for vertical interfaces with interface reinforcement does
not include a term of adhesion, whereas [AA-L] defines constant adhesive strength de-
pending on the interface roughness. Both equations consider the resistance of reinforce-
ment by terms of clamping effect. However, not considering the adhesive resistance
leads to a high mean value of Xm = 2.67 with a high coefficient of variation of
COV = 0.60. The high coefficients of variation are mainly influenced by the high scatter
of not intentionally roughened interfaces. Even though the mean value decreases to 1.67
for the expression of [AA-L], the coefficient of variation increased to COV = 0.68.
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Table 6-9: Evaluation of database B with t../trii iSolated for interface classification
cassioaton ot achesion _of iton s s 0 OOV X
< very smooth 0.025 0.5 13 1.01 0.19 0.70
§ g smooth 0.2 0.6 83 144 028 087
R rough 0.4 0.7 170 1.77 026  1.13
- very rough (1)
5 very smooth 0 0.5 13 0.84 0.19 0.59
§ % smooth 0.2 0.6 83 1.22 0.28 0.74
é E rough 0.4 0.7 134 159 026  1.01
u very rough 0.5 0.9 36 1.15 0.30 0.67
o very smooth 0.0095 0.5 13 1.01 0.19 0.70
é f smooth 0.075 0.6 83 143 028 0.87
§ &)g rough 0.15 0.7 134 1.77 0.24 1.16
s very rough 0.19 0.9 36 1.27 0.29 0.75
w __Vvery smooth - 0.5 (ki'k=0/1.5) 13 1.01 0.19  0.70
é é smooth - 0.6 (ki’ki=0.5/1.5) 83 159 029 095
§ g rough 0.035 0.7 (ki/k=0.5/0.9) 134 2.41 027 1.50
&~ very rough 0.07 0.9 (k/k=0.5/0.9) 36 163 026 1.02
very smooth 0.025 0.5 (ki/k2=0/1.5) 13 1.51 012  1.19
g = smooth 0.20 0.6 (ki/k2=0.5/1.1) 83 164 029 098
8 g rough 0.40 0.7 (ki/k==0.5/0.9) 134 260 029 156
= very rough 0.50 ( 12 /?((22;(/)15/00(3;) 36 179 028 1.07
g g not roughened - 0.6 230 2.81 0.61 0.95
2 % roughened - 1.0 32 1.80 0.38 0.89
g 27 not roughened 0.52 N/mm?2 0.6 230 1.79 0.70 0.52
% = roughened 1.66 N/mm? 1.0 36 093 028 055

Xm: mean value Trki/Tcalc, COV: coefficient of variation, Xs«: characteristic 5 % quantile ratio, ): very rough surfaces
correspond to rough surfaces @): for f« = 20 N/mm2; @): fy = 35 N/mm?2; ks and ki: coefficient considering the clamping
effect; kt and ka: coefficient considering the effect of dowel action

To assess the influence of reinforcement ratio, Figure 6-16 shows the ratio of experi-
mental and calculated interface resistance for the regulations in [prEC2:18], [EC2NAD],
[MC10] and [ACI318]. The formulations of [prEC2:18], [EC2] and [EC2NAD] give a
good estimation of the reinforcement ratio. For tests with rough interfaces however, the
calculated interface shear resistance generally gives larger underestimations of test re-
sults, whereas for very smooth interfaces, the calculated resistance generally overesti-
mates the experimental results. The increase of reinforcement term by the factor 1.2 for
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6.3 Database evaluation with small size tests

[EC2NAD] does not influence the trendline, but results in an increase of mean value.
Describing the term of reinforcement by an interaction of clamping effect and dowel
action according to [MC10] shows an increase of related interface resistance with in-
creasing interface reinforcement ratio. Especially for rough interfaces with small rein-
forcement ratios, the calculated interface resistances exceed the experimental data. The
expression of [ACI318] without adhesive term shows large scatter for all test data. Es-
pecially for not intentionally roughened interfaces with small interface reinforcement
ratios, neglecting the adhesive resistance gives very small calculated resistances, where
the experimental resistance exceeds the calculated resistance by up to 13 times. With
increasing reinforcement ratio, the influence of the neglected adhesive resistance de-
creases, but - compared to the other evaluations - still underestimates the experimental
data.

As determined for database A-1 and A-2, a considerable effect of test setup and interface
dimension could not be assessed.
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Figure 6-16:  Influence reinforcement ratio for an evaluation according to [EC2], [EC2NAD], [MC10]
and [ACI318] for database B (266 tests)
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6 Development and evaluation of experimental databases

6.3.5 Database AB: Friction and interface reinforcement

According to the model concept for interface shear, the interface shear resistance can be
determined by the three load bearing mechanisms of adhesion, friction due to normal
stress and interface reinforcement. In the design expressions, the surface classification
for the frictional effect of both, normal stress and reinforcement is considered by the
coefficient of friction . The isolated evaluation for friction due to normal stress in da-
tabase A-2 shows a decrease of coefficient of variation with increasing interface rough-
ness, whereas the evaluation for interface reinforcement with database B yields to in-
creased coefficient of variations with increasing interface roughness. The determined
coefficients of variation were slightly higher with smaller mean values. To evaluate the
interaction of both load bearing capacities, 39 specimens could be evaluated where ex-
ternal normal stress and interface reinforcement was applied. From the 39 tests, one
specimen had a smooth surface and 38 specimens had a rough surface. The results of
the evaluation with comparing experimental to calculated interface strength are summa-
rised in Table 6-10. The statistic values of mean values, coefficient of variation and
characteristic 5 % quantile ratios are generally comparable to the evaluation of speci-
mens where only interface reinforcement was applied, but with higher mean values and
thus, higher 5 % characteristic ratios. This is in accordance to the isolated evaluation of
specimens with normal stress (database A-2) and specimens with interface reinforce-
ment (database B).

Table 6-10: Statistic evaluation of small size tests with normal stress and interface reinforcement in
database AB with Tes/trii

Code 1rki = Tadh  + Thric + Treint z Xm  COV  Xs%
EC2:2004 c* fet L * On p- fk- (U -sino + cosa) 39 1.71  0.31 0.98
EC2+NA(D) C " fotk p-on p-hk-(1.2-p sina+coso) 39 158 0.32 0.89
preC2:2018 ¢ fo'2 IL* On p- fyd- (Lv-sina + cosa) 39 1.72 0.32 0.96
(toppings) c - fok2 L On ke pi, Rtk pryf fic To 39 242 041 1.5
MC2010 c fe' L On ep Ky ft Ko py i fox 39 266 048 1.10
ACI 318 - L - On p- fyk- (L-sina + cosa) 39 312 1.05 0.50
AASHTO Tadh = const.  p - on p- k- (LL-sino + cosa) 39 236 041 1.10

Xm: mean value tr«i/tcalc, COV: coefficient of variation, Xs%: characteristic 5 % quantile ratio

6.3.6 Database C: Fatigue without interface reinforcement

To investigate the fatigue behaviour of concrete interfaces without interface reinforce-
ment, 20 tests could be evaluated in the database. The tests were conducted within one
test series published in [Zil04] and are presented in Chapter 4.2.5. The fatigue tests were
conducted using push-through tests with nine smooth and eleven rough interfaces. The
original test report holds 24 test specimens, but three specimens failed prior testing and
one test failed due to mismanagement of the load cylinder with sudden load increase
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6.3 Database evaluation with small size tests

during cyclic load. The minimum characteristic concrete compressive strength was
about fck = 79 N/mm? for six specimens and fck = 38 N/mm? for 14 specimens.

For the database evaluation, only the adhesive terms of the design equations could be
considered. Since the regulations in [ACI318] and [AA-L] do not include considerations
of cyclic loading for interface shear design, both codes could not be evaluated. The reg-
ulations in [EC2], [prEC2:18] and [MC10] reduce the coefficient of adhesion to 50 %
with cra = 0.5- ¢ for fatigue, whereas [EC2NAD] defines cre = 0 and thus, neglects a
fatigue resistance of adhesion.

To evaluate the 20 fatigue tests, the tested maximum shear stress was compared to the
static characteristic interface shear strength. According to [EC2] and [MC10], the inter-
face resistance is calculated by Trkicac = ¢ - fok and both expressions include similar
coefficients of adhesion for smooth and rough interfaces. For [prEC2:18], the interface
resistance is calculated by Triicaic = ¢ - fex!”? using adjusted coefficients of adhesion. For
the evaluated test data, the calculated static interface resistance according to [prEC2:18]
only differ by 1% compared to resistances according to [EC2] and [MC10]. Thus, only
results determined by [EC2] and [MC10] are presented in the following.

The fatigue behaviour of concrete has a strong dependence on the applied mean load
level. Therefore, Figure 6-17 (left) shows the upper and lower applied shear stress re-
lated to the calculated static adhesive strength according to [EC2] and [MC10]. The
fatigue tests were terminated after N = 1.0 or 2.0 mil. load cycles. Only three specimens
with rough interfaces failed prior reaching the reference number of load cycles. The
applied maximum load generally exceeded the calculated characteristic adhesive re-
sistance between 140 and 370 %. Only three specimens with applied maximum loads
did not reach the calculated static resistance.

Applied load level - Database C

Residual strength - Database C

4.0 4.0 r
o o smooth (N = 2.0 mil.) o
a o rough (N = 2.0 mil.) o
o —_— o smooth (N = 1.0 mil.)
— 3.0 1 L. 3.0 1|# rough (N = 1.0 mil.)
< 2.0 { N=102,000 08¢ L2011 /S ®us
:053 N=92 % > N—1,020 (’é | 9 ‘b o
% o a smooth (N = 2.0 mil.) E 1/ 873 o
E1o 0 & rough (N = 2.0 mil.) RN A Cyaf
: o 90 o smooth (N = 1.0 mil.) e ae¢
0.5 4= © rough gN =1.0mil.) 05 4 4 G
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Tmin,test’l(c'fctk) ['] Ttest,residual /(C'fctk) [']
Figure 6-17:  Applied load level related to calculated characteristic adhesive strength (left) and resid-

ual resistance related to calculated characteristic adhesive strength (right)

For specimens which reached the reference number of load cycles, the static residual
strength was determined. As shown in Figure 6-17 (right), the residual resistances after
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6 Development and evaluation of experimental databases

the fatigue test could be determined to be between 166 and 800 % of the calculated static
resistance. However, most specimens achieved suitable number of load cycles with max-
imum stress exceeding the defined limit of 50 % of the calculated static resistance. Test
measurements in [Zil04] also showed no fracture progress for fatigue loads of 50 % of
the static resistance. Thus, a consideration of a reduction of 50 % for fatigue is conserva-
tive considering the test programme, but due to the high scatter of fatigue strength and
adhesive resistance combined with the limited number of tests data, the estimation seems
suitable.

6.4 Database evaluation with beam and slab specimens
6.4.1 Introduction

To investigate the interface shear resistance for beam and slab specimens, where hori-
zontal interface shear occurs due to composite action, separate databases were collected.
For the databases with beam and slab specimens, 300 tests could be found from 28 re-
search publications and test reports. After applying the database filter (s. Chapter 6.2.2),
the complete database was reduced as shown in Figure 6-18. Tests with different failure
modes were filtered out, if previous bending or anchorage failure of longitudinal or in-
terface reinforcement occurred or if no interface failure could be determined and shear
failure or failure of compression zone was decisive at a load level exceeding a multiple
of the interface shear resistance.

\ beams and slabs |
I

complete database

300
| I : I |
keyed f,<12 incomplete different
surfaces > 100 N/mm? test documentations failure mode
13 16 34 36
[ [ [ ]
|
selected database
201
[ | : | |
without with reinforcement cyclic loading cyclic loading - reinforcement
reinforcement | | stirrups lattice girders| |whitout reinforcemnt| | stirrups lattice girders
30 66 8 6 44 | 47
database database database database
E F G H
Figure 6-18:  Overview of databases with beam and slab specimens

The selected database consists of a total of 201 tests which was allocated to four sub-
databases. Database E and F include specimens under monotonic loading conditions,
whereas database G and H account for cyclic loading. Database E holds beam and slab
specimens without interface reinforcement, where the calculated interface resistance is
mainly affected by the adhesive resistance. Since all tests were conducted with a single
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6.4 Database evaluation with beam and slab specimens

point load, the capacity of normal stress could only be activated by the self-weight of
the insitu concrete layer. Compared to the calculated adhesive and reinforcement re-
sistance, the resistance of normal stress due to self-weight is insignificant. For database
F, beam and slab tests with interface reinforcement were separated in specimens with
stirrups as interface reinforcement and specimens with lattice girders under cyclic load-
ing. Database G includes beams and slabs under cyclic loading conditions in order to
assess the fatigue behaviour of adhesion in structural members. Following the allocation
of database F, database H distinguishes between tests with stirrups and lattice girders.
An overview of complete and selected database as well as the compilation of all evalu-
ation diagrams according to the considered codes can be found in Annex B.2.

In the following chapter, the evaluation of the sub-databases are presented separately
for the considered design codes.

6.4.2 Database E: Without interface reinforcement

To investigate the applicability of the adhesive terms in the design equations, 30 com-
posite beam and slab specimens could be evaluated. The distribution of the tests in da-
tabase E regarding interface classification, dimensions of interface, concrete strength of
precast and insitu concrete as well as minimum concrete strength of precast and insitu
concrete for design are summarised in Figure 6-19 and Figure 6-20. Since all evaluated
tests were conducted in three- or four-point bending tests, the length of the interface was
defined as shear length a being the distance between load application and support.

Interface classification Dimensions of interface [mm]

20 12

18 o 16 m width of interface
164 __10 shear length of interface
%10 2
N ' 10 7]
2 10 - 2
S 81 S)
o 61 4 e}
Z 4 Z

. l

0 ' ' '

very smooth rough  very rough
smooth

Figure 6-19:  Distribution of interface classification and interface dimensions for 30 beam and slabs
specimens without interface reinforcement
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Figure 6-20:  Distribution concrete strength of precast and insitu concrete as well as of the decisive
smaller concrete strength for 30 beam and slabs specimens without interface rein-
forcement

To determine the applied interface shear stress zwst, the applied test loads were calculated
to acting shear force Viescdivided by the area of interface bin and the lever arm of internal
forces with z = 0.9-d and d being the effective depth of the specimen (Eq. (6-15)). For
all specimens, the calculated compression zone was located in the insitu concrete layer
and no reduction of transferable compressive force was necessary.

Ttest = VTest / (Dint - 2) (6-15)

For shear design, effective depth and shear slenderness have a decisive effect on the
shear resistance. The calculated interface shear resistance however, does not include an
effect of these parameters. To investigate the influence of both parameters, the corre-
sponding distributions are shown in Figure 6-21.

Effective depth d [mm] Shear slenderness a/d [-]

No. of tests [-]
No. of tests [-]

»
Figure 6-21:  Distribution of effective depth and shear slenderness for 30 beam and slab specimens
without interface reinforcement in database E

To assess the applicability of the evaluated design equations, the databases were evalu-
ated by referring the experimental interface shear strength tes to the calculated charac-
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6.4 Database evaluation with beam and slab specimens

teristic interface shear resistance trki With zes/7rki. The evaluations of the test data ac-
cording to the considered design equations with corresponding characteristic design ex-
pression, number of evaluated tests, mean value Xm, coefficient of variation COV and
characteristic 5 % quantile ratio Xs% are summarised in Table 6-11. The European design
equations as well as [AA-L] do not distinguish between vertical and horizontal inter-
faces. Thus, the evaluation criteria described in Chapter 6.3.2 apply. The evaluation ac-
cording to [ACI318] formulates different expressions for horizontal and vertical inter-
faces. For horizontal interfaces, a design of interfaces not intentionally roughened is
excluded. Thus, only four specimens could be evaluated.

Table 6-11: Statistic evaluation of beam and slab specimens in database E with Teq/trii

Code TRk,i = Tadh No. of tests Xm Cov X5%
EC2:2004 ¢ fotk 30 4.86 0.56 1.71
EC2+NA(D) ¢ fotk 30 4.68 0.54 1.70
prEC2:2018 c* fo'? 30 4.35 0.51 1.70
MC2010 ¢ fotk 30 4.68 0.54 1.70
ACI 318 Tadh = CONSst. 4 5.37 0.40 1.83
AASHTO Tadh = CONSt. 30 4.54 0.64 1.40

Xm: mean value tr«i/Tcalc, COV: coefficient of variation, Xs%: characteristic 5 % quantile ratio

Compared to the evaluation of the adhesive term with small size tests in Chapter 6.3.2,
generally larger mean values between Xm = 4.35 and 4.86 with larger coefficients of
variation between COV = 0.51 and 0.56 were achieved for the European codes. The
smallest mean value and coefficient of variation shows the expression of [prEC2:18].
The highest coefficient of variation of COV = 0.64 yields the constant adhesive strength
according to [AA-L] combined with a high mean value of Xy, = 4.54. For small size tests
without interface reinforcement and normal stress, a decreasing coefficient of variation
could be determined with increasing interface roughness. The evaluation of beam and
slab specimens does not show this effect (Table 6-12). The highest scatter was achieved
by specimens with rough interfaces, which might be constituted by the highest number
of evaluable tests. However, considering the small number of evaluated specimens, the
coefficients of variations and high mean values still achieve characteristic 5 % quantile
ratios of Xs¢ > 1.0.

For concrete interfaces in composite members, the evaluations of design expressions
lead to very high scatter. This was expected, since already the evaluation of small size
tests with concentrated load application in Chapter 6.3.2 showed large scatter. Besides
the influence of tensile strength and interface roughness, the interface shear resistance
of composite members without interface reinforcement may be affected by additional
parameters. Thus, load distributions may affect the actual stress state at the interface and
additional scattering factors may occur, which generally influence the load bearing be-
haviour of beams and slabs. To investigate parameters which generally affect the load
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6 Development and evaluation of experimental databases

bearing behaviour of beams and slabs, the influence of shear slenderness, prestressing
of the precast concrete, location of the interface in the cross section, area of interface
regarding shear span and width of the interface are presented in the following.

Table 6-12: Evaluation of database E with t../trii isolated for interface classification
Co%  aastcaton oadnoson  ews Ko GOV X
< very smooth 0.025
§ g smooth 0.20 10 5.60 0.40 2.50
e rough 0.40 20 4.47 0.61 1.40
- very rough (1)
5 very smooth 0
§ g smooth 0.20 10 5.60 0.40 2.50
81-; E\‘i rough 0.40 16 3.96 0.60 1.25
w very rough 0.50 4 5.19 0.38 1.85
Joe very smooth 0.0095
é g smooth 0.075 10 5.09 0.33 2.62
CE) &J; rough 0.15 16 3.86 0.58 1.25
& very rough 0.19 4 4.39 0.38 1.55
very smooth 0.025
§ g smooth 0.20 10 5.60 0.40 2.50
L§> = rough 0.40 16 3.96 0.60 1.25
very rough 0.50 4 5.20 0.38 1.85
g g not roughened @)
&E’ (i roughened 0.56 N/mm?2 4 5.37 0.40 1.83
g - not roughened 0.52 N/mm?2 26 4.93 0.54 1.81
gft) 2 roughened 1.66 N/mm? 4 1.81 0.40 0.62

Xm: mean value Trki'Tcalc, COV: coefficient of variation, Xs«: characteristic 5 % quantile ratio, ): very rough surfaces
are classified as rough surfaces; @: No regulations for interfaces not intentionally roughened without interface rein-
forcement

Influence of tensile strength

The influence of concrete tensile strength on the related characteristic interface re-
sistance according to [EC2NAD], [prEC2:18] and [AA-L] is shown in Figure 6-22. In
accordance with the small size tests, a decrease of relative experimental resistance with
increasing tensile strength can be determined for both EC2 expressions, whereas the
[prEC2:18] evaluation gives a slightly flatter trendline. Compared to rough interfaces,
interfaces with smooth and very rough interfaces show larger scatter and higher under-
estimations of calculated characteristic resistances. The decrease of relative interface
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6.4 Database evaluation with beam and slab specimens

resistance with increasing tensile strength may be caused by a loss of ductility for high
concrete strengths.
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Figure 6-22:  Influence of tensile strength on the related resistance according to [EC2NAD],

[prEC2:18] and [AA-L] for database E (30 tests)

The assumption of constant adhesive strength according to [AA-L] shows a large range
of scatter for not intentionally roughened surfaces.

Influence of shear slenderness

According to the general understanding of shear in simply supported beams and slabs,
the shear resistance increases with decreasing shear slenderness. Additionally, by direct
transfer of strut action to the support, higher shear resistances can develop. Despite the
high range of scatter for the evaluation of shear slenderness with the [prEC2:18] ap-
proach (Figure 6-23, left), a small decrease of interface resistance with increasing shear
slenderness can be identified. Thus, an interaction of shear and interface shear in the
structure can be assumed. Additionally, the direct strut for small shear slendernesses
may cause additional normal stress at the interface, which increases the local interface
shear resistance.

131
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Influence of prestressing

Prestressing of the precast elements induces compressive stress in the cross section. As-
suming interface shear due to composite action, the constant compressive stress results
in no additional change of compressive stress along the structure’s axis. Depending on
the time of casting the insitu concrete layer, creep and shrinkage may affect the bond
behaviour between the two concrete layers. If the new concrete layer is cast after shrink-
age and creep of the prestressed plank already had finished, the shrinkage of the new
concrete layer induces compressive stress to the surface of the prestressed element
which may have an additional positive effect on the load bearing resistance. Neverthe-
less, additional tensile stresses occur in the new concrete layer which may have an ad-
ditional weakening effect on the bond behaviour. However, the comparison of pre-
stressed and non-prestressed specimens with rough interfaces in Figure 6-23, (right)
show no influence on the bond resistance, since the test results show large scattering of
interface resistances.
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Figure 6-23:  Influence of shear slenderness and prestressing according to [prEC2:18] for data-
base E

Influence of interface location and dimension

To assess the location of the interface in the structure, the related interface resistance
according to [prEC2:18] is depicted over the ratio of height of insitu concrete layer Ainsitu
and the total height of the cross section Al (Figure 6-24, left). For small insitu concrete
layers at the top of the cross section with small Ainsitu/htoar ratios, higher interface shear
resistance could be reached in the test programmes. For simply supported beam and slab
specimens, the crack development starts from flexural cracks at the bottom of the cross
section, progressing towards the interface. For interfaces at the top of the cross section,
the shear cracks reach the interface at higher stress states and thus, higher interface re-
sistances can be determined. As shown in Figure 6-24 (right), the interface resistance
decreases with increasing interface width. For e.g. T-beams, small interfaces are gener-
ally positioned between beam and slab at the top of the cross section, whereas large
interfaces in slabs generally occur at the bottom of the cross section. Additionally, the
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6.4 Database evaluation with beam and slab specimens

potential of blemishes and low stress redistributions due to missing transverse reinforce-
ment increases with increasing interface dimensions, which may lead to higher failure
potential and thus, smaller interface resistances. For the shear span of the interface de-
fined as the distance between load application and support with constant shear force
distribution in the three- and four-point bending test, no considerable influence could be
determined in the evaluation of Database E.
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Figure 6-24:  Comparison of experimental to calculated interface shear resistance according to
[prEC2:18] regarding interface location and dimension

Due to the limited number of tests and the very large scatter of test results, the described
influences can only be observed qualitatively. To allow a reliable estimation of further
influencing factors on the interface shear strength due to composite action, systematic
test series with minimum potential of scatter are necessary. For all tests in the database,
the roughness has only been determined for four specimens. Thus, an evaluation regard-
ing the effect of a roughness parameter would not be convincing.

6.4.3 Database F: With interface reinforcement

For the evaluation of beam and slab specimens with interface reinforcement, 66 tests
with stirrups as interface reinforcement and eight tests with lattice girders could be eval-
uated.

Evaluation of Database F-1 with stirrups as interface reinforcement

The distributions of the 66 tests with stirrups regarding interface classification, interface
reinforcement ratio, characteristic concrete compressive strength of precast and insitu

concrete as well as the decisive minimum concrete strength for design are shown in
Figure 6-25.

For the database evaluation, the terms of adhesion, friction due to normal stress and
friction due to interface reinforcement can be considered. The expression of [prEC2:18]
for concrete toppings where no sufficient anchorage of the reinforcement bars can be
provided, as well as the [MC10] provisions introduce an addition load bearing resistance
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6 Development and evaluation of experimental databases

of dowel action. Since constant normal stress in the test specimens were only induced
by self-weight of the insitu concrete, the effect of the frictional term is insignificant. The
expressions of adhesive strengths and interface reinforcement according to evaluated
codes are summarised in Table 6-13.
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Figure 6-25:  Distribution of 66 beam and slab specimens with interface reinforcement in database
F-1

The provisions of [ACI318] limit the design of not intentionally roughened surfaces with
interface reinforcement to constant interface shear resistances. For interfaces intention-
ally roughened, an adhesive strength of 1.76 N/mm? can be assessed. If the applied shear
stress exceeds the limit of 3.45 N/mm?2, the calculation follows the regulations for verti-
cal interface shear with only considering the term of reinforcement.

Compared to the evaluation of beam and slab specimens without interface reinforce-
ment, smaller coefficients of variation and smaller mean values are achieved. The small-
est coefficient of variation gives the expression of [prEC2:18] with COV = 0.38. The
increase of the reinforcement term with the factor 1.2 according to [EC2NADY] yields to
a smaller mean value compared to [EC2], but with a similar coefficient of variation. The
constant adhesive term according to [AA-L] only gives slightly higher coefficients of
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6.4 Database evaluation with beam and slab specimens

variation and mean values. Considering the effect of interface reinforcement as a com-
bination of clamping effect and dowel action according to [prEC2:18] for concrete top-
ping and [MC10] results in higher coefficients of variation and higher mean values. The
regulations in [ACI318] give the highest coefficient of variation of COV = 0.50 and a
very high mean value of Xm = 5.65. The separate evaluations for each roughness classi-
fication (Table 6-14) show high coefficients of variation for both, intentionally rough-
ened and not intentionally roughened interfaces. The very high coefficient of variation
of COV =1.03 and mean value X = 6.75 for intentionally roughened surfaces are
mainly caused by the high applied shear stress with corresponding limitation to vertical
shear design. Neglecting this limitation, the evaluation for intentionally roughened sur-
faces results in Xm =2.01, COV =0.27 and X594 = 1.04. For a not intentionally roughened
surface, the design would be limited to a constant interface strength, which underesti-
mated the interface shear resistance and thus, lead to very high mean values and coeffi-
cients of variation (Xm = 7.40, COV = 0.46 and X5 = 3.19). However, despite the high
scatter of test data, the high mean values for all design regulations lead to characteristic
5 % quantile ratios of Xs¢ > 1.0.

Table 6-13: Statistic evaluation of beam and slab specimens with stirrups as interface reinforcement
in database F with Teq/trii

Code 1trki = Tadh  + Thric + Treint z Xm COV  Xs%
EC2:2004 ¢ fo IL* On p- fi- (LSina. + COSQ) 66 254 040 1.23
EC2+NA(D) ¢ feik L-on  p-hk (1.2-u-sina + cosa) 66 227 040 1.1
prEC2:2018 c* fo''? L - On p- fya- (Uv-sina + cosa) 66 246 038 1.23
(toppings)™ c " fo'? L On ke P, R K pey Fe fox 66 3.65 043 1.69
MC2010 c - fo'r3 1L on Py it KoP T o 66 391 044 1.76

Tadh = const.® -
ACI 318 Lt On . 66 565 050 2.29
Tagh = const.®) p- fyk- (U -sina + cosa)®

(neglecting the limitation with design for vertical shear for Ttest 2 3.45 N/mmg2) 201 027 1.04
AASHTO Tadh = const. U - On p- k- (LL-sino + cosa) 66 282 042 133

Xm: mean value Tri/tcalc, COV: coefficient of variation, Xs%: characteristic 5 % quantile ratio, M: no tests with con-
crete toppings which do not provide sufficient anchorage — evaluation for complete selected database; @: interfaces
not intentionally roughened; @: interfaces intentionally roughened, “: interfaces intentionally roughened and with
an applied shear stress = 3.45 N/mm?2 the adhesive term is neglected and the design follows the design for vertical
interfaces (s. Chapter 3.3.6 and 6.3.4)

Compared to small size tests with interface reinforcement, mean value and coefficient
of variation are larger for the evaluation with beam and slab specimens. As mentioned
for the evaluation of database E with beams and slabs without interface reinforcement,
the larger scatter of test results might also be affected by additional influencing factors.
Therefore, influence parameters considered in the design equations as well as other
structural influences are assessed in the following. In the evaluated database, only three
specimens were prestressed and showed no influence on the interface shear resistance.
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6 Development and evaluation of experimental databases

Regarding interface roughness, the roughness depth was determined for only six speci-
mens.

Table 6-14: Evaluation of database F-1 with t../tri isOlated for interface classification
gcrce | Cogfentol Costent NS x o
< very smooth 0.025 0.5
§ g smooth 0.2 0.6 15 262 048 1.04
e rough 04 0.7 51 252 038 1.26
- very rough )
5 vey smooth 0 0.5
g g smooth 0.2 0.6 15 229 049 0.89
ér E rough 04 0.7 46 224 036 1.16
u very rough 0.5 0.9 5 268 052 075
o very smooth 0.0095 0.5
é g smooth 0.075 0.6 15 255 047 1.03
§ &é rough 0.15 0.7 46 240 035 1.27
o very rough 0.19 0.9 5 244 038 0.96
o __ verysmooth - 0.5 (ki/k=0/1.5)
é é smooth - 0.6 (ki/ki=0.5/1.5) 15 386 058 1.26
§ § rough 0.035 0.7 (ki/k=0.5/0.9) 46 360 038 1.82
5= very rough 0.07 0.9 (k/k=0.5/0.9) 5 3.69 043 1.30
very smooth - 0.5 (ki/k2=0/1.5)
e = smooth - 0.6 (ki/k2=0.5/1.1) 15 386 058 1.26
§ g rough 0.1 0.7 (ki/k2=0.5/0.9) 46 390 039 1.91
= very rough 0.2 (,2/?((:;615%3;) 5 428 0.53 1.19
g g not roughened 0.56 N/mm?2 - 61 5.14 0.50 2.06
2 % roughened 1.76 N/mma4) 0.6% /1.0 5 6.75 1.03 0.64
E ~ not roughened 0.52 N/mm?2 0.6 61 2.90 0.40 1.41
g 5:: roughened 1.66 N/mm? 1.0 5 1.80 0.38 0.72

Xm: mean value Trki/'Tcalc, COV: coefficient of variation, Xs«: characteristic 5 % quantile ratio, ): very rough surfaces
correspond to rough surfaces @): for f« = 20 N/mm2; @): fy = 35 N/mm?2; ks and ki: coefficient considering the clamping
effect; kt and ke: coefficient considering the effect of dowel action; “ for applied shear stress < 3.45 N/mmz2, for
applied shear stress 2 3.45 N/mm?2 1agh = 0; © for applied shear stress = 3.45 N/mm?

Influence of tensile strength

To assess the effect of tensile strength on the interface resistance, Figure 6-26 shows the
related interface resistance over the tensile strength according to the evaluation with
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6.4 Database evaluation with beam and slab specimens

considering the adhesive resistance by the square root of the characteristic concrete com-
pressive strength according to [prEC2:18] and by constant adhesive strength according
to [AA-L].
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Figure 6-26:  Influence of tensile strength on the related resistance according to [prEC2:18] and

[AA-L] regarding tensile strength for database F-1 (66 tests)

As determined for the small size databases as well as for the database with beam and
slab specimens without interface reinforcement, the interface resistance decreases with
increasing tensile strength for the evaluation according to [prEC2:18]. In contrast, de-
fining the adhesive term as a constant, leads to a slight increase of interface resistance
with increasing tensile strength.

Influence of reinforcement ratio

The term of interface reinforcement ratio is generally described by the clamping effect
based on shear friction theory. Only [prEC2:18] for concrete toppings and [MC10] for-
mulate a combination of clamping effect and dowel action. The influence of interface
reinforcement ratio on the ratio of experimental and calculated interface resistance ac-
cording to [prEC2:18], [EC2NAD], [MC10] and [AA-L] are shown in Figure 6-27.
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6 Development and evaluation of experimental databases

Reinforcement ratio - Database F-1

Reinforcement ratio - Database F-1
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Figure 6-27: Influence of reinforcement ratio on the related resistance according to [prEC2:18],

[EC2NAD], [MC10] and [AA-L] for database F-1 (66 tests)

For all codes, a decrease of referred interface resistance with increasing reinforcement
ratio can be determined. Compared to [prEC2:18], the increase of the reinforcement
term by the factor 1.2 according to [EC2NAD] leads to slightly smaller referred interface
resistances. The evaluation considering dowel action according to [MC10] shows larger
scattering with high underestimations of test data, especially for low interface reinforce-
ment ratios. Compared to the evaluation of [prEC2:18] and [EC2NAD], the assumption
of constant adhesive terms combined with the different roughness classifications ac-
cording to [AA-L] leads to similar distribution of test data, but with generally lower
calculated resistances, especially for small interface reinforcement ratios.

Influence of shear slenderness

The influence of shear slenderness on the ratio of experimental to calculated interface
shear resistance according to [prEC2:18] is shown in Figure 6-28. In accordance with
the assessment of database E with beams and slabs without interface reinforcement, a
decrease of interface shear strength with increasing shear slenderness can be determined.
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6.4 Database evaluation with beam and slab specimens

Shear slenderness - Database F-1
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Figure 6-28:  Influence of shear slenderness on the related resistance according to [prEC2:18] for

database F-1 (66 tests)
Influence of interface location and dimension

The influence of the location of the interface in the cross section is shown in Figure 6-29
(left) by depicting the related interface resistance according to [prEC2:18] over the ratio
of heigth of the insitu concrete layer Ainsitu to the total heigth of the cross section /iota. In
accordance to the evaluation of database E with beams and slabs without interface
reinforcement, the interface resistance decreases with increasing heigth of the insitu
concrete layer. Thus, for interface locations at the bottom of the cross section, smaller
interface resistances were determined. Regarding the influence of interface width
(Figure 6-29 (right)), most specimens were conducted as T-beams and only two beam
and two slab specimens with wide interfaces were part of the database evaluation.
However, for interfaces with large interface dimension, comparably low interface
resistances were determined.
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Figure 6-29:  Influence of location and width of interface on the related resistance according to

[prEC2:18] for database F-1 (66 tests)y
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6 Development and evaluation of experimental databases

Evaluation of Database F-2 with lattice girders

To evaluate lattice girders as interface reinforcement, eight specimens could be evalu-
ated. Two test series were conducted by [Zil08] and [Furl 1] to investigate the effect of
lattice girder diagonals declining towards the support. To calculate the interface re-
sistance, these diagonals cannot be accounted as interface reinforcement. In the test pro-
grammes, either declining or inclining diagonals were removed from the lattice girders.
Thus, only specimens with removed diagonals declining towards the support could be
evaluated. The eight slabs had concrete compressive strength of precast element and
insitu concrete layer between fok = 26 — 32 N/mm? and reinforcement ratios between
pint = 0.17 — 0.38 %. Six slabs had smooth interfaces and two slabs had rough interfaces.
The design of semi-precast slabs follows the general technical approvals of lattice gird-
ers and the interface shear design is in accordance with the regulations of [EC2NAD].
Evaluating the eight specimens according to the [EC2NAD] provisions by comparing
experimental to calculated interface shear resistance, gives a mean value of Xm = 1.62,
a coefficient of variation COV =0.27 and a characteristic 5 % quantile ratio of Xs¢ =
0.92. Evaluating the tests with the European design equations leads to statistical values
summarised in Table 6-15. The evaluations show a quite large scatter for the eight slabs
with characteristic 5 % quantile ratios slightly deceeding Xs¢ = 1.0, which might be
influenced by the high number of specimens with removed lattice girder diagonals for
evaluation. In accordance with the evaluation of stirrups as interface reinforcement, the
design expression of [MC10] gives the most conservative estimation with very high
mean value but a comparable range of scatter.

Table 6-15: Statistic evaluation of beam and slab specimens with lattice girders as interface rein-
forcement in database F-2 with Ties/Trii

Code 1rki = Tadh  + Tric + Treinf z Xm  COV  Xs%
EC2:2004 c " fetk L - On p- fyk- (L-sino + cosay) 8 1.74 0.27 0.99
EC2+NA(D) c " fetk L-on P -fik- (1.2- 1 Sina + cosa) 8 1.62 0.27 0.92
prEC2:2018 c - f? W * On P - fyd- (Lw-Sino + coso) 8 1.66 0.29 0.90
MC2010 c - fo!3 weon Ky Ko/ fic fox 8 390 025 232

Xm: mean value tr«i/tcalc, COV: coefficient of variation, Xs«: characteristic 5 % quantile ratio

6.4.4 Database G: Fatigue without interface reinforcement

To assess the effect of cyclic loading on the load bearing behaviour of composite beams
and slabs without interface reinforcement, six specimens could be evaluated in database
G. The six specimens were reported in [Sch96a] and [Chu76] and included two slabs
with smooth interfaces and four prestressed T-beams with rough interfaces (s. Chapter
4.3.4). The characteristic concrete compressive strength varied between
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6.4 Database evaluation with beam and slab specimens

fek =26 — 44 N/mm? for both, precast element and insitu concrete. The tests were con-
ducted in four-point bending tests with a shear slenderness of a/d = 3.0 for the slabs and
3.6 for the T-beams.

In accordance with the evaluation of small size tests without interface reinforcement
under cyclic loading, only the adhesive terms of the design equations were considered.
Since the regulations in [ACI318] and [AA-L] do not include considerations of cyclic
loading for interface shear design, both codes could not be evaluated. The regulations in
[EC2], [prEC2:18] and [MCI10] reduce the coefficient of adhesion to 50 % with
cfar = 0.5 csa for fatigue, whereas [EC2NAD] defines cra = 0 and thus, neglects a fatigue
resistance by adhesion.

For the 6 fatigue tests, the comparison of static characteristic interface shear strength
calculated according to [EC2] and [MC10] with Trkicalc = ¢ - fex (both expressions in-
clude similar coefficients of adhesion for smooth and rough interfaces) and [prEC2:18]
with TRicalc = ¢ - fex'’?, differ only by 1 %. Thus, only results were determined by [EC2]
and [MC10] are presented in the following.

The fatigue behaviour of concrete has a strong dependence on the applied mean load
level. Therefore, Figure 6-30 (left) shows the maximum applied shear stress and mini-
mum shear stress related to the calculated static adhesive strength according to [EC2]
and [MCI10]. The fatigue tests of the T-beams with rough interfaces were terminated
after N=1.0 mil. load cycles and the fatigue tests with slabs were terminated after
N =2.0 mil. load cycles. Two specimens with rough interfaces and a high applied load
level with maximum loads of about 400 % of the calculated characteristic adhesive
strength failed prior reaching the reference number of load cycles. The applied maxi-
mum load generally exceeded the calculated adhesive resistance by between 170 and
417 % and the minimum loads between 70 and 90 % of the calculated characteristic
resistance.
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Figure 6-30:  Applied load level related to calculated characteristic adhesive strength (left) and resid-
ual resistance related to calculated characteristic adhesive strength (right)
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6 Development and evaluation of experimental databases

For specimens which reached the reference number of load cycles, the static residual
strength was determined. As shown in Figure 6-30 (right), the residual resistances after
the fatigue loading could be determined to be between 370 % for slabs with smooth
interfaces and about 660 % for T-beams with rough interfaces. However, four of the six
tests achieved suitable number of load cycles with maximum stress exceeding the de-
fined limit of 50 % of the calculated static resistance by a multiple.

6.4.5 Database H: Fatigue with interface reinforcement
Database H-1: Fatigue of composite beams and slabs with stirrups

To assess the fatigue regulations for interface shear in beams and slabs with stirrups as
interface reinforcement, 44 specimens could be evaluated in database H-1. The distri-
butions of the evaluated tests regarding interface classification, reinforcement ratio,
characteristic concrete compressive strength of precast and insitu concrete as well as the
minimum concrete strength for design are shown in Figure 6-31.
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Figure 6-31:  Distribution of 44 beam and slab specimens with stirrups as interface reinforcement in
database H-1

The fatigue strength of reinforced concrete members depends on the applied load level.
In this context, Figure 6-32 (left) shows the applied maximum fatigue stress as well as
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6.4 Database evaluation with beam and slab specimens

the applied minimum fatigue stress related to the calculated static resistance according
to the design expression of [prEC2:18]. The applied maximum loads varied between
55 % and 230 % of the calculated static interface resistance, whereas the applied mini-
mum stress varied between 10 % and 70 % of the static calculated strength. From the 44
evaluated tests, eight specimens failed prior reaching the reference number of load cy-
cles, which was defined between N = 1.0 mil. and 2.0 mil. load cycles, depending on
test programme. Most specimens in the database with rough and very rough interfaces
were T-beams, whereas all specimens with smooth interfaces and only two specimens
with rough interfaces were slabs. All prestressed tests had a defined reference life length
of N =1.0 mil. load cycles. However, fatigue failure only occurred for the T-beams with
rough and very rough interfaces and for both, high and low applied load levels.

After reaching the reference number of load cycles without fatigue failure, the static
residual resistance was tested for all specimens. Figure 6-32 (right) shows the related
maximum strength over the ratio of residual strength and calculated static resistance.
For all specimens, at least the residual strength in accordance with the static resistance
could be achieved. Especially for high applied maximum fatigue stresses, high residual
strengths between 300 and 400 % of the calculated shear strength were determined.
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Figure 6-32:  Applied load level related to calculated characteristic static resistance according to
[prEC2:18] (left) and related maximum applied fatigue load over the ratio of residual
strength and maximum

The interface shear design for fatigue according to the European provisions generally
follow the design for monotonic loading. For the design at ultimate limit state, the pro-
visions of [EC2] and [MCI10] for rigid bond reduce the term of adhesion to
cfat = 0.5 - cstae and [EC2NAD] neglects the adhesive term by cac = 0. The provisions of
[MC10] for non-rigid bond reduce the static interface shear resistance to 40 %.

The residual resistances strongly depend on the applied fatigue load and the resulting
state of fracture. However, to evaluate the residual resistance after cyclic loading
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6 Development and evaluation of experimental databases

(N =1.0 mil. and N = 2.0 mil. load cycles, respectively), Figure 6-33 shows the experi-
mental residual resistances related to the calculated fatigue resistances according to
[EC2] and [EC2NADY] over the interface reinforcement ratio.
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Figure 6-33:  Influence of interface reinforcement ratio on the residual resistance after fatigue loading

according to [EC2] and [EC2NAD]

For the term of interface reinforcement, the full characteristic yield strength was as-
sumed for evaluation. The expression with 50 % of the adhesive resistance according to
[EC2] shows a decrease of related residual resistance with decreasing interface rein-
forcement ratio. Especially for small interface reinforcement ratios, the calculated fa-
tigue resistance strongly underestimated the experimental resistance. The expression of
[EC2NAD] with neglecting the term of adhesion and increasing the term of reinforce-
ment by the factor 1.2 show a large scattering of test data. However, all experimental
residual strengths exceed the calculated fatigue resistance of both codes.

Since the [MC10] expression decrease the interface shear resistance for fatigue to 40 %
of the static resistance, Figure 6-34 shows the experimental residual strength related to
the calculated static resistance over the interface reinforcement ratio. Regarding the re-
sidual resistance, the reduction to 40 % of the static resistance (grey line) depicts a very
low fatigue limit considering the evaluated tests.
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Residual strength - Database H-1
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Figure 6-34:  Influence of interface reinforcement ratio on residual strength according to [MC10]

The presented evaluation regarding residual strength and interface reinforcement ratio
can only be assessed qualitatively. As shown in Database F-1 (beam and slab specimens
with interface reinforcement under monotonic loading conditions), the evaluations show
a general decrease of related interface shear resistance with increasing interface rein-
forcement ratio for monotonic loading. Additionally, interface resistances as well as test
results subjected to cyclic load show very high scatter.

For design of reinforced concrete members under fatigue loading conditions, the stress
range in the reinforcement must be verified. Therefore, the approved stress range in the
reinforcement bars is defined by fatigue-strength curves (S-N-curves) depending on the
number of load cycles. For straight and bent bars, the S-N-curve in the European Codes
are defined with a characteristic stress range of Acrsk = 175 N/mm? for N = 1.0 mil. load
cycles and inclinations of k1 =5 for N < 1.0 mil. and k2 =9 for N > 1.0 mil. load cycles.
For bent bars with a ratio of mandrel diameter D to bar diameter @ of D/@ < 25, the
stress range must be reduced by a reduction factor & = 0.35 + 0.026D/@. For stirrups as
shear reinforcement, this reduction can be omitted if the bar diameter deceeds
@ <16 mm and the stirrup’s height exceeds 600 mm. Even though the stirrups in the
evaluated data did not exceed 600 mm, generally no details were provided regarding
mandrel diameter in the test reports. Thus, the reduction of stress range was omitted for
evaluation. To assess the design expressions by the tests in the database, the stress ranges
in the stirrup bars were calculated considering the applied stress range in the fatigue tests
and the fatigue design expression according to [EC2] with a reduction of adhesive
strength to 50 %, the expression of [EC2NAD] by neglecting the adhesive strength and
the expression of [prEC2:18] by omitting the adhesive strength and reducing the calcu-
lated stress range by a factor 0.45, considering the flatter inclination of compression
strut (s. Chapter 3.3.4). The ratio of calculated stress range Acestrki and approved stress
range Acapp according to the S-N-curves defined in [EC2], [EC2NAD] and [prEC2:18]
over the borne number of load cycles N are depicted in Figure 6-35.

145



6 Development and evaluation of experimental databases

Stress range (¢, = 0-c..) Stress range (¢, = 0.5-c.)
12.0 12.0
o smooth - osmooth
EC2:2004 — EC2+NA(D)
~10.0 1| ©¢rough c.=057¢ o ¢ £10.0 1 orough Ci = 0-Cyny <
— o very rough || ™ sl ° S © very rough * 8
o
o 8.0 g o < 80 s
< ) H
8 6.0 o, B @ Z 6.0 &
Y © N "o, §
= o o\ 9 o .,
= 4.0 O 0., g 4.0 4 Lo
8 H T
S 20 ° l ELE *
__________________ LY s ol LU L gliee S
0.0 : . . 0.0 . r .
1,000 10,000 100,000 1,000,000 1,000 10,000 100,000 1,000,000
Number of load cycles N [-] Number of load cycles N [-]
120 Stress range (c,, = 0-c,,, and 1/0.45-Ac,)
- ' o smooth
Z10.0 ]| ©rough
g’ o very rough
<
~ 80 1| preC2:2018
é Cin = O'Csrax
& 6.0 1 104540
O z o 4
i
¢,
4 R 4
7 o 2.8
£ 20 &
2 o
- N el S b e v Tl wlh il g v el o o 8-~
0.0

1,000 10,000 100,000 1,000,000
Number of load cycles N [-]

Figure 6-35:  Verification of stress range in the interface reinforcement according to [EC2] [EC2NAD]
and [prEC2:18]

Compared to the expression in [EC2] with 50 % of the adhesive strength being effective
for fatigue, omitting the adhesive strength according to [EC2NAD] yields to slightly
larger stress ranges. For both design expressions, the applied stress ranges exceed the
approved stress ranges for almost all fatigue tests. Only for one T-beam with a rough
interface, the approved stress range exceeds the calculated stress range. However, this
particular specimen did not fail due to fatigue loading but due to static residual re-
sistance. Considering the effect of a flatter inclination of compression strut in accord-
ance to [prEC2:18] gives the smallest calculated shear stresses. However, three speci-
mens, which failed prior reaching the reference number of load cycles, showed smaller
calculated stress ranges than the approved stress ranges and thus, may lead to an unsafe
estimation.

Database H-2: Fatigue of semi-precast slabs with lattice girders

Database H-2 holds a number of 47 fatigue tests with lattice girders in semi-precast
slabs. The design regulations for the approved lattice girders for fatigue follow the tech-
nical approvals (TA) of the lattice girders, which are based on [EC2NAD]. The verifi-
cation of stress range in the lattice girders follows a modified expression with an ap-
proved stress range, which is limited to Acrsk = 92 N/mm? for N = 2.0 mil. load cycles.
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The evaluation with the modified design expression according to the technical approvals
(TA), as well as the evaluation according to [EC2] and [EC2NAD] with the approved
stress range and with derived S-N-curves for lattice girders are presented in Chapter 4.
The evaluations distinguishing between interface roughnesses as well as the evaluation
according to the regulations in [prEC2:18] can be found in Annex B.2.7.

6.5 Summary and assessment of databases

In the previous chapter, databases with results from experimental investigations were
developed and evaluated to assess the interface shear design expressions defined in Eu-
rocode 2 [EC2], EC2+NA(D) [EC2NAD], prEC2:2018 [prEC2:18], MC2010 [MC10],
ACI 318-14 [ACI318] and AASHTO LFRD [AA-L]. All design expressions define the
interface shear resistance by terms of adhesion, friction due to normal stress and due to
clamping of the interface reinforcement. The formulations in [EC2], [EC2NAD],
[prEC2:18] and [MC10] describe the adhesive term depending on the concrete strength,
whereas [ACI318] and [AA-L] consider constant adhesive strengths depending on
roughness classification. For the reinforcement term, the equations of [MCI10] and
[prEC2:18] for toppings introduce an additional term of dowel action. Regarding inter-
face classification, the European codes classify the interface in roughness classes as very
smooth, smooth, rough, very rough and keyed surfaces, whereas the American Codes
only distinguish between intentionally and not intentionally roughened surfaces.

The test results in the databases were achieved by small size tests as well as beam and
slab specimens under monotonic and cyclic loading conditions. The allocations of the
evaluated databases for specimens with adhesion, friction induced by normal stress and
by clamping of the reinforcement with corresponding number of tests are summarised
in Table 6-16. An evaluation of small size tests with interface reinforcement under cyclic
loading was not possible since no evaluable tests could be found in literature.

Table 6-16: Overview of databases to assess interface shear design equations
Small size tests Beam and slab specimens

DB Evaluation No. DB Evaluation No.

. A-1 Tadh 83 E Tadh + (Tfric) 30

S A-2 Tadh + Tfric 145 F-1 Tadh + (‘Efric) + Treinf (stirrups) 66

g B Tadh + Treinf 266 | F-2 Tadh + (Tfric) + Treinf (LG) 8
AB Tadh + Tfric + Treinf 39

C ATadh 20 | G ATadh + (ATtric) 6

é D ATadh + ATreinf 0 | H-1 AfTadh + (ATiric) + ATreinf (stirups) 44

H-2  Atadh + (ATiic) + ATreinf (LG) 46

DB: database; tadh: adhesion; tric: friction due to normal stress; trint: reinforcement; A: cyclic loading; LG: lattice
girders
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6 Development and evaluation of experimental databases

By comparing the experimental ultimate shear stress to the calculated characteristic
shear resistance according to the evaluated codes, large ranges of scatter were observed
for all databases. The large scatter developed not only due to the consideration of dif-
ferent test series with different boundary condition regarding test setup and interface
preparation, but could also be determined for isolated evaluations of single test series.
Furthermore, the classification of interface roughness in some test reports were only
described qualitatively and thus, had to be assigned in the defined roughness classes
(e.g. surfaces left as cast have a smooth surface classification but can exhibit very dif-
ferent roughness profiles and thus, different bond behaviours).

The evaluations of databases led to the following conclusions:
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Database A-1: The isolated evaluation of adhesive strength showed high mean
values and high coefficients of variation for all codes, where the scatter of test
data decreased with increasing interface roughness. However, due to the high
mean values, characteristic 5 % quantile ratios with Xs¢ > 1.0 were achieved. By
defining the concrete tensile strength to be proportional to the square root of the
characteristic concrete compressive strength as defined in [prEC2:18], the low-
est coefficient of variation was determined. The lowest mean values, but highest
range of scatter showed the evaluation with [AA-L], which defines constant ad-
hesive strengths and only distinguish between interfaces not intentionally rough-
ened and intentionally roughened. For the tests in Database A-1, no considerable
influence of interface area and test setup was determined.

Database A-2: Compared to database A-1, the evaluation of small size tests with
externally applied normal stress resulted in lower mean values and lower coef-
ficients of variation but with characteristic 5 % quantile ratios still exceeding
Xs9 > 1.0. The scatter of test data was also increasing with decreasing interface
roughness and the evaluations of the American codes led to the lowest mean
values and the highest coefficients of variation.

Database B: The evaluations of small size tests with interface reinforcement ac-
cording to the European design expressions with terms of adhesion and clamping
effect of reinforcement showed a better agreement with the test data due to lower
mean values but similar coefficients of variation compared to the evaluation of
specimens with normal stress, which results in 5 % characteristic ratios slightly
deceeding the target value 1.0. In contrast to evaluations without interface rein-
forcement, the scatter increases with increasing interface roughness. The com-
bination of clamping effect and dowel action in the reinforcement term accord-
ing to [prEC2:18] for toppings and [MC10] gave a more conservative estimation
of interface resistance with larger coefficients of variation. The highest scatter
was determined by the American Codes with insufficient characteristic 5 %
quantile ratios.



6.5 Summary and assessment of databases

Database AB: The evaluation of specimens with normal stress and reinforcement
generally confirms the evaluation of database B with interface reinforcement.

Database C: Small size tests without interface reinforcement under cyclic load-
ing were generally conducted by applying high load levels, where the maximum
loads exceeded the static calculated interface resistances. Only three out of 20
tests failed prior reaching the reference number of load cycles and for the re-
maining tests, the determined static residual resistances exceeded the static in-
terface resistances significantly. Thus, the limited adhesive strength of 50 % for
fatigue according to [EC2], [prEC2:18] and [MC10] gives an estimation on the
safe side and neglecting the term of adhesion according to [EC2NAD] leads to
a conservative estimation for fatigue. Since the American codes do not provide
special regulations for interface fatigue, the codes were not evaluated.

Database E: The evaluations of composite beam and slab specimens without in-
terface reinforcement yield to conservative estimations for interface shear re-
sistance with large coefficients of variation for the related test data. Besides the
large scatter of the interface shear resistance itself, the large scatter of test results
may be explained by the more complex stress state at the interface, the different
location of interfaces in the cross section, the different width of interfaces in
beams and slabs, as well as further influencing factors for bending and shear in
structural members (e.g. shear slenderness). For small interface widths, small
insitu concrete layers at the top of the cross section as well as small shear slen-
dernesses, generally higher experimental interface resistances could be deter-
mined.

Database F: If reinforcement is applied along the interface, the evaluation of
structural member tests showed a better agreement of experimental and calcu-
lated interface resistance with smaller mean value and coefficient of variation.
Since the characteristic 5 % quantile ratios exceeded Xs¢ > 1.0 for all codes, all
design expressions can be considered safe. Increasing the term of reinforcement
by the factor 1.2 according to [EC2NAD)] yield to a similar variation but smaller
mean value compared to the evaluation of the [EC2] and [prEC2:18]. The addi-
tional term of dowel action according to [prEC2:18] for toppings and [MC10]
led to a more conservative evaluation with higher mean values and higher coef-
ficients of variation, which 1s in accordance to the evaluation with small size
tests. The most conservative evaluation gives the approach according to

[ACI318].

Database G: The six fatigue tests with beam and slab specimens without inter-
face reinforcement were subjected to high load levels with maximum fatigue
loads exceeding the static interface resistance. However, only two out of six
specimens failed prior reaching the reference number of load cycles. For the four
tests which reached the reference number of load cycles, the static residual stress
was a multiple of the static calculated interface shear resistance.
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e Database H: For the 44 structural member tests with stirrups as interface rein-
forcement under cyclic loading conditions, previous fatigue failure could only
be observed for eight specimens with rough and very rough interfaces. If high
load levels were applied, the test specimens reaching the reference number of
load cycles endured high residual loads. The evaluation of calculated stress
ranges in the interface reinforcement bars showed a conservative, but safe esti-
mation of the approved stress ranges for the evaluation according to [EC2] and
[EC2NAD]. The evaluation with the [prEC2:18] expression led to a better over-
all agreement of applied and approved stress ranges but to an unsafe estimation
for four specimens with prior fatigue failure. For semi-precast slabs with lattice
girders as interface reinforcement, the evaluation is presented in Chapter 5.4.6.

The results of the database evaluation in this chapter are only presented for selected
influencing parameters and codes. An extensive compilation of evaluation can be
found in Annex B.
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7 Design proposal for horizontal interface shear

7.1 Introduction

To quantify the shear resistance of concrete interfaces, model concepts were derived
based on experimental investigations and theoretical considerations. The design expres-
sions according to the presented codes are based on shear friction theory, which de-
scribes the interface resistance due to clamping effect of reinforcement (s. Chapter 2.3).
Modifications based on Mohr-Coulomb analogy combine the load bearing mechanism
of shear friction theory with the load bearing mechanisms of adhesion and friction due
to externally applied normal stress. Due to superposition of the separate load resistance
terms, an isolated consideration of each mechanism in structural members is hardly pos-
sible. Therefore, the coefficients of adhesion as well as the coefficient of friction must
be calibrated using isolated small size tests with considering both, interface resistance
and interaction of resistance terms.

The coefficients of adhesion and friction defined in the presented codes were derived
using different databases with different test series. As shown in Chapter 6, the results of
small size tests and structural members differ significantly. For all evaluated databases,
large ranges of scatter were determined and the defined roughness coefficients in the
evaluated codes give conservative estimations for interface resistance compared to test
results, especially for interfaces in beam and slab specimens. Comparing the database
evaluations, the draft for the next Eurocode 2 [prEC2:18], which defines the load bearing
resistance of adhesion to be proportional to the square root of the characteristic concrete
compressive strength, gives the best overall agreement of test data. However, the eval-
uated ratios of experimental to calculated interface resistances still shows a conservative
estimation of interfaces resistance with large scattering, which bares potential for im-
provements regarding efficiency and level of reliability for the interface shear design
equation.

To improve the interface shear design expression in terms of efficiency and reliability,
a modified design equation is developed in this chapter. The proposed design equation
is based on the regulations of Eurocode 2, but defining the load bearing resistance of
adhesion to be proportional to the cubic root of the characteristic concrete compression
strength. To account for the different interface roughnesses, the coefficients of adhesion
and friction have a major influence on the range of scatter and safety level of the design
approaches. In this context, the coefficients are determined and calibrated individually
by using isolated databases with small size tests. To account for a sufficient level of
safety, the design proposals introduce partial safety factors to the characteristic design
approaches. The partial safety factors for materials in [EC2] and [prEC2:18] are defined
as yc = 1.5 for concrete and ys = 1.15 for reinforcing steel. Due to the high scattering of
interface shear resistance, an unadjusted adoption of these partial safety factors for the
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term of adhesion and the term of reinforcement is questionable. Thus, partial safety fac-
tors for adhesion and reinforcement are derived, considering model uncertainty as well
as uncertainty of material and geometry. To verify the applicability of the proposed de-
sign expression for structural members, the approach is validated systematically by com-
paring test results of structural members to the calculated interface shear resistance. To
capture the larger interface dimension of structural members compared to small size
tests, a factor considering the influence of the structure’s dimension for adhesion is de-
rived. For fatigue, this chapter defines a maximum fatigue load for concrete interfaces
without interface reinforcement to be applied for design. For concrete interfaces with
reinforcement, the verification of stress range in the reinforcement bars is revised and
modified.

The following chapter presents the derivations and validations of roughness coefficients
and partial safety factor for the proposed modified interface shear equation as well as
for the approach according to the draft of the next Eurocode 2 [prEC2:18].

7.2 Safety concept according to EC0
7.2.1 Introduction

To transfer model concepts to design concepts, Eurocode 0 [ECO] defines a semi-prob-
abilistic safety concept which applies partial safety factors to characteristic values. To
achieve a sufficient level of safety, a reliability index [ must be fulfilled for design. In
contrast to high-order statistic procedures (Level II and III), which explicitly compare
the existing reliability index to the required reliability index, the Level I procedure in
[ECO] achieves the required safety level by applying partial safety factors to character-
istic equations. By using Level II and III procedures, partial safety factors can be deter-
mined and calibrated considering the uncertainties of model concept as well as scatter
of material and geometrical properties. For design, the determined partial safety factors
can be applied by Level I procedures. In the following, the fundamentals of reliability
for engineering structures and procedures to derive design values for structural re-
sistances according to [ECO] are presented.

7.2.2 Fundamentals of Reliability

For design verification, the inequation comparing applied effects of action E to re-
sistance R must be fulfilled following Eq. (7-1).

E<R (7-1)
With probabilistic methods, the required level of safety of the stochastic functions of
actions must be ensured. Assuming that effects of action E and resistance R can be de-
scribed by stochastic independent normal distributions without confinement, the over-
lapping areas of both curves depict the range where loading exceed resistance. Since
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overlapping areas cannot be prevented by decreasing actions or increasing resistance, a
sufficient distance of both distribution densities must be determined by probabilistic
methods.

Considering action E and resistance R with normal distributed density functions and the
corresponding mean values pg and pr as well as standard deviations cg and or as shown
in Figure 7-1 (a), the central safety zone is defined as the area between the mean values
of action and resistance. The corresponding nominal safety zone is the distance between
the characteristic values of action Ex and resistance Rk, which are influenced by their
scatter. Assuming a normal distribution, the characteristic values of action and resistance
can be calculated using quantile factors for action Kp g and resistance Kpr, respectively
(Egs. (7-2) and (7-3)).

(7-2)
(7-3)

Ex = pg + KpE - OE
Rk = pr + Kpr - OR

To define the range of failure, a limit state function G = R — E is introduced. Thus, the
central safety zone of the limit state function corresponds to the distance between g =0
and the mean value p (Figure 7-1 (c¢)).

(a) central safety zone (b)
A — A
f.(r) ' nominal ()
f(e) ! safety zone f.(e)
E e
i i Or
O
E R E
re.
ke E R e
(c)
0 He
Figure 7-1: Density functions with definitions of safety zones (a), definition of reliability index f for
action E and resistance R distributions (b) and limit state function G (c) according to

[Zil10]

The correlation between effects of action, resistance and limit state function regarding
mean value and standard deviation follow Egs. (7-4) and (7-5) (Figure 7-1 (b) and (c)).
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(7-4)
(7-5)

UG = PR — UE

Og=+ GR2+ GEZ

The description of the central zone for the limit state function can be assessed by a mul-
tiple of the standard deviation o with the reliability index [3, which corresponds to the
inverse coefficient of variation of the limit state function (Eq. (7-6)) [Zil10].

_He (7-6)
Og

The failure probability in a certain time period pr is therefore the area underneath the
limit state function in the range G <0 ((Figure 7-1 (c¢)) and correlates with the reliability
index B as shown in Eq. (7-7).

0
v -
p= | 1@ ag=0-(-£)=0-p) -7
. 8¢}
With
()] cumulative distribution function of standardised normal distribution

The failure probability factor pr accounts for the level of probability and implies, that
failure occurs in 10' instances. The correlation of failure probability pr and reliability
index P according to [ECO] is summarised in Table 7-1.

Table 7-1: Correlation between failure probability and reliability index according to [ECO]
pr 107 102 103 104 10° 106 107
B 1.28 2.32 3.09 3.72 4.27 4.75 5.20

For defining a required level of safety for design, [ECO] introduces three reliability clas-
ses which depend on the assumed consequences of failure. Therefore, [ECO] distin-
guishes between high, medium and low consequences regarding loss of human life, eco-
nomic, social or environmental impact. Table 7-2 summarises the recommended mini-
mum values of reliability index 3, depending on reliability class and reference period.

Table 7-2: Recommended reliability index B according to [ECO] depending on reliability classes
and reference period

Minimum value for 3

Reliability class Consequence class
1 year 50 years
RC3 high consequences 5.2 4.3
RC2 medium consequences 4.7 3.8
RC1 low consequences 4.2 3.3
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For concrete structures with a reliability class of RC2 and medium consequences, the
recommended minimum reliability index for verification at ultimate limit state is
B = 3.8. For fatigue, the recommended range is = 1.5 — 3.8, depending on accessibility,
potential of maintenance and tolerance of fracture.

As shown in Figure 7-1 (b) and (c), the reliability index is applied to effects of action,
resistance as well as limit state function. Since the correlation between standard devia-
tion of limit state function and standard deviation of effects of action and resistance is
non-linear, weighting factors for action and resistance og and ar are introduced to ac-
count for the rate of influence on the failure probability. Thus, combining Eq. (7-5) and
(7-6) yield to the modified expression of the central safety zone for the limit state func-
tion according to Eq. (7-8).

7-8
Hg =B og=P-vor*+og> =P-og-op+P- oy op (7-8)

The weighting factors ok and or are directly connected to the standard deviation of both,
action and resistance and thus, describe the influence of E and R on the failure probabil-
ity. The recommended values in [ECO] are ag = — 0.7 and ar = 0.8.

Fulfilling the safety concepts of [ECO] with Eq < R4, rearranging Eq. (7-8) gives the
general design equation for limit state (Eq. (7-9)).

Ri=Eq <> Uyr—P-or- oR=UE—P - 0E- OE (7-9)
To derive partial safety factors for effects of action ye and resistance yr to achieve a

sufficient level of safety, the characteristic expressions are referred to the design expres-
sions (Eq. (7-10) and (7-11)).

vE = Ex/Eq (7-10)

yr = Ri/Ra (7-11)
The partial safety factor for resistance yr = ym considers the partial safety factor of ma-
terials ym and the partial safety factor of the model equation yrq and is defined to be
YM = Ym - Yra [ECO].

7.2.3 Derivation of design values

[ECO] Annex D provides two methods for deriving and applying partial safety factors.
The first procedure allows a determination of design values for material parameters (e.g.
material strength specified by material testing), either by applying a partial safety factor
specified depending on the material to a characteristic value, or by direct determination
of design values with implicitly considering the required reliability. The second proce-
dure provides a probabilistic evaluation method which intends to be the basis for cali-
brating resistance models and for deriving safety factors.
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In the first procedure, the design value X4 can be determined by the characteristic value
Xk divided by the partial safety factor for the material ym following Eq. (7-12) for a
normal distribution.

X
Xy=n, ;(“) = {1 -k, V) (7-12)

The characteristic value Xk describes the 5 % quantile ratio of the mean value my of test
data, the quantile factors k, depend on number of test data (k, = 1.64 for n > 100 tests)
and the coefficient of variation Vx is a parameter of scatter. The conversion factor ng
accounts for relevant parameters of test procedure (e.g. volume and scale effects).

To directly obtain design values, the required level of reliability is implemented by de-
fining quantile factors kq,n, which account for a 0.1 % quantile ratio and can be calculated
by considering a defined reliability index = 3.8 and a weighting factor for resistance
ar = 0.8 according to Eq. (7-13).

kin=p-ar=3.8-0.8=3.04 (7-13)

The design value X4 can then be directly determined by mean value of test results mx
and corresponding coefficient of variation Vx assuming a normal distribution according
to Eq. (7-14).

Xa= Nd - Mmx- {1 — kd,n Vx} (7'14)

If the test data underlies the assumption of a log-normal distribution, the calculation of
design values follows Eq. (7-15), where my describes the mean value and sy the standard
deviation of the logarithmised test data In(x;).

X4 =Nd/Ym - exp (my —kn-sy} or Xa=mnd- exp (my —kdn-Sy} (7-15)

The expressions for direct determination of characteristic and design values are based
on the Bayesian Procedure which use uncertain prior distributions and lead to similar
results compared to classical statistic methods with a confidence level of 75 %.

The second procedure to determine partial safety factors for design models according to
[ECO] Annex D provides a probabilistic evaluation method which verifies the failure
probability by approximating the results of a non-linear limit state function by assuming
normal- or log-normal distributed random variables. The Mean-Value First-Order Sec-
ond-Moments (MVFOSM) Method is the basis of the probabilistic evaluation. There-
fore, the basis variables of the design approach are described by the first and second
statistic moment of their distribution functions (i.e. their mean value Xm and their vari-
ance 6i®). An extensive description of the MVFOSM Method can be found in e.g.
[Ric09]. This procedure accounts for the Level II statistic procedures and can therefore
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be used to determine partial safety factors to be applied within Level 1 procedures
[Ric09].

The calculation procedure of characteristic and design values with corresponding partial
safety factors according to [ECO] Annex D is summarised in Table 7-3.

Table 7-3: Calculation of characteristic and design values according to [ECO]

Step 1 Determination of model equation

r= gn (X)

Step2 Comparison of theoretical values ri and experimental values rei

Step 3  Estimation of mean value correlation

. 2 Ity lei
m=bn (Xm) = b'grt (Xm)6 with = and 8i = —
fy brr

Step 4  Estimation of COV for the error term &

n
_ 1
Ai =|n(6i) , A =BZ1 Ai s
=

Vs= /eXP(SAQ) -1 with ,
2

5 1
Sa'=7 (A-A)
par

Step5  Control of compatability

Step 6  Estimation of COV for basis variables
J

1 89 )2
Vie——— ) (=g,
" gnz(Xm);<5Xi

Step 7  Calculation of weighting factors

Q, . . On=\/ln(\/rt2+1), Q5=\/In(V52+1)
Otrt=6 and 0.5=6 with
r

Q=In(V2+1), V2=V 2+ V2

Step 8a Determination of characteristic value
Ik = b gr(Xm) - exp(—k=Q — 0.5Q®)
Step 8b  Determination of design value
rd = b git(Xm) - exp(—ke-ort Qrt — kanrats* Qs — 0.5CQP)

Step 9  Determination of partial safety factors

Ik

™= Iy

COV: coefficient of variation; n: theoretical resistance function; gi(X): resistance function of basis variables; X and
Xi: basis variables; Xm: mean value of basis variables; ni: theoretical values calculated with basis parameters of
test i; rei: experimental value of test /; rm: mean expression of resistance function; b: mean value correction;
di: observed error term for test specimen; Vs: COV for error term §; Ai: logarithmized estimated error term; A: mean
value of log. estimated error; sa: standard deviation of log. error term; Vit: COV of basis variables; oi: standard
deviation of basis variables; Vi: COV of error term; Q: standard deviation of log. of resistance function; a«t: weighting
factor for basis variables, as: weighting factor for error term; r«: characteristic value of resistance function, rs: design
value of resistance function; ym: partial safety factor of resistance function.
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Following this procedure, a resistance function r; = gr(X) must be defined for the design
model which includes all relevant basis variables X with an influence on the considered
limit state. For comparison of design model and experimental data, the theoretical re-
sistance of each test ri;, considering all influencing parameters, must be compared to the
experimental resistance rei. The observed error term for the test specimen ; with corre-
sponding coefficient of variation Vs may be determined by mean value correlation of
resistance and experimental data. By verification of compatibility between resistance
function and experimental results, the design approach should be adjusted, or the test
results should be allocated in sub-groups to minimise the scattering influence of uncon-
sidered parameters. To determine the coefficient of variation V;, the variation of re-
sistance function Vs as well as the variation of basis variables Vix must be applied. The
variation of basis variables should be determined by the experimental test data or liter-
ature. By combining resistance function, mean value correlation, coefficients of varia-
tion and weighting factors for model approach and basis variables, the characteristic
level as well as design level of resistance function may be determined. The characteristic
level of the resistance function is based on the 5 % quantiles with k. = 1.64 for the basis
variables as well as k, for the variation of resistance function depending on number ex-
perimental results. Using the characteristic formulation for design, commonly accepted
partial safety factors may be applied to the approach. For the direct determination of
design level for the resistance function, the derivation is based on the 0.1 % quantiles
with kg = B-or=3.8:0.8 = 3.04. Thus, a partial safety factor ym for the design approach
can be determined, considering model uncertainty as well as uncertainties of materials
and must be applied on the characteristic approach of the design equation.

7.3 Derivation of roughness coefficients and design values
7.3.1 Introduction

To develop an improved design expression for longitudinal interface shear based on the
regulations according to [EC2], the coefficients of adhesion and friction have a major
influence on the calculated interface shear resistance. An isolated observation of load
resistance terms of adhesion and friction with their corresponding coefficients is not
feasible by considering the comprehensive test data of experimental investigations. The
effect of each load resistance term strongly depends on the applied test parameters and
boundary conditions and interacts with the remaining load resistance terms. In this con-
text, the available test data must be classified to investigate the effect of each resistance
term mostly independent. The derived coefficients can then be validated using the com-
prehensive database.

A simple determination of the interface shear coefficients does not necessarily involve
a sufficient level of reliability for design. Therefore, partial safety factors for the term
of adhesion and transverse reinforcement can be derived to ensure a safe estimation of
the design approach. The procedure of deriving partial safety factors according to [ECO]
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7.3 Derivation of roughness coefficients and design values

Annex D is recommended for assessing the safety level of strength-based models which
were derived with experimental test results. The provided procedure is limited to prod-
uct-based resistance functions, which does not apply to the entire shear friction equation.
However, the isolated interface resistance terms are product based and thus, isolated
partial safety factors can be derived. Even though the probability of failure cannot be
determined by this method, using the recommended reliability index = 3.8 and the
weighting factor for resistance ar = 0.8 is a generally excepted method to derive safety
factors.

As a bases for developing an improved design expression, a limit state function must be
defined. For longitudinal interface shear, Eq. (7-16) is defined in accordance to [EC2]
and [prEC2:18].

B Vedi=P - tedi - bint - 2< VRdi = TRdi * Dint - 2 (7-16)

For the resistance function, the design expression according to the development for Eu-
rocode 2 [prEC2:18] showed the best overall accordance in the evaluated databases in
Chapter 6. The interface shear equation therefore follows Eq. (7-17) (s. Chapter 3.3.4).

1
2 1,
Vrai =(c- fci tU-otp, Yik *(u- sino + cosa)) * by * 2 (7-17)

C S

The coefficients of adhesion ¢ and friction p as well as the results of database evaluations
by comparing experimental results to the characteristic design expression Test/Trk for the
databases with small size tests without interface reinforcement and normal stress (data-
base A), small size tests with interface reinforcement (database B), beam and slab spec-
imens without interface reinforcement (database E) and beam and slab specimens with
stirrups as interface reinforcement (database F) are summarised in Table 7-4 (s. Chapter
6.3 and 6.4). For design, the partial safety factors are defined to y. = 1.5 for concrete and
vs = 1.15 for reinforcing steel [prEC2:18].

Table 7-4: Coefficients of adhesion and friction (left) and database evaluation for Twest/trk according
to the evaluation of [prEC2:18] (right)
small size tests slabs and beams
Interface c u Database: A B E F
(Table 6-4) (Table 6-9) (Table 6-11)  (Table 6-14)
Vs 0.0095 0.5 No. 83 266 30 66
s 0.075 0.6 Xm 3.06 1.56 4.35 2.46
r 0.15 0.7 Cov 0.37 0.31 0.51 0.38
vr 0.19 0.9 Xs% 1.57 0.91 1.70 1.23

vs: very smooth; s: smooth; r: rough; vr: very rough; A: small size tests without interface reinforcement; B: small
size tests with interface reinforcement, E: structural member tests without interface reinforcement, F: structural
member tests with interface reinforcement
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7 Design proposal for horizontal interface shear

Comparison calculations show an improved estimation of test data by defining the con-
crete tensile strength to be proportional to the cubic root of the characteristic concrete
compression strength fi'”. Thus, the bases of the target design expression with partial
safety factors for adhesion yadan and friction yeic and characteristic coefficients of adhe-
sion ck and friction pk gives Eq. (7-18).

1

Ja3 f,
Veai = (e - ==+ o, +p, - L (" sina +cos)) * by * 2 (7-18)
adh fric

For interface shear design of longitudinal shear in beam and slab structures, the term of
friction has a minor effect on the shear resistance, since normal compressive stress along
the interface of the structure’s axis are generally induces by self-weight of insitu con-
crete, which is comparatively small compared to resistance of adhesion and reinforce-
ment. However, the coefficient of friction accounts for the term of normal stress and
reinforcement. Thus, the focus of deriving coefficients of friction in these investigations
is the determination of a friction factor for reinforcement, but with controlling the effect
on the term of normal stress. In the following, the coefficient of adhesion cx and partial
safety factor for adhesion y.an as well as the friction coefficient px and partial safety
factor for friction ygic are derived using selected databases. For an application of the
design formulation within the design concept of Eurocode 2, the derived roughness co-
efficients and partial safety factors were implemented for a consistent design with partial
safety factors of concrete and steel as shown in Eq. (7-19).

1
1 7-19
o« fyk . ( )
VR = (- == +n- 0, +p, Y_ (W - sino + cosa)) * biy - z
C S

7.3.2 Calibration of adhesive term

The bases of experimental data for calibration of coefficients of adhesion and derivation
of a partial safety factor was database A-1 with 83 small size tests without interface
reinforcement and normal stress. To consider the interface classification, roughness
classes were defined in accordance to the database evaluation in Chapter 6 as very
smooth, smooth, rough and very rough. To follow the probabilistic procedure of [ECO]
Annex D, the adhesive term must be expressed on mean level. Since the concrete tensile
strength 1s defined to be proportional to the cubic root of the characteristic concrete
compressive strength, a transformation of characteristic concrete compressive strength
to mean concrete compressive strength with fem = fek + 8 or fem = fek + 4 under laboratory
conditions is not possible offhand (s. Chapter 6.2.3). Thus, the coefficients of adhesion
were calibrated to achieve a mean value of Xy, = 1.0 for each roughness class (cm). This
is in accordance to [ECO] Annex D, where test data can be allocated to reduce the range
of scatter. Figure 7-2 (left) shows the determined mean coefficients of adhesion for 64
smooth specimens (s) with ¢,y = 0.41, 8 rough specimens (r) with ¢,y =0.87 and 11 very
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7.3 Derivation of roughness coefficients and design values

rough (vr) specimens with cm = 1.01. Since no specimens were tested with very smooth

specimens, a consideration of very smooth surfaces was not possible at this stage.

Determination of ¢,

Mean value correlation
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Figure 7-2: Determination of coefficient of adhesion for mean evaluation (left) and mean value cor-

relation of experimental and theoretical data (right)

According to [ECO] Annex D, the influence of the variation of basis variables as well as
model uncertainties are considered to derive partial safety factors. For the adhesive re-
sistance in the interface shear equation, the basis variables are the concrete compressive
strength fck, the width of the interface bin« and the lever arm of internal forces z
(Eq. (7-20)).

VRmiadh = Cm * fek” + binc- 0.9 - d (7-20)

Even though the interface shear force for small size specimens is determined by the area
of the interface, expressed by Aint = bint - hint, the expression for composite action with
bine - zand z = 0.9 - d 1s chosen to derive partial safety factors, since the effective depth
d underlies higher scatter compared to structural dimensions. The coefficients of adhe-
sion cm accounts as model uncertainty and gives the corresponding coefficient of varia-
tions for the resistance function. To determine the coefficients of variation of the basis
variables, the partial derivatives are summarised in Table 7-5.

Table 7-5: Basis variables and corresponding partial derivatives for adhesive term
Basis variable Xi fex bint d
8 VRmi,adn 1 1 1
% 3t VRmi,adh B VRmi,adh rl VRmi,adh
1 Cl n

Since the uncertainties of the basis variables cannot be particularly determined by the
test databases for interface shear, the information of standard deviation can be achieved
from codes or other literature. For the concrete compressive strength, [EC2] defines a
constant standard deviation of oi = 4.9 N/mm?, which leads to a coefficient of variation
depending on the concrete strength with Victek = 4.9/fcm (s. Chapter 6.2.3 and Eq. (6-8)).
Thus, the coefficient of variation decreases with increasing compression strength. A
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7 Design proposal for horizontal interface shear

concrete strength of fom = 20 N/mm? as lower limit of concrete strength therefore gives
a COV of 0.24, whereas a concrete strength of fem = 60 N/mm? gives a COV of 0.08. As
stated in [Her17], the coefficients of variation for concrete compressive strength defined
in literature vary between 0.15 and 0.18. To capture the large scatter for low concrete
classes, a COV of 0.24 is assumed for derivation of partial safety factors for adhesion.
In accordance to [Her17], the standard deviation of the width of the interface bin 1s as-
sumed to 4 mm. For the standard deviation of the effective depth, [Voil4] provides a
summary of several approaches from literature which vary between 4.5 mm and
17.5 mm. For beams and slabs, [Han04] proposes a standard deviation of 5.5 mm for
precast elements and 12.5 mm for insitu concrete. Thus, a standard deviation of 9 mm
1s assumed as a mean for the effective depth.

The calculation procedure to determine the partial safety factor of adhesion based on the
mean value correlation with coefficients of adhesion cm and mean value correction b
(Figure 7-2 (right)) is summarised in Table 7-6 for basis variables randomly chosen. The
determined partial safety factor for adhesion is yadan = 2.30. Due to the high measure of
scattering of the model equation itself, the uncertainties of the basis variables have a
minor influence on the partial safety factor. Thus, the derived partial safety factor for
adhesion can be applied to the range of basis variables applicable in practice.

Table 7-6: Calculation of partial safety factor for adhesion according to [EC0] Annex D
Basis variable X; Xm oi cov 8 Ve ach (6 Vamiaan -0-)2
38X 38X '
fox 25 N/mma2 4.9 N/mmg? 0.24 0.013 0.0042
bint 250 mm 4.0 mm 0.016 0.004 0.0003
d 300 mm 9.0 mm 0.03 0.003 0.0009
= 0.0054
Vi = 0.65359 Vs = 0.65360 Vit = 0.00037
Q= 0.59641 Qs = 0.59641 Q+ =0.00033
Jadh = 2.30 s =0.99999 ait = 0.00055

To apply the partial safety factor to the interface shear equation, the expression of adhe-
sion must be transferred to characteristic level. According to [EC2], the conversion of
mean concrete tensile strength to characteristic concrete tensile strength is performed by
assuming a reduction to the characteristic 5 % quantile ratio with 70 % of the mean value
with few0.05 = 0.7 fem. Since the adhesive strength correlates with the concrete tensile
strength, a similar reduction of the mean coefficients of adhesion cm to the characteristic
value cx is assumed with ck = 0.7-cm. The determined coefficients of adhesion are sum-
marised in Table 7-7.

The derived partial safety factor for adhesion y.an = 2.30 captures the partial safety fac-
tors for model uncertainty and concrete. Thus, Yadh = YRd.adh'Yc With Yrdadn for model
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7.3 Derivation of roughness coefficients and design values

uncertainty and y. for concrete applies. To verify the design expression based on the
partial safety factors defined in [EC2] with y. = 1.5, the model uncertainty develops to
YRd = Yadh/Ye = 1.53. Implementing the error term to the derived characteristic ck-values
yields to the values ¢ = c¢x/1.53 for design. The corresponding c-values for the design
expression for the adhesive term (Eq. (7-21)) are summarised in Table 7-7.

1 1

1
.3 3 3
k fck _ Cx . fck —c- f;‘/k with YC =15 (7-21)

Yadh yRd,adh yc Yc

TRd,adh =

Evaluating database A-1 (small size tests without interface reinforcement and normal
stress) by comparing experimental test data to the calculated characteristic interface
shear resistance according to Eq. (7-21) with coefficient of adhesion ¢ according to Ta-
ble 7-7 without considering the partial safety factor leads to the statistical data as sum-
marised in Table 7-7.

Table 7-7: Coefficients of adhesion (left) and evaluation of database A-1 with the modified ap-
proach for adhesion
Interface Cm Ck c Evaluation of database A-1
very smooth () - - - No. 83
smooth 0.41 0.29 0.19 Xm 2.20
rough 0.87 0.61 0.39 cov 0.37
very rough 1.01 0.70 0.46 Xs% 1.14

Xm: mean value Trki/tcalc, COV: coefficient of variation, Xs«: characteristic 5 % quantile ratio, (": no very smooth
specimens in database — no determination possible at this stage

Compared to the database evaluation with the approach according to [prEC2:18] as sum-
marised in Table 7-4, the evaluation with the modified expression and derived coeffi-
cients of adhesion yields to an improved characteristic 5 % quantile ratio of 27 % with
similar coefficient of variation.

7.3.3 Calibration reinforcement term

For the calibration of the coefficients of friction p and derivation of partial safety factors
for the reinforcement term of the interface shear equation, test data of small size tests
with interface reinforcement but without externally applied normal stress (database B)
were the basis for investigation. Due to the interaction of load bearing resistances of
adhesion and reinforcement according to the basis function, an isolated observations of
the magnitude of reinforcement resistance is not possible offhand. For some specimens
in the database, bondbreaker was used to prevent adhesive bond between the concrete
layers. For these specimens, it can be assumed that interface shear resistance only de-
velops by clamping of reinforcement. Thus, for the modification of friction factors as
well as for the derivation of partial safety factors, a number of 48 tests could be seper-
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7 Design proposal for horizontal interface shear

ated. Following the procedure according to [ECO] Annex D, the basis function of rein-
forcement term on mean level gives Eq. (7-22). Since the inclination of the interface
reinforcement was a = 90° for all evaluated specimens, the term accounting for inclined
reinforcement was not considered.

VRmi,reinf = (Mm * Pint * fym) “ bint - Z (7-22)

To provide the basis function on mean level, the coefficients of friction were calibrated
to fulfil X, = 1.0 for each roughness class. Figure 7-3 (left) shows the determined mean
coefficients of friction pm for 13 very smooth (vs), 27 smooth (s) and 8 rough (r) speci-
mens. Since no specimens were tested with very rough surfaces, a consideration of very
rough interfaces was not possible at this stage.
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Figure 7-3: Determination of coefficient of friction for mean evaluation (left) and mean value corre-

lation of experimental and theoretical data (right)

In the next step, the mean value equation must be regarded considering all basis varia-
bles. Therefore, the interface reinforcement ratio can be expressed by the area of inter-
face reinforcement As;in and the area if the interface Aine With pinc = As,int/(bine: Aint). As-
suming the interface reinforcement equally spaced in transverse and longitudinal direc-
tion, the expression can be rewritten as pint = Aspar/(sbar>) With the area of each bar A par
with a spacing svar. As mentioned within the derivation of coefficients of adhesion, the
scatter of the interface width in the small size tests was substituted by the scatter of the
effective depth to account for the higher variation of effective depth compared to struc-
tural dimensions. The corresponding expression of interface shear force for determining
partial safety factors gives Eq. (7-23). The coefficients of friction py accounts for model
uncertainty which gives the corresponding coefficient of variations of the resistance
function.

VRmi,reinf = (Hm : As,bar/(sbar)2 : fym) - bine - 0.9-d (7-23)

To determine the coefficients of variation of the basis variables, the partial derivatives
are summarised in Table 7-8.
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7.3 Derivation of roughness coefficients and design values

Table 7-8: Basis variables and corresponding partial derivatives for adhesive term
Basis variable Xi As bar Sbar fym DBint d
3 Vami reint 1 2 1 1 1
% Aom VRmiseint — — P VRmireif T “VRmireinf b VRmireint rl VRmireint

To consider the uncertainties of basis variables, the standard deviations must be defined
particularly. For the area of interface reinforcement bar, a COV of 0.06 is assumed for
stirrups in accordance to [Moo76] and [Vo114]. The variation of the spacing of the bars
1s assumed with a constant standard deviation of 4 mm [Herl7]. [Voil4] summarises
several approaches of defining the variation of reinforcement strength. For reinforcing
steel B500 with a characteristic yield strength of 550 N/mm?2, [Vis95] proposes a coef-
ficient of variation of 0.06, which was adopted for derivation. For interface width biy
and effective depth d, constant standard deviations were defined in accordance to the
derivation of adhesive term to 4 mm for binc and 9 mm for d.

The calculation procedure to determine the partial safety factor of reinforcement based
on the mean value correlation with coefficients of friction um and mean value correction
b (Figure 7-3 (right)) is summarised in Table 7-9 for basis variables randomly chosen.

Table 7-9: Calculation of partial safety factor for reinforcement according to [ECO]
Basis variable X X oi Cov %Lx'ladh (WHS—";?‘"‘ -ci)2

As bar 10 mm 0.6 mm 0.06 0.1 0.0036
Sbar 200 mm 4.0 mm 0.02 0.01 0.0016
fym 550 mm 33 N/mm? 0.06 0.002 0.0036
Dbint 250 mm 4.0 mm 0.016 0.004 0.0003
d 300 mm 9.0 mm 0.03 0.003 0.0009
I= 0.0100

Vit=0.00128 Vs = 0.44002 Vi = 0.44021

Q1+ =0.01278 Qs = 0.42070 Q= 0.42087

ot =0.03038 s =0.99961 ic = 1.80

The determined partial safety factor for adhesion is yfic = 1.80. Even though the measure
of scatter for the reinforcement term is smaller compared to the evaluation of adhesive
term, the uncertainties of the model equation have a major influence on the determined
partial safety factor. Thus, varying the basis variables does not affect the partial safety
factor.

To apply the partial safety factor to the interface shear equation, the expression of rein-
forcement must be transferred to characteristic level. For reinforcement, [EC2] provides
the characteristic value of yield strength to be 91 % of the mean yield strength with
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7 Design proposal for horizontal interface shear

fym = 1.1-fyk. Thus, the transformation from mean to characteristic level follows a reduc-
tion of 91 % expressed by defining the characteristic yield strength of reinforcement
with similar coefficients of friction pum = pk. The determined coefficients of friction are
summarised in Table 7-10.

The derived partial safety factor for friction ysic = 1.80 captures the partial safety factors
for model uncertainty and reinforcement. Thus, Yfric = YRd,reinf * Ys With YRd reinf for model
uncertainty and vys for reinforcement applies. To verify the design expression based on
the partial safety factors defined in [EC2] with ys = 1.15, the model uncertainty develops
tO YRd,reinf = Yfric/Ys = 1.57. Implementing the model uncertainty to the derived coeffi-
cients of friction yields to the design values p = w/1.57. The corresponding friction
factors for the design expression of the reinforcement term as shown in Eq. (7-24), are
summarised in Table 7-10.

], k [ J; k J; k.
TRd, fric = Hk' pint'i = _k'pim'i =p- pim'i with YS =1.15 (7'24)
yfric YRd,fric ys ys

Evaluating database B for small size specimens with interface reinforcement and im-
paired adhesive bond by comparing experimental test data to the calculated characteris-
tic interface shear resistance according to Eq. (7-24) with coefficient of friction p ac-
cording to Table 7-10 (left) and without considering the partial safety factor leads to the
statistical data as summarised in Table 7-10 (right).

Table 7-10: Coefficients of friction (left) and evaluation of database B (small size tests with interface
reinforcement) with the modified approach for reinforcement (right)
Interface Wm = Lk w Evaluation of database B (bondbreaker)
very smooth 0.48 0.31 No. 48
smooth 0.76 0.48 Xm 1.72
rough 1.22 0.78 Cov 0.18
very rough () - - Xs% 1.26

Xm: mean value Trki'tcalc, COV: coefficient of variation, Xs«: characteristic 5 % quantile ratio, : no very rough
specimens in database — no determination possible at this stage

To verify the determined coefficients of friction combined with the coefficients of ad-
hesion using the small size tests with interface reinforcement and without bondbreaker
(database B), the experimental shear stress is related to the characteristic interface shear
resistance considering term of adhesion and reinforcement. Due to missing data for de-
riving a coefficient of adhesion for very smooth interfaces as well as a coefficient of
friction for very rough interfaces, the coefficients must be calibrated using the complete
database. For very rough interfaces, the friction factor was calibrated to achieve a mean
value of Xm = 1.0 for an evaluation on mean level using 36 specimens with interface
reinforcement and very rough surfaces. To determine a coefficient of adhesion for very
smooth surfaces, no specimens with interface reinforcement and without bondbreaker
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were available. Thus, a coefficient of adhesion of 0.025 is assumed in accordance to
[EC2] and [MC10]. A verification of the determined coefficient of adhesion using small
size tests with very smooth interfaces and applied normal stress shows an overestimation
of the derived coefficients of adhesion and friction. However, due to lack of test data,
the estimation seems reasonable. The roughness coefficients and the corresponding sta-
tistical results of evaluating complete database B is summarised in Table 7-11. The eval-
uation shows a characteristic 5 % quantile ratio of Xs% = 0.90, which deceed the required
value of 1.0 about 10 %. However, the evaluated small size specimens were subjected
to concentrated shear loads with small interface areas as well as small numbers of inter-
face reinforcement bars. For interfaces in beam and slab specimens, interface shear de-
velops due to composite action with larger interfaces and larger numbers of interface
bars. Due to potential of load redistribution, a sudden failure of all interface reinforce-
ment bars is unlikely. Thus, the small deviation for the evaluation using this adverse
condition can be accepted for terms of calibration.

Table 7-11: Coefficients of adhesion and friction (left) and evaluation of database B with the modified
approach (right)
Interface c v Evaluation of database B
very smooth 0.025(1 0.31 No. 266
smooth 0.19 0.48 Xm 1.48
rough 0.39 0.78 Ccov 0.28
very rough 0.46 0.800) X5% 0.90

Xm: mean value trki/tcaic, COV: coefficient of variation, Xs«: characteristic 5 % quantile ratio, (": assumed based on
[EC2] and [MC10] and validated using tests with normal stress; @): subsequently derived

7.3.4 Revision of friction coefficient for normal stress

Even though the load resistance term of friction due to externally applied normal stress
has a minor influence on the interface shear strength of beam and slab structures, the
coefficient of friction also applies to the resistance term of normal stress. To separately
investigate the influence of friction due to normal stress, an isolated investigation is not
possible, since no tests with impaired adhesive bond and externally applied normal stress
are available in the database. To verify the derived coefficient of friction for the term
normal stress, database A-2 with small size specimens without interface reinforcement
but with applied normal stress was evaluated. Applying the derived coefficients of ad-
hesion and friction as summarised in Table 7-11 (left), the evaluation of 145 specimen
leads to a mean value Xm = 2.58, a COV = 0.31 and a characteristic 5 % quantile ratio
of X5% =1.49, which gives a conservative but safe estimation of test results.
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7.4 Validation of design approach
7.4.1 Introduction

The modified design approach with the derived coefficients of adhesion and friction are
determined by databases with small size tests with concentrated load application and
comparably small interfaces. For beam and slab specimens with concrete cast at differ-
ent times, the longitudinal interface shear develops due to composite action and corre-
lates with load bearing mechanisms of bending and shear. Thus, the proposed design
expression must be validated by databases with composite beam and slab specimens
with and without interface reinforcement. To capture the larger interface dimension of
structural members compared to small size tests, a factor considering the influence of
interface width on the adhesive strength is derived.

7.4.2 Validation of beams and slabs without interface reinforcement

To validate the modified design approach with the derived roughness coefficients, data-
base E with composite beam and slab specimens without interface reinforcement was
evaluated by comparing the experimental interface shear strength to the calculated char-
acteristic interface resistance. Database E with 30 specimens holds specimens with 10
smooth, 16 rough and 4 very rough interfaces. The proposed characteristic expression
follows Eq. (7-25) with the roughness coefficients summarised in Table 7-12 (left).

1/3

TRki,prop = C * fck + - On (7-25)

For the evaluated test data, the resistance term of normal stress is only affected by the
self-weight of insitu concrete and thus, has a minor effect on the interface resistance.
The mean value X, coefficient of variation COV and characteristic 5 % quantile ratio
Xs¢ resulting from the database evaluation are summarised in Table 7-12. For compari-
son, the statistical values of the evaluation with the [prEC2:18] approach are opposed.
Compared to the [prEC2:18] evaluation, the range of scatter could be reduced about 6 %
to COV = 0.48, combined with a reduced mean value to 65 % with Xm = 2.86. The cor-
responding Xs4 = 1.17 shows a reduction of 31 % and gives a safe and more economic
estimation for design.

Table 7-12: Coefficients of adhesion and friction for design proposal (left) and results of evaluation
of Database E with proposed design expression and [prEC2:18] (right)
Interface c v Proposal prEC2:2018
very smooth 0.025 0.31 No. 30 30
smooth 0.19 0.48 Xm 2.86 4.35
rough 0.39 0.78 cov 0.48 0.51
very rough 0.46 0.80 Xs% 1.17 1.70

Xm: mean value tr«i/tcalc, COV: coefficient of variation, Xs%: characteristic 5 % quantile ratio
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7.4 Validation of design approach

The comparison of the related interface resistance over the influence of characteristic
concrete strength according to the proposed approach and the approach according to
[prEC2:18] is shown in Figure 7-4. It can be seen, that the proposed design approach
generally increases the calculated interface resistances for all interface roughnesses. For
smooth interfaces, the determined coefficient of adhesion still overestimates the exper-
imental resistances. For rough interfaces, the determined coefficient gives a good esti-
mation for eight specimens, which pattern the lower bound of test data in Figure 7-4
(left). However, the remaining eight specimens with rough surfaces show higher exper-
imental interface resistances with a large scatter. The four specimens with rough inter-
faces were conducted with small concrete strengths. With the derived coefficient of ad-
hesion, a better agreement of experimental and calculated test data as well as a reduction
of scatter can be achieved. For the overall test data, defining the tensile strength to be
proportional to the cubic root of the characteristic concrete strength shows a better esti-
mation of the adhesive term compared to the square root as defined in [prEC2:18].
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Figure 7-4: Database E (structural members without reinforcement): Influence of concrete strength

according to proposal and [prEC2:18]

As mentioned in Chapter 6.4.2, the comparison of experimental to calculated interface
resistance for beam and slab specimens without interface reinforcement show a decrease
of experimental interface resistance with increasing width of interface. This effect can
also be determined by applying the proposed design approach as shown in Figure 7-5
(left). Especially for small interfaces, higher experimental interface resistances could be
achieved for smooth and rough surfaces. The decrease of interface resistance with in-
creasing interface width might be caused by the higher potential of blemishes in the
bond development along the interface which leads to a higher possibility of fracture.
Specimens with rough interfaces pattern the lower bound of test data, whereas speci-
mens with smooth interfaces pattern the upper bound of test data. Since all specimens
with very rough interfaces had an interface width of bin = 150 mm, no influence of
interface width could be determined. As shown in Figure 7-5 (right), an influence of the
length of the interface, defined as effective shear length between load application and
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support for simply supported beams and slabs with single loads, could not be deter-
mined.

Width of interface - Database E Shear length of interface - Database E
6.0 6.0
o smooth asmooth
504 o 9 rough 50 - o ©rough
— o a e very rough a o e very rough
404 R 40 - ° .
2401 o5 = 40 : 0
S T o (=] o
Z 3.0 1 o e £3.0 LoARRRRTONY - ISP SRRRRPPHPRRRESsees
01 e By |2 i
200d e Tl 2 |
‘:'q_)‘ 20 1 °: o e (a3 20 ° L o )
© <
10 f-------------------- g -— - 10+------- § —————————————————
0.0 T T T T T 0.0 T T T T
0 200 400 600 800 1,000 1,200 0 500 1,000 1,500 2,000 2,500
width of interface b;; [mm] shear length of interface a [mm]
Figure 7-5: Database E (structural members without reinforcement): Influence of interface dimen-
sions

7.4.3 Validation of beams and slabs with interface reinforcement

To verify the derived coefficients of adhesion and friction for beam and slab specimens
with interface reinforcement, database F-1 was evaluated by referring the experimental
interface resistance to the characteristic expression of the design approach following
Eq. (7-26). The database holds 66 specimens with stirrups as interface reinforcement
and includes 15 specimens with smooth, 46 with rough and 5 with very rough interfaces.
The applied coefficients of adhesion and friction are summarised in Table 7-13 (left).

1/3

TRki,prop = C * fek > + L+ On + Pinc- fyk - (WL - sino + cosay) (7-26)

The statistic values of the database evaluation with mean value Xy, coefficient of varia-
tion COV and characteristic 5 % quantile ratio Xs¢ for an evaluation with the proposed
design expression and the expression according to [prEC2:18] are shown in Table 7-13
(right). To compare the proposed equation to the [prEC2:18] approach, the correspond-
ing statistic evaluation data is shown in Table 7-13. As mentioned in context of the ver-
ification of beam and slabs without interface reinforcement, the resistance term of nor-
mal stress has a minor effect on the interface resistance. Compared to the [prEC2:18]
approach, the evaluation with the new approach results in a reduction of mean value
about 15 % to Xm = 2.01 and a reduction of coefficient of variation about 5 % to COV
= (.36, with a corresponding decreased characteristic 5 % quantile ratio about 15% of
Xs9% = 1.05.
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7.4 Validation of design approach

Table 7-13: Coefficients of adhesion and friction for design proposal (left) and results of evaluation
of Database F-1 (structural members with interface reinforcement) with design proposal
and [prEC2:18] (right)

Interface c n Proposal prEC2:2018
very smooth 0.025 0.31 No. 66 66
smooth 0.19 0.48 Xm 2.01 2.46
rough 0.39 0.78 Cov 0.36 0.38
very rough 0.46 0.80 X5% 1.05 1.23

Xm: mean value tr«i/Tcalc, COV: coefficient of variation, Xs%: characteristic 5 % quantile ratio

The comparison of the influence of concrete strength and interface reinforcement ratio
on the related interface resistance according to the modified design expression and
[prEC2:18] is shown in Figure 7-6.
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Figure 7-6: Database F-1 (structural members with reinforcement): Influence of concrete strength

and interface reinforcement ratio according to design proposal and [prEC2:18]

Confirming the statistical data, the proposed interface shear approach generally gives
higher interface resistances. By comparing the influence of the characteristic concrete
strength, the approach considering the adhesive strength by the cubic root gives a
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7 Design proposal for horizontal interface shear

slightly flatter trend line than the [prEC2:18] approach with the square root of the con-
crete strength (Figure 7-6, top). The interaction of adhesive and reinforcement term can
be expressed by comparing the influence of the interface reinforcement ratio
(Figure 7-6, bottom). For smooth interfaces, the coefficient of friction of the proposed
equation is defined to be lower compared to the [prEC2:18] approach. For small rein-
forcement ratios, the adhesive strength is the governing resistance term, which leads to
higher calculated interface shear resistances. With increasing reinforcement ratio, the
reinforcement term becomes the governing resistance and thus, smaller calculated inter-
face resistance are achieved compared to [prEC2:18]. For rough interfaces, both re-
sistance terms are introduced with higher roughness coefficients, which lead to higher
calculated interface resistances for all test data. Even though a smaller friction coeffi-
cient is defined for very rough surfaces, higher interface resistances could be achieved
for the very rough specimens with interface reinforcement ratios between
pine =0.18 = 1.1 %.

Considering the influence of interface width, most specimens had small interfaces and
only two specimens with large interfaces and rough surfaces could be evaluated (Figure
7-7). However, the two specimens with 800 mm interface width and low concrete
strength (fok = 18 — 24 N/mm?) and low interface reinforcement ratios (pint = 0.19 — 0.39
%) show interface resistances at the lower bound of test data. Thus, an influence of
interfaces width on adhesive strength can also be assumed for interfaces with interface
reinforcement.
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Figure 7-7: Database F-1 (structural members with reinforcement): Influence of interface width
7.4.4 Consideration of interface dimensions

The evaluation of database E with beam and slab specimens without interface reinforce-
ment shows a decrease of experimental interface resistance with increasing width of
interface. To improve the range of scatter for database evaluation, a parameter is derived
considering the influence of interface width. In this context, Figure 7-8 (left) shows the
development of related interface resistance according to the proposed equation with in-
creasing interface dimension, separately for smooth and rough interfaces.
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Database E (structural members without reinforcement): Influence of interface width for

smooth and rough surfaces (left) and influence of interface width for all interface rough-
nesses (right)

For both interface classifications, the trendlines can be defined as power functions. For
very rough interface, all specimens were conducted with bint =150 mm. Thus, no trend-
line could be developed for very rough interface. To capture the development for all
interface classes, the decreasing characteristic interface resistance can be described by
the function as shown in Figure 7-8 (right). Applying this relation to the characteristic
interface shear equation would lead to a mean value of Xm = 1.03 and a coefficient of
variation of COV = 0.37, which therefore effects range of scatter as well as safety level
of the design approach.

To only capture the influence of interface width on the range of scatter without effecting
the level of safety, the test data was evaluated with the interface shear expression on
mean level. Therefore, the mean coefficients of adhesion cm and friction pm derived in
Chapter 7.3.2 and 7.3.3 were applied to the design equation. The corresponding power
function is shown in Figure 7-9 (left).
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Figure 7-9: Determination of coefficient to consider the influence of width of interface
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7 Design proposal for horizontal interface shear

For applying the coefficient considering the influence of interface width on the adhesive
term for database evaluation, the coefficient was defined as A, following Eq. (7-27).
Compared to the best fit power function, the deviation of the expressions is about 3 %
for small interfaces and 9 % for large interfaces (Figure 7-9 (right)).

= > (7-27)
b4

Applying this expression to the resistance function, the modified design expression fol-

lows Eq. (7-28).

1
TRki,prop = € 'fck3 "M+ 1Oy (7-28)

For small interfaces, regularly applied in e.g. T-beams or m-slabs, the factor leads to
higher interface resistances. A beam with an interface of e.g. 300 mm would therefore
gain an increased interface resistance of 20 %. For large interfaces in slab specimens,
the interface width for verification is defined to be limited to biy = 1.0 m. The interface
resistance therefore decreases about 11 % compared to the initial resistance.

Applying the characteristic modified design expression with the derived coefficient of
interface width A, to database E gives an evaluation of related interface resistance as
summarised in Table 7-14. For comparison, Table 7-14 also holds the statistical evalu-
ation data of the evaluation with the proposed design expression without the coefficient
of interface width (Chapter 7.4.2) and of the [prEC2:18] expression (Chapter 6.4.2).
Compared to the proposed expression without considering the interface width, the eval-
uation according to Eq. (7-28) yields in a decrease of mean value about 23 % to
Xm=2.20 with a decreased coefficient of variation about 23 % to COV = 0.37 and a
corresponding characteristic 5 % quantile ratio of Xsq = 1.12. This large decrease of
mean value and coefficient of variation was expected since the coefficient of interface
width was derived with the test data in database E.

Table 7-14: Results of evaluation of Database E with new proposals and [prEC2:18]
Database E Proposal s Proposal prEC2:2018
No. 30 30 30
Xm 2.20 2.86 4.35
cov 0.37 0.48 0.51
X5% 1.12 1.17 1.70

Xm: mean value tr«i/tcalc, COV: coefficient of variation, Xs«: characteristic 5 % quantile ratio

The influence of concrete strength and interface width on the database evaluation of
database E according to the modified expression including A, is shown in Figure 7-10.
By applying the coefficient Ay, the influence of concrete strength is affected indirectly
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7.4 Validation of design approach

and gives a flatter trendline. The influence of interface dimension is now depicted trend
free. Interfaces with smooth interfaces form the upper bound of test results whereas
rough surfaces form the lower bound of test data.
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Figure 7-10:  Database E (structural members without reinforcement): Influence of concrete strength
and interface width design proposal including the coefficient of interface width i

For smooth surfaces, the database evaluation shows an underestimation of experimental
test data, independent from concrete strength and interface width. Since the bond devel-
opment, especially for smooth surfaces with interfaces left as cast or additionally
smoothened depict a critical range, a more conservative estimation of interface re-
sistance seems reasonable. The calculated interface resistance of rough surfaces shows
a better agreement with the experimental resistance for most specimens. Only for small
interface widths, the experimental resistance exceeds the calculated resistance by its
multiple.

For interfaces with interface reinforcement, considering the coefficient of interface
width A, for the adhesive resistance yields to the characteristic interface design expres-
sion following Eq. (7-29).

TRKiprop = C + fek'> “Ab + [+ On + Pint - fyk - (1L - sina + cosa) (7-29)

For applying this expression to the experimental data in Database F-1 with beam and
slab specimens with interface reinforcement, the statistical evaluation data is shown in
Table 7-15. For comparison, mean value Xm, coefficient of variation COV and charac-
teristic 5 % quantile ratio Xs¢, of the database evaluation according the proposed expres-
sion without considering the effect of interface width (Chapter 7.4.3) and according to
[prEC2:18] (Chapter 7) are added to Table 7-15.
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7 Design proposal for horizontal interface shear

Table 7-15: Results of evaluation of Database F-1 with new proposals and [prEC2:18]
Database F-1 Proposal Ao Proposal prEC2:2018
No. 66 66 66
X 1.67 2.01 2.46
cov 0.31 0.36 0.38
Xs% 0.95 1.05 1.23

Xm: mean value trui/tcalc, COV: coefficient of variation, Xs%: characteristic 5 % quantile ratio

Compared to the proposed expression without considering the influence of interface
width, the mean value of the ratio of experimental to calculated interface resistance
could be reduced about 17 % to Xm = 1.67 and the scatter could be reduced about 14%
to COV =0.31. The corresponding characteristic 5 % quantile ratio gives X5 = 0.95,
which deceed the estimated value of Xs¢ = 1.00 by 5 %. Regarding the effect of the
coefficient of interface width on the evaluated data, it must be mentioned that most spec-
imens in database F-1 were conducted with small interfaces and dimensions between
bine="75 and 150 mm, partially due to application of brass or foil to decrease the effective
area of bond in the interface. For these very small areas of interface, the coefficient of
interface width gives an increased adhesive resistance between 43 and 70 %. In practice
however, interfaces in precast beams or between beams and slabs are regularly larger.
For more practical, but still small interface width of e.g. bine = 250 mm, the increase of
adhesive term would therefore be 26 %. Additionally, it must be mentioned that only
three specimens were conducted with larger interface widths between 250 and 800 mm
were tested. Thus, a decrease of interface resistance with increasing interface width can
only be assumed.
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Figure 7-11:  Database F-1 (structural members with reinforcement): Influence of interface width with
modified design approach including the coefficient of interface Ao

However, Figure 7-11 still shows an overestimation of calculated interface resistance
for a large number of small interfaces. On the other hand, for the two specimens with
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7.5 Proposal of design expression for interface shear

large interface widths of bine = 800 mm and interface reinforcement, the adhesive re-
sistance is reduced about 6 %. The calculated resistance exceeds the experimental re-
sistance for only one specimen with an interface width of bine = 150 mm. Thus, the small
lower deviation of Xs¢ is mainly influenced by the large range of scatter, combined with
the decrease of mean value for small interfaces and can therefore be accepted.

The magnitude of the influence of the interface width on the adhesive term of the inter-
face resistance depends on concrete strength and reinforcement ratio. Due to the super-
position of the adhesive resistance and the reinforcement resistance, an isolated consid-
eration of both terms is not possible. Thus, Figure 7-12 shows the influence of concrete
strength (left) and reinforcement ratio (right) on the related interface resistance. For high
concrete strengths and small reinforcement ratios, the coefficient of interface width has
a large effect on the interface shear resistance, whereas for small concrete strengths and
high reinforcement ratios, the effect of the interface width is small.
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Figure 7-12:  Database F-1 (structural members with reinforcement): Influence of concrete strength
and reinforcement ratio with design proposal and coefficient of interface width Ao

In contrast to the evaluation of beams and slabs without interface reinforcement, no
bound of interface class can be determined by the specimens with interface reinforce-
ment. Even though six specimens with smooth interfaces form the upper bound of re-
lated test data, the remaining tests scatter along the distribution of all test data. Whereas
the related interface resistance still decreases with increasing interface width, the for-
mulation describes the influence of the interface reinforcement almost trend free.

7.5 Proposal of design expression for interface shear
7.5.1 Introduction

In the previous chapters, a modified design expression for horizontal interface shear in
beam and slab specimens was determined. The roughness coefficients considering the
effect of interface surface were derived using selected databases. To consider the influ-
ence of interface width on the load bearing resistance of the adhesive term, an additional
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7 Design proposal for horizontal interface shear

parameter Ap was derived. In this chapter, the modified interface shear equation is final-
1sed and formulated to be adapted for design. Additionally, roughness coefficients are
derived for the design equations of [prEC2:18] and the fatigue verification for interface
shear is reviewed and revised.

7.5.2 Modified design proposal

The bases of the modified design expression for interface shear is the characteristic
equation as shown in Chapter 7.4.4, Eq. (7-29). Compared to the evaluated codes in
Chapter 6.4, the evaluation of databases with beam and slab specimens with and without
interface reinforcement showed the best agreement of calculated and experimental in-
terface resistance. Due to the high range of scatter, the coefficients of adhesion and fric-
tion were defined to guarantee a safe estimation for design.

As mentioned in Chapter 7.4.4, the coefficient of interface width A, was derived to con-
sider the interface dimension without effecting the level of safety. Based on test results,
the interface resistance is therefore increased for small interfaces and decreased for large
interfaces as shown in Figure 7-13. Considering the range of application in practice, the
adhesive resistance increases about 20 % for interface dimensions starting from
bint = 300 mm for beams and decreases about 11 % for slabs with bie = 1000 mm. For
an implementation of Ap, it must be considered that for derivation of A, only test data
with varying interface width were available for smooth and rough interfaces. For very
rough surfaces, only interface dimensions of 150 mm were tested and no specimens with
very smooth surfaces were part of the databases. To cover the interface shear design of
beam and slab specimens, an application of the minimum value to the design expression
would lead to a general decrease of interface resistance and thus, to a large underesti-
mation of interface resistance, especially for small interfaces. Therefore, the coefficient
of interface width is defined to be A, = 1.0 for design. This corresponds to and interface
width of bine = 625 mm which can, in context of derivation of design equation, be defined
as the mean interface width of beams and slabs for design.
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Figure 7-13: Influence of coefficient of interface width Ay for practical range of application
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7.5 Proposal of design expression for interface shear

The proposed design expression for interface shear stress in beam and slab specimens
with Ap = 1.0 therefore follows Eq. (7-30) with the coefficients of adhesion ¢ and friction
u as summarised in Table 7-16.

Table 7-16: Roughness coefficients for proposed interface design expression
Interface c u
very smooth 0.025 0.31
smooth 0.19 0.48
rough 0.39 0.78
very rough 0.46 0.80
3 f
f43 K .
Tpgi = € * 2 +U Oy +p, L (u-sina+cosa) < 05-v-f, (7-30)
Y
C S
With
Ye partial safety factor for concrete y. = 1.5
Vs partial safety factor for reinforcement with ys = 1.15
v strength reduction factor

In accordance with [prEC2:18], the upper limit of shear resistance is defined by reducing
the design concrete compressive strength by a strength reduction factor and the factor
0.5. This can be applied for angles of compression strut between 0 < cotf < 2.5 in ordi-
nary reinforced members without normal force.

7.5.3 Modified approach for prEC2:2018

The presented modified interface design expression defined the adhesive resistance by
the cubic root of the characteristic concrete compressive strength, whereas the approach
according to [prEC2:18] defines the adhesive resistance by terms of the square root of
the characteristic concrete compressive strength. The coefficients of adhesion defined
in [prEC2:18] were derived by recalculating the coefficients defined in [EC2] to the fx!/?
expression. In context of the revision process of roughness coefficients in this thesis, the
coefficients of adhesion and partial safety factors for the [prEC2:18] approach were de-
rived and validated following the procedure presented in Chapter 7.3 and 7.4.

For the resistance term of adhesion, the mean coefficients of adhesion were determined
by database A-1 with small size tests without interface reinforcement and normal stress
to achieve a mean value of Xm = 1.0 for each roughness class. The corresponding coef-
ficients cm are shown in Figure 7-14 (left).
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Figure 7-14:  Determination of coefficient of adhesion for mean evaluation (left) and mean value cor-

relation of experimental and theoretical data (right) for the [prEC2:18] approach

To derive a partial safety factor for adhesion, Eq. (7-31) shows the resistance equation

including all basis variables.
VRmiadh = Cm + ek + binc - 0.9 - d (7-31)

To determine the coefficients of variation of the basis variables, the partial derivatives
are summarised in Table 7-17.

Table 7-17: Basis variables and corresponding partial derivatives for adhesive term for the
[prEC2:18] approach
Basis variable Xi fex bint d
SVH i,adh 1 1 1
% h VRmi.adh B VRmi.adh 5 VRmiadn
(| Ci n

The calculation procedure to determine a partial safety factor for adhesion follows the
procedure of [ECO], Annex D and the assumption of variation of basis variables as pre-
sented in Chapter 7.3.2 is summarised in Table 7-18.

The corresponding partial safety factor was determined to yaan = 2.31. For applying the
partial safety factor to the characteristic approach of the design expression, the mean
coefficients of adhesion were transferred to characteristic coefficients with ck = 0.7 - ¢m
(Table 7-19, left). In the next step, the deviation of partial safety factor of adhesion to
partial safety factor of concrete was implemented to the coefficients of adhesion as
shown in Eq. (7-32).
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7.5 Proposal of design expression for interface shear

Table 7-18: Calculation of partial safety factor for adhesion according to [EC0] Annex D for the
[prEC2:18] approach
Basis variable X; X oi cov SV aan (M .0,)2
83X 85X !
fok 25 N/mm2 4.9 N/mm2 0.24 0.020 0.0096
bint 250 mm 4.0 mm 0.016 0.004 0.0003
d 300 mm 9.0 mm 0.03 0.003 0.0009
I= 0.0108
Vi = 0.65620 Vs = 0.65620 Vit = 0.00046
Q = 0.59841 Qs = 0.59841 Q= 0.00046
Jach = 2.31 a5 =0.99999 o = 0.00077
1 1 1
TRd,adh = Vol — o =c- Tu? withy = 1.5 (7-32)
Yadn YRd.adn " Ve Ve

With yaan = 2.31 and y. = 1.5, the model uncertainty implantation factor corresponds to
YRd = Yadhadh/Ye = 1.54. Implementing the measure of scatter to the derived characteristic
ck-values yields to the values ¢ = cx/1.54 for design. The corresponding c-values are
summarised in Table 7-19 (left).

Table 7-19: Modified coefficients of adhesion (left) and database evaluation for the [prEC2:18] ap-
proach (right)
Interface Cm Ok c Evaluation of database A-1
very smooth - - - No. 83
smooth 0.23 0.16 0.11 Xm 2.09
rough 0.48 0.33 0.22 cov 0.37
very rough 0.59 0.41 0.27 X5% 1.08

™): no very smooth specimens in database — no determination possible at this stage

Evaluating database A-1 by comparing experimental test data to the calculated charac-
teristic interface shear resistance according to Eq. (7-32) with coefficient of adhesion ¢
according to Table 7-19 (left) without considering the partial safety factor leads to the
statistical data as summarised in Table 7-19 (right). Compared to the [prEC2:18] ap-
proach, the derived coefficients of adhesion give a decrease of mean value about 30 %
and an unchanged coefficient of variation. The corresponding characteristic 5 % quan-
tile ratio decreases about 31 %.

The derivation of coefficient of friction and the partial safety factor for reinforcement in
Chapter 7.3.3 was based on experimental data with bondbreaker and the assumption of
no effective adhesive bond between the concrete layers. Thus, the derived coefficients
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of friction are independent of the adhesive resistance and can therefore be adopted for
the [prEC2:18] expression. However, to verify the interaction of the derived coefficients
of adhesion with the coefficients of friction, database B with small size tests with inter-
face reinforcement, database E with beam and slab specimens without interface rein-
forcement and database F-1 with beam and slab specimens with interface reinforcement
were evaluated by comparing experimental and calculated characteristic resistance. The
coefficients of adhesion and friction as well as the results of the database evaluation are
shown in Table 7-20.

Table 7-20: Modified coefficients of adhesion and friction (left) with database evaluation for the mod-
ified [prEC2:18] approach (right)
Interface c u Database B Database E Database F-1
very smooth 0.01M 0.31 No. 266 30 66
smooth 0.1 0.48 Xm 1.48 2.98 2.07
rough 0.22 0.78 Ccov 0.27 0.51 0.37
very rough 0.27 0.80@ Xs% 0.92 1.17 1.05

Xm: mean value trki/tcaic, COV: coefficient of variation, Xs«: characteristic 5 % quantile ratio, (": assumed based on
[prEC2:18] and validated using tests with normal stress; @): subsequently derived

Compared to the database evaluation with the approach according to [prEC2:18], the
evaluation with the modified coefficient of adhesion and friction yields to an overall
improvement of mean value and coefficient of variation. The lower deviation of the
database B evaluation with small size tests with interface reinforcement is in accordance
with Chapter 7.3.3. Due to concentrated load application, small interfaces with small
numbers of reinforcement bar, database B depicts an adverse case for evaluation. Thus,
a small lower deviation of 8 % to the reference value Xs% = 1.0 can be accepted. The
evaluation of database E gives a 31 % lower mean value with unchanged coefficient of
variation. For database F-1, the mean value decreases about 16 % and the coefficient of
variation reduces about 3 % with a corresponding reduction of characteristic 5 % quan-
tile ratio about 15 %.

7.5.4 Proposal for fatigue

For fatigue, the verification of concrete interfaces distinguishes between interfaces with
interface reinforcement and interfaces without interface reinforcement. The applied
shear stress of the cyclic loading is therefore based on the frequent load combination.
For interfaces without interface reinforcement, the maximum of the applied shear stress
must be limited. Thus, the maximum applied fatigue strength can be calculated accord-
ing Eq. (7-33) with ycfa = 1.5.

1

3

ck

Tmax.Rdi = 0.5 * € - + u-o, (7-33)

c.fat
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7.5 Proposal of design expression for interface shear

The reduction of the adhesive strength to 50 % under monotonic loading conditions is
based on the regulations defined in [EC2], [prEC2:18] and [MC10], which are based on
the results of experimental investigations where no considerable interface displacement
could be determined for applied maximum stress about 50 % of the static resistance
(s. Chapter 4.2.5).

For validating the expressions, only six tests with beam and slabs under cyclic loading
conditions could be evaluated. As mentioned in Chapter 0O, the applied maximum re-
sistances exceeded the calculated static interface resistances according to [EC2],
[prEC2:18] and [MC10] by their multiple. This also applies to the modified design ex-
pression and the modified [prEC2:18] approach with exceeding the static interface re-
sistance between 125 % and 260 %. The tested residual resistance after reaching the
reference number of load cycles exceeded the static interface resistance between 275 %
and 435 %. Thus, the defined limitation for fatigue gives a safe estimation of applied
maximum shear stress for interface shear.

For concrete interfaces with interface reinforcement, the verification follows a limitation
of the characteristic stress range Acrsk in the reinforcement bars with a partial safety
factor of steel for fatigue of ys s = 1.15. Therefore, the applied stress range Atgqis cal-
culated based on the frequent load combination. According to [EC2], 50 % of the adhe-
sive strength can be accounted for fatigue, whereas [EC2NAD] omits the adhesive re-
sistance. The regulations in [prEC2:18] neglects the adhesive resistance and a reduced
inclination of compression strut from 45° to 25° is assumed. By assuming that the com-
pression strut declines with a flatter inclination, more stirrups can be activated. The fa-
vourable effect of the flatter inclination is considered by a reduction factor of
1/cotd = 0.45 with 6 = 25°.

To define a fatigue verification for interface reinforcement, the applied stress ranges in
the beam and slab specimens of database H-1 were calculated based on the modified
interface shear equation with the fatigue provisions of [EC2NAD], [EC2] and
[prEC2:18] (Figure 7-15). For evaluation, the term of normal stress and partial safety
factors were not considered. For comparison, the ratio of calculated stress ranges to ap-
proved stress ranges according to the S-N curves defined in [EC2] are depicted over the
borne number of load cycles in Figure 7-15.
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Figure 7-15:  Comparison of calculated and approved stress ranges

In accordance with [EC2NAD], the adhesive resistance was not considered (cfac = 0- Cstat)
in Figure 7-15 (left), which shows an underestimation of approved stress ranges com-
pared to the applied stress ranges with a high range of scatter, especially for high num-
bers of borne load cycles. Reducing the applied stress range to 50 % of the static adhe-
sive term in accordance to [EC2] (Figure 7-15, (middle)) leads to a general reduction of
applied stress ranges, but still shows high scattering. The approved stress ranges deceed
the approved stress range for three specimens with prior fatigue failure and two speci-
mens which reached the reference number of load cycles. Thus, assuming 50 % of the
adhesive strength for verifying the stress range may lead to a somehow unsafe estima-
tion. Neglecting the adhesive term and assuming a reduced inclination of compression
strut in accordance to [prEC2:18] (Figure 7-135, (right)) leads to a decrease of scatter but
to an overestimation of stress range for three specimens with fatigue failure.

Since the fatigue verification based on the [prEC2:18] regulations show the smallest
range of scatter, the expression was modified to achieve a safe estimation of stress range
resistance for interface reinforcement. Therefore, it was assumed that the inclination of
compression strut results in 6 =30°, which corresponds to a reduction factor of
1/coth = 0.6. A reduction factor of 0.6 has been defined in previous design regulations
of DIN 1045:88 [D1045] for fatigue of interface reinforcement and has been adopted
for the verification of lattice girders in the general technical approvals (e.g. [DZ-93][DZ-
38]). Comparison calculations with semi-precast slabs with lattice girder under cyclic
loading condition in Chapter 5.4.6 show the best accordance of calculated shear stress
to approved stress ranges compared to the design expression of [EC2NAD] and [EC2].
Adopting this assumption to the fatigue verification of interface reinforcement accord-
ing to the modified design expression and neglecting the term of adhesion, leads to the
expression in Eq. (7-34). Accordingly, the calculation of stress range with omitting the
term of normal stress follows Eq. (7-35).

AtRgi=n- o, + — (L-sina+cosa) (7-34)
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AV At .
=0.6" Ed (7-35)

Vs fat P, (L sina+cosa)

The evaluation of calculated stress range according to Eq. (7-35) without considering
partial safety factors, related to the approved characteristic stress ranges is shown in
Figure 7-16. It can be seen, that the factor 0.6 still leads to a reduced range of scatter for
the evaluated test data, but only one test with prior fatigue failure and one test which
reached the reference number of load cycles deceed the approved stress range. Com-
bined with the improved scatter of test data, the proposed expression presents a suffi-
cient approach for fatigue design of interface reinforcement.
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Figure 7-16:  Comparison of calculated to approved stress range according to the proposed fatigue
verification

For the verification of semi-precast slabs with lattice girders, database H-2 was evalu-
ated with the proposed fatigue equation and considering all interface roughnesses. The
calculated characteristic stress range was related to the approved stress range according
to the S-N-curves derived in Chapter 4 and plotted over the borne number of load cycles
(Figure 7-17). It can be seen, that the proposed fatigue verification shows a good agree-
ment of applied and approved stress ranges for the specimens in database H-2 for all
borne number of load cycles.
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Figure 7-17:  Comparison of calculated to approved stress range according to the proposed fatigue
verification for database H-2 with semi-precast slabs with lattice girders

7.6 Summary

In the previous chapter, a modified interface shear design equation was proposed based
on the design regulations according to the draft for the new Eurocode 2 [prEC2:18]. The
design equation describes the interface shear resistance based on the model concepts of
Mohr-Coulomb combined with shear friction theory by terms of adhesion, friction in-
duced by externally applied normal stress and by clamping of the interface reinforce-
ment. The resistance term of adhesion is defined to be proportional to the cubic root of
the characteristic concrete compressive strength, which shows a better accordance to
results of experimental investigations than the approach of the square root of the con-
crete compressive strength as defined in [prEC2:18]. To capture the influence of inter-
face roughness, the coefficients of adhesion and friction were derived using isolated test
data. The coefficient of adhesion was derived by small size tests without normal stress
and interface reinforcement and the coefficient of friction was derived by small size tests
with interface reinforcement and impaired bond conditions to prevent adhesive bond.
To account for a sufficient level of reliability, partial safety factors were derived for
adhesion and friction using the probabilistic evaluation method according to [ECO], An-
nex D. The derived partial safety factors for adhesion is yasn = 2.30 and for friction
vadh = 1.80. For design, the coefficients of adhesion and friction were adjusted to provide
a design procedure based on the safety concept of [prEC2:18] with the partial safety
factors y. = 1.5 for concrete and ys = 1.15 for reinforcing steel. To verify the applicability
of the design approach to structural members, the design approach was validated sys-
tematically using databases with beam and slab specimens with and without interface
reinforcement. Compared to small size tests, the database evaluation shows a decrease
of interface resistance with increasing interface width for the adhesive term. Thus, a
coefficient of interface width for the adhesive term is derived, which show a better
agreement of experimental and calculated resistance. Especially for small interface di-
mensions, the interface resistance increase. However, for the practical range of interface
width, the coefficient of interface width yields to a small increase for small interfaces in
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beams and a small decrease for large interfaces in slabs. Thus, for practical reasons, the
influence of interface width can be omitted for design.

To implement the presented procedure to the adhesive resistance term as defined in the
expression of [prEC2:18], roughness coefficients of adhesion were derived for the ap-
proach describing the adhesive resistance to be proportional to the square root of the
characteristic concrete compressive strength.

Table 7-21 summarises the results of the database evaluation of database E with 30 beam
and slabs specimens without interface reinforcement by comparing the experimental re-
sistance to the calculated characteristic interface resistance. Therefore, mean value Xm,
coefficient of variation COV and characteristic 5 % quantile ratio Xs¢ according to the
modified approach considering the coefficient of interface width Ay, to the modified de-
sign proposal without Ay, to the modified approach of [prEC2:18] and [prEC2:18] are
compared.

Table 7-21: Overview of database evaluation of database E (30 beam and slabs specimens without
interface reinforcement)

Ttest/ TRki Modified approach con- Modified design Modified _
sidering interface width Ao proposal prEC2:2018 prEC2:2018
Xm 2.20 2.86 2.98 4.35
cov 0.37 0.48 0.51 0.51
X5% 112 117 117 1.70

Xm: mean value tr«i/Tcalc, COV: coefficient of variation, Xs%: characteristic 5 % quantile ratio

For beam and slab specimens with stirrups as interface reinforcement, Table 7-22 sum-
marises the results of the database evaluation of database F-1 with 66 specimens.

Table 7-22: Overview of database evaluation of database F-1 (66 beam and slabs specimens with
stirrups as interface reinforcement)

Ttest/ TRki Modified approach con- Modified design Modified .
sidering interface width Ao proposal prEC2:2018 prEC2:2018
Xm 1.67 2.01 2.07 2.46
CcoV 0.31 0.36 0.37 0.38
Xs% 0.95 1.05 1.05 1.23

Xm: mean value trii/tcalc, COV: coefficient of variation, Xs%: characteristic 5 % quantile ratio

The proposed modified design expression improves the interface shear design with re-
duced mean value and coefficient of variation compared to the design codes evaluated
in Chapter 6. The corresponding characteristic 5 % quantile ratio show a safe and more
efficient estimation of experimental test data by the characteristic design approaches.
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7 Design proposal for horizontal interface shear

For the fatigue verification of interfaces without interface reinforcement, the adhesive
resistance is reduced to 50 % of the static adhesive strength in accordance to [prEC2:18].
For the verification of stress range in the interface reinforcement for reinforced inter-
faces under cyclic loading conditions, the load resistance term was omitted. The favour-
able effect of a flatter inclination of compression strut is considered by a reduction factor
of 1/cotf = 0.6 with 6 = 30°. The comparison of calculated stress ranges from fatigue
tests and approved stress ranges from S-N-curves show a better agreement compared to
the fatigue regulations in the current European codes for both, stirrups as lattice girders
as interface reinforcement.
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8 Conclusion and Outlook

8.1 Conclusion

Horizontal interfaces between concrete cast at different times in composite beam and
slab structures commonly occur in building practice due to section wise concrete casting
or in precast construction. To achieve a quasi-monolithic load bearing behaviour of the
composite structure, shear transfer across the interface must be ensured to verify the
bending resistance. In literature, five important mechanisms exist to describe interface
shear transfer. Starting with shear friction theory, which defined interface shear re-
sistance by the clamping effect of the interface reinforcement, further modifications
were proposed considering adhesive resistance, concrete strength, aggregate interlock,
and dowel action. In construction practice, the design regulations of Eurocode 2, Euro-
code 2 with the National Annex of Germany, the draft for the next Eurocode 2,
ACI 318-14 and AASHTO LFRD simplify interface shear resistance with terms for ad-
hesion, friction induced by normal stress, and friction induced by clamping of interface
reinforcement. The regulations of Model Code 2010 and the new approach of Euro-
code 2 for concrete toppings extend the resistance term of interface reinforcement by
additionally considering the effect of dowel action. Various test programmes were con-
ducted by researchers to develop and verify these design regulations. The test pro-
grammes included small size and structural member tests and covered concrete inter-
faces with and without normal stress and interface reinforcement, as well as monotonic
and cyclic loading conditions. Even though the aforementioned design regulations were
built upon similar theoretical considerations, different regulations result in calculated
interface resistances that differ up to several orders of magnitude.

The objective of this thesis was to revise and assess the aforementioned interface shear
regulations and to develop an improved design formulation in terms of efficiency and
level of safety for monotonic and cyclic loading conditions. In order to assess the con-
sidered design equations, databases were compiled based on comprehensive literature
research and own experimental investigations. The databases comprise 553 small size
tests and 201 composite beam and slab structures. For both test setups, the influences of
load resistance terms (interfaces without normal stress and interface reinforcement for
adhesion, interfaces with externally applied normal stress and interfaces with reinforce-
ment) and loading conditions (monotonic and cyclic loading) were evaluated separately.
The comparison between experimental ultimate interface strength and calculated char-
acteristic interface shear resistance was utilised to assess efficiency and level of safety
of the design equations. For all evaluated design equations and databases, high scatter
were observed. The roughness classifications and definitions of adhesive resistance by
terms of concrete strength, as defined in European codes, yield better agreement of test
data compared to the American codes, which define constant adhesive strengths for in-
terfaces intentionally roughened and not intentionally roughened. As expected, struc-
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tural member tests show more scatter compared to small size tests. The largest coeffi-
cients of variation (magnitude of scatter) were determined for interfaces without inter-
face reinforcement and normal stress. With increasing interface roughness, the scatter
of related test data decreases. For specimens with interface reinforcement, the range of
scatter decreases for both, small size tests and structural member tests. The additional
load bearing resistance of dowel action according to Model Code 2010 gives a more
conservative estimation of shear resistance. However, the combination of high coeffi-
cients of variation for beam and slab specimens, COV = 0.51 — 0.64 (no interface rein-
forcement) and COV =0.38 —0.44 (interface reinforcement), and high mean values,
Xm = 4.35 — 4.86 (no interface reinforcement) and Xm = 2.27 — 3.91 (with interface rein-
forcement), results in 5 % quantile ratios about Xs¢ = 1.70 (no interface reinforcement)
and Xm = 1.11 — 1.76 (interface reinforcement). Thus, the design expressions give a safe
but conservative estimation of interface resistance.

In the evaluated test data, the related interface resistance decreases with increasing con-
crete strength. Defining the adhesive resistance by terms of the square root of the char-
acteristic concrete compressive strength according to the new draft for Eurocode 2 gave
the best agreement with the test data. For the resistance of interface reinforcement, the
expression of the clamping effect showed a better agreement of test data compared to
the expressions with an additional term for dowel action. Further parameters like shear
slenderness and prestressing of precast concrete showed no significant effect, due to
very high scatter. Whereas no influence of interface dimensions was determined for
small size tests, a decrease of interface resistance was observed for increasing interface
width in structural members.

Specimens subjected to cyclic loading were only evaluated with the European Codes
because the American Codes do not provide regulations for fatigue in concrete inter-
faces. Reducing the adhesive resistance to 50 % of the static resistance gives a safe es-
timation for interfaces without interface reinforcement. To verify the stress range in the
interface reinforcement, the assumption of a reduced adhesive resistance gives a con-
servative but safe estimation of approved stress ranges. Neglecting the adhesive re-
sistance and assuming a flatter inclination of the compression strut of 25° results in
smaller calculated stress ranges which may lead to somehow unsafe estimations.

A modified interface shear design expression was proposed for efficient and safe esti-
mation of interface resistance. The proposed equation is based on the design concept for
the next Eurocode 2, but defines the adhesive resistance as a function of the cubic root
of the characteristic concrete compressive strength. The coefficients of adhesion and
friction were derived separately using isolated databases. To account for a sufficient
level of safety, partial safety factors for adhesion and friction were derived by means of
probabilistic evaluation methods in accordance to Eurocode 0. An additional coefficient
of interface width was derived for the adhesive resistance term to account for the inverse

190



8.2 Future research

relationship between interface width and interface shear resistance for structural mem-
bers. The proposed equation was validated with experimental test results of structural
members without interface reinforcement and improves the ratio of experimental to cal-
culated characteristic resistance by 23 % (mean value Xm = 2.20, coefficient of variation
COV =0.37). For structural members with interface reinforcement, the proposed design
expression also improves the ratio of experimental to calculated characteristic resistance
by 17 % (mean value Xn = 1.67) and 14 % (coefficient of variation COV = 0.31), re-
spectively. In order to apply the proposed interface shear expression in building practice,
additional roughness coefficients and partial safety factors were derived for the draft of
the next Eurocode 2. Furthermore, the partial safety factors and the coefficient of inter-
face width were simplified for the common design expression.

To extend the understanding of monotonically loaded interfaces to cyclic loading con-
ditions, a new experimental programme on the fatigue behaviour of semi-precast slabs
with lattice girders as interface reinforcement was conducted. The test parameters of the
14 slab specimens with two sub-tests were interface roughness, slab thickness, interface
reinforcement ratio and concrete strength. Besides higher scatter in fatigue test data
compared to static tests, influences of interface roughness, interface reinforcement ratio,
slab thickness, and steel strains in the lattice girders were observed. Even though the
determined stress ranges in the lattice girders were considerably higher compared to the
approved stress range according to the technical approvals, the fatigue design regula-
tions of lattice girders were generally confirmed. With S-N-curves for lattice girders
derived from small size tests, the range of application of semi-precast slabs for fatigue
was extended and a better agreement of calculated stress ranges with test data was
achieved.

For the fatigue verification of stress range in the interface reinforcement, the design
concept of the next generation of Eurocode 2 was revised and adjusted by applying the
roughness coefficients of the proposed design expression. Furthermore, a steeper incli-
nation of compressive strut of 30° is assumed based on the own experimental investiga-
tions with lattice girders. The comparison of calculated stress ranges in fatigue tests and
approved stress ranges showed a better agreement and safe estimation.

8.2 Future research

Past research has significantly contributed to the understanding of horizontal shear stress
in composite beam and slab structures. Nevertheless, further research is needed in order
to advance current knowledge. Some major topics for future research are:

e Interfaces in continuous beams and slabs: The design regulations for interface
shear were derived by small size tests and simply supported structural member
tests. For continuous beams and slabs, higher interface shear resistances can be
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expected due to restraints for horizontal displacement in the area of the mid-sup-
ports. The influence of the structural system for monotonic and cyclic loading
conditions is still outstanding and needs to be investigated.

Influence of interface location in the cross section: Interface failure in simply
supported composite beam and slab structures generally occurs after flexural
cracks start from the bottom of the cross section and develop to shear cracks. In
case of insufficient interface resistance, the shear cracks proceed along the inter-
face. Whereas interfaces in composite slabs are generally located at the bottom
of the cross section, interfaces in beam-slab connections in T-beams are com-
monly located at the top of the cross section. Thus, for simply supported beams,
higher interface resistances can be expected in T-beams. The influence of inter-
face location on interface resistance as well as the effect of the reverse crack
development at mid-supports in continuous structures requires further investiga-
tions.

Influence of interface width: The database evaluation showed an increase of in-
terface resistance with increasing interface width for structural members, which
might be constituted by the higher potential of blemished in the interface. This
effect was captured by an empirical coefficient of interface width in the own pro-
posal. To verify this inverse relationship, systematic test series with varying in-
terface width combined with varying interface roughnesses are necessary.

Verification of comprehensive roughness coefficients: The roughness coeffi-
cients for the proposed design equation were derived by databases with small size
tests. For the determination of the coefficient of adhesion, no specimens with
very smooth surfaces could be evaluated. For the friction coefficient, no speci-
mens with very rough surfaces and impaired bond were available in the data-
bases. Thus, the corresponding coefficients were extrapolated based on existing
regulations and validated with existing test data. To verify the extrapolated coef-
ficients, appropriate test data is necessary to ensure an efficient and safe design.

Transferability of small size and structural member tests: Interface shear in small
size tests is localised to small interfaces with concentrated load application,
whereas interface shear in beam and slab structures develops due to composite
action. However, compared to structural member tests, small size tests present an
efficient method to investigate the influence of several parameters on interface
shear resistance. To minimise the scatter of tests results, consistent test series
with small size tests and structural member tests can be conducted with similar
interface roughness to investigate the transferability of the different test setups
considering influences of e.g. different stress states or size effects.
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Annex A Own investigations

A.1 Test matrix

EGO01 A

2 AN C25 ~Smooth
g EG02 P NN C25 Vory smooth
EG03 peechid NN C25 rough Re0.8mm
EG04 e ANAAN C25 rough’ R-0.mm
_|| EGO5 gt ANAAN C25 R S
% EG06 —— AN C50 | | ough R0 mm
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% EG12 i i AN A C50 rough Re0.8mm
i EG13 : : ANANANA C50 ‘rough’ R~0.9mm
EG14 i : ANNNNA C25 | |woiligh R<65mm

Figure A-1: Test matrix
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Annex A: Own investigations

A.2 Material properties

A.2.1 Concrete

Table A-1: Concrete composition of precast slab and insitu concrete
cement aggregates [mm] water SS:;V; d date
CEM1 Menge 0-2 2-8 8-16 amount w/z fem] (
-] [kg/m?]  [kg/m?] [kg/m?] [kg/m?]  [kg/m?] [-]

EGO1, EG02

precast 52,5R 280 grading curve AB16 172 0,60 - 04.05.2015
insitu 52,5R 280 787 637 450 200 0,71 52 08.05.2015
EG03, EG04, EGO05

precast  52,5R 260 814 659 465 182 0,70 - 27.08.2015
insitu 52,5R 260 814 659 465 182 0,70 - 08.09.2015
EGO06, EG07, EGO8

precast  52,5R 400 748 438 638 180 0,45 45 26.11.2015
insitu 52,5R 400 748 392 641 170 0,43 45 11.12.2015
EG09, EG14

precast  52,5R 260 814 659 465 182 0,70 46 07.03.2016
insitu 52,5R 270 758 474 663 175 0,65 50 17.03.2016
EG10, EG11

precast  52,5R 270 758 474 663 184 0,68 46 08.10.2015
insitu 52,5R 270 758 474 663 186 0,65 50 22.10.2015
EG12, EG13

precast  52,5R 400 748 438 638 180 0,45 49 07.12.2015
insitu 52,5R 400 748 392 641 170 0,43 52 17.12.2015
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A.2 Material properties

Table A-2: Mean values of concrete strength of precast slab and insitu concrete
Test Testing age fe.cy fe.cube fet flex fet.sp fe.cube,28d Ec
[d] [N'mm?]  [N/mm?]  [N/mm?] [N/mm?] [N/mm?] [N/mm?]
EGO1 pre 53 25,3 41,71 3,6' 2,9 39,9 26583
in 49 35,6 45,3 3,92 3,01 41,8 20641
EG02 pre 71 25,6 42,5 4.4 3,0 39,9 27396
in 67 33,9 41,6 3,92 3,2 41.8 27077
EG0O3 pre 32 27,7 39,6 - 2,7 42,3 24695
in 20 33,2 38,1 2,8 2,8 44,3 26043
EG04 pre 40 27,9 40,3 - 2,71 42,31 245461
in 29 34,0 39,11 3,11 2,8! 44,3 260171
EG05 pre 53 28,21 41,5 - 2,71 42,31 243041
in 42 35,21 40,6' 3,41 2,91 4431 259801
EG06 pre 1092 51,12 68,82 - 3,62 72,12 294012
in 952 61,32 76,02 - 4,32 70,92 283432
EG07 pre 112 51,11 68,7° - 3,6 72,11 29378
in 97 61,32 75,8 - 4,31 70,92 283432
EG08 pre 130 51,4 68,71 - 3,6' 72,11 292421
in 115 61,32 74,2 - 4,11 70,92 283432
EG09 pre 42 32,9 37,7 4,62 2,9 43,3 25079
in 32 34,4 40,8 - 3,1 41,2 23157
EG10 pre 40 36,0 43,3 3,8 3,4 43,5 22157
in 26 32,0 39,1 3,6 2,8 43,8 22960
EG11 pre 88 37,2 45,1 4,31 2,8 43,5 20366
in 74 36,0 42,9 3,91 3,0 43,8 24509
EG12 pre 37 48,6 65,2 4,12 3,4 68,9 29935
in 27 55,6 72,3 5,62 4,0 68,4 29335
EG13 pre 73 49,0 67,5 4,12 3,71 68,92 30577
in 63 56,81 72,81 5,62 3,91 68,42 29376
EG14 pre 94 31,5 37,4 3,8 2,71 43,3 24748
in 84 34,8 39,3 - 3,1 41,2 22652

pre: precast slab; in: insitu concrete; ': linearly interpolated; 2: no interpolation possible — values adopted from testig
date; focyi: cylinder compressive strength; f.cuve: cube compressive strength; fifex: flexural tensile strength; ftsp:
splitting tensile strength; . cube 28d: Cube compressive strength after 28 days; Ec: young’s modulus
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Annex A: Own investigations

A.2.2 Reinforcement

Table A-3: Steel properties of lattice girders
] Ao fy f; Ato Agt Es
[mm] [mm?] [MPa] [MPa] [%] [%] [MPa]
KTS100 U 5 19,63 597 643 - 3,90 211930
D 7 38,48 554 603 - 5,15 207730
L 5 19,63 570 623 - 3,55 217699
EQ 30 u 5,1 20,43 597 648 - - 211791
D 7 38,48 554 609 - - 209811
L 5,1 20,43 589 642 - - 207856

U: upper chord; D: diagonal; L: lower chord; &: diameter; Ao: initial cross section; f: 0,2%-yiled strength; #: tensile
strength; Aio: failure strain; Agt: stain at ultimate load; Es: youngs’s modulus

Table A-4: Steel properties of longitudinal reinforcement
7] Ao fy f; Ato Agt Es
[mm] [mm?2] [MPa] [MPa] [%] [%] [MPa]
EGO01/ EG02 20,2 319,47 954 1160 - - 193277
EGO3 - EG14 20,2 319,27 939 1135 - - 195293

@: diameter; Ao: initial cross section; f: 0,2%-yiled strength; #: tensile strength; A1o: failure strain; Agt: stain at ulti-
mate load; Es: youngs’s modulus
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A.3 Reinforcement and formwork details

A.3 Reinforcement and formwork details

upper concrete cover c,,.,= 4 cm — load application b = 8 cm
lower concret cover ¢, =2 cm  — I I — support b =10 cm
crack introduction
==l |
T L2}
~ ~ 7 7 ©
AN N AN N N d e 4 & ~
S 9]
©o20 50 ) 50 ' 50 ~ 20
[cm] ’ 190 )
EG01, EG02
~

|| = —J === : : : 101

2rows KTS 100 s = 43 cm
— 7 @ 20/13 longitudinal rfemnt*|_

10 @ 8 addition shear rfcmnt* 218
-1 16 @ 10/12 transverse rfcmnt*
2x7 @/6/30 edge stirrups —
|| == == e e e |
~
*rfcmnt = reinforcemenl-" =
Figure A-2: Reinforcement and formwork detail of specimens EG0O1 and EG02
upper concrete cover ¢, = 4 cm — load application b = 8 cm
lower concret coverc,, =2 cm — I I — support b =10 cm
11 s crack introduction
- (o)}
N, ©
N\ N N\ e 4 P T
. = e e
T —0
©o15 7 50 K 50 ’ 50 To15 7
[cm] ! 180 ?
|EGO3, EGO8, EGOY
N
. T b1 T —1 —q —=3 |
2 rows KTS 100 s =43 cm
——— 7 @ 20/13 longitudinal rfemnt* ®n
{ 10 @ 8 addition shear rfcmnt* e
— 1 15 @ 10/12 transverse rfcmnt”
= x
&

*
*rfemnt = reinforcement

Figure A-3: Reinforcement and formwork detail of specimens EG03, EG06 and EG9
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Annex A: Own investigations

upper concrete cover ¢
lower concret cover ¢
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Z2om I I
— el

1"
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load application b = 8 cm
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crack introduction
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[em] 180 !
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. 7 @ 20/13 longitudinal rfcmnt*
= e WE 15 @ 8 addition shear rfemnt*
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|
< e e e e | |
4 rows KTS 100 s =21 cm
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Figure A-4: Reinforcement and formwork detail of specimens EG04 and EG07 as well as EG05 and
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A.3 Reinforcement and formwork details

upper concrete cover ¢, = 4 cm — load application b = 8 cm
lower concret coverc,,, =2 cm — I I — supportb = 10cm
i ;L crack mtroduc@
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Figure A-5: Reinforcement and formwork detail of specimens EG10, EG11, EG12 and EG13
upper concrete cover ¢, = 1 cm — load application b = 8 cm
lower concret coverc,,, =2 cm — I I — support b =10 cm
,ﬂ, 1 i crack introduction
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Figure A-6: Reinforcement and formwork detail of specimens EG10, EG11, EG12 and EG14

*rfemnt = reinforcement

7 29
36

43 21
85

Y

21 11

21
85

11 21

33 *

7 26

21 11

85

K

A-7



Annex A: Own investigations

A.4 Applied load history

Table A-5: Load history of test specimen EGO1
EGO1  Vinaxtest [KN] % [1  AVKN] %ﬁl [] N[

sub-test | 116 0.80 35 0.30 0-1.500.000
116 0.80 58 0.50 1,500,000 - 2,000,000
126 0.87 68 0.54 2,000,000 - 2,500,000
129 0.89 71 0.55 2,500,000 - 3,000,000
136 0.94 78 0.57 3,000,000 - 3,500,000
144 1.00 86 0.60 3,500,000 - 3,750,000
152 1.05 94 0.62 3,750,000 — 4,000,000
162 1.12 104 0.65 4,000,000 — 4,180,000*

sub-test Il 162 1.12 104 0.65 4,180,000 — 4,180,350*

Vmax.test: maximum applied shear force in test; Vstatcaic = VRm,ismooth: calculated static shear force; A Viest: maximum
applied shear force in test; *: load cycles of ultimate fatigue load

Table A-6: Load history of test specimen EG02
EG02  Vimaxtest [kN] % [1  AViest [kN] %ﬁl [ N[
sub-test | 116 0.80 35 0.30 0-1.500.000
116 0.80 58 0.50 1,500,000 - 2,660,000*
sub-test Il 116 0.80 58 0.50 2,660,000 — 3,590,000*

Vmax.test: maximum applied shear force in test; Vstatcaic = VRm,ismooth: calculated static shear force; A Viest.: maximum
applied shear force in test; *: load cycles of ultimate fatigue load

Table A-7: Load history of test specimen EG03

V, AV,
EGO3  Vmaxest [N 172> [] AVhea [N [ N[
stat,calc max,test
sub-test | 152 0.70 90 0.65 0-2,075,444*
sub-test Il 152 0.70 90 0.65 2,075,000 - 3,250,000*

Vimaxtest: maximum applied shear force in test; Vstatcaic = VRmiirough: calculated static shear force; AWest: maximum
applied shear force in test; *: load cycles of ultimate fatigue load
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A.4 Applied load history

Table A-8: Load history of test specimen EG04
EGO4  Vimaxtest [kN] % [1  AViest [kN] %ﬁl [ N[
sub-test | 165 0.60 82.5 0.55 0 - 3,000,000
165 0.60 97.5 0.65 3,000,000 — 4,000,000
165 0.60 112.5 0.75 4,000,000 — 4,363,000*

sub-test Il 2600

Vmax test: maximum applied shear force in test; Vstatcalc = VRm,sy: calculated static shear force; A Viest: maximum applied
shear force in test; *: load cycles of ultimate fatigue load; (): no fatigue sub-test Il due to processed fracture of
second side — static residual capacity

Table A-9: Load history of test specimen EG05

V AV,
EGO5  Vmaxtest KN] 1] AVhest [kKN] oo [] N[
Vstat,calc Vmax,test
sub-test | 226 0.60 113 0.53 0-27,000*
sub-test Il 271

Vmaxtest: maximum applied shear force in test; Vstatcalc = Vammax: calculated static shear force; AVest: maximum
applied shear force in test; *: load cycles of ultimate fatigue load; ("): no fatigue sub-test Il due to processed fracture
of second side — static residual capacity

Table A-10: Load history of test specimen EG06

EGO6  Viaxest [KN] % [1  AViest [kN] %ﬁl ] N[
sub-test | 172 0.70 105 0.65 0 — 2,250,000
197 0.80 120 0.65 2,250,000 — 2,604,000*
sub-test Il 197 0.80 120 0.65 2,604,000 — 2,615,000*

Vmax test: maximum applied shear force in test; Vstatcae = VRmiirough: calculated static shear force; AVtest: maximum
applied shear force in test; *: load cycles of ultimate fatigue load
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Annex A: Own investigations

Table A-11: Load history of test specimen EG07

EGO7  Vimaxest [kN] % [ AViest [kN] %ﬁl ] N[
sub-test | 172 0.60 87.5 0.55 0 — 2,000,000
172 0.60 105 0.65 2,000,000 — 3,000,000
172 0.60 120 0.75 3,000,000 — 4,000,000
197 0.70 120 0.75 4,000,000 — 4,033,000*
sub-test Il 197 0.70 120 0.75 4,033,000 — 6,283,000*

Vmax test: maximum applied shear force in test; Vstatcalc = VRm,sy: calculated static shear force; A Viest: maximum applied
shear force in test; *: load cycles of ultimate fatigue load

Table A-12: Load history of test specimen EG08

EGO8  Viaxgest [KN] % []  AViest [kN] %ﬁ:ﬁ ] N[
sub-test | 215 0.60 110 0.55 0 — 2,000,000
215 0.60 132.5 0.65 2,000,000 — 3,000,000
215 0.60 152.5 0.75 3,000,000 — 3,951,703*

sub-test Il @

Vimaxtest: maximum applied shear force in test; Vstatcac = Vemmax: calculated static shear force; AViest: maximum
applied shear force in test; *: load cycles of ultimate fatigue load; ?: no sub-test Il due to processed fracture of
second side

Table A-13: Load history of test specimen EG09

V. AV,
EGO9  Vinaxtest [kN] —XU 11 AV[KN] e N[
Vstat,calc Vmax,test
sub-test | 155 0.70 92.5 0.65 0-8,700*
sub-test I 155 0.70 60 0.45 8,700 — 1,095,000*

Vmax.test: maximum applied shear force in test; Vstatcaic = VRm,irough: calculated static shear force; AViest: maximum
applied shear force in test; *: load cycles of ultimate fatigue load
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A.4 Applied load history

Table A-14: Load history of test specimen EG10

AVest -

V.
EG10  Vinaxsest [KN] V’“Lte“ [ AViest[kN] v N[
stat,calc max,test
sub-test | 282 0.5 150 0.6 0-2,000,000
372 0.7 225 0.9 2,000,000 - 2,001,000

sub-test Il @

Vmaxtest: maximum applied shear force in test; Vstatcalc = VRm,ismooth: calculated static shear force; AVest: maximum
applied shear force in test; *: load cycles of ultimate fatigue load; @: no sub-test Il due to processed fracture of
second side

Table A-15: Load history of test specimen EG11

V. AV,
EG11  Vimaxtest KN] 2 L] AVies [kN] 2 [ N[
Vstat,calc Vmax,test
sub-test | 537 0.55 195 0.40 0-310,000*
sub-test Il 537 0.55 196 0.40 310,000 - 1,210,000*

Vmax test: maximum applied shear force in test; Vstatcac = Vemmax: calculated static shear force; AViest: maximum
applied shear force in test; *: load cycles of ultimate fatigue load

Table A-16: Load history of test specimen EG12

EG12  Vinwctos [KN] % H AVies [KN] vAmLttt g NI
sub-test | 359 0.60 135 0.40 0-2,000,000
359 0.60 197.5 0.60 2,000,000 - 3,375,000
420 0.70 232.5 0.60 3,375,000 — 4,119,000
sub-test Il 420 0.70 232.5 0.60 4,119 — 4,465,000*

Vmax test: maximum applied shear force in test; Vstatcale = VRmirough: calculated static shear force; AVtest: maximum
applied shear force in test; *: load cycles of ultimate fatigue load

Table AA-17:  Load history of test specimen EG13

V AV,
EG13  Vinaxtest [KN] X L] AViest [KN] < N[
Vstat,calc Vmax,test
sub-test | 519 0.55 165 0.40 0 —435*
sub-test Il 519 0.55 165 0.40 435 -9,600*

Vmax test: maximum applied shear force in test; Vstatcac = Vemmax: calculated static shear force; AViest: maximum
applied shear force in test; *: load cycles of ultimate fatigue load
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Annex A: Own investigations

Table A-18: Load history of test specimen EG14

V, AV,
EG14  Vmaes [N 72 [ AV [N 7 [ N[
stat,calc max,test
sub-test | 487 0.55 175, 0.40 0-1,626,488*
sub-test Il 487 0.55 175 0.40 1,626,000 — 1,655,000*

Vmaxtest: maximum applied shear force in test; Vstatcac = Vemmax: calculated static shear force; AViest: maximum
applied shear force in test; *: load cycles of ultimate fatigue load
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A.5 Crack patterns

A.5 Crack patterns
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Figure A-7: Test parameters, crack patterns and lattice girder fractures of specimen EGO1
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Figure A-10:  Test parameters, crack patterns and lattice girder fractures of specimen EG04
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Figure A-12:  Test parameters, crack patterns and lattice girder fractures of specimen EG06
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A.5 Crack patterns
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Figure A-17:  Test parameters, crack patterns and lattice girder fractures of specimen EG11
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Figure A-18:  Test parameters, crack patterns and lattice girder fractures of specimen EG12
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Figure A-19:  Test parameters, crack patterns and lattice girder fractures of specimen EG13
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Annex B Database

Annex B.1.1 and B.2.1 present the test setups and main test parameters for each test
programme in the databases for small size tests as well as structural member tests. An
extensive overview of test parameters and failure shear stresses for each test specimen
within the test programmes are presents in the corresponding database in Annex B.1.2
— B.1.7 (small size tests) and B.2.2 — B.2.7 (structural member tests).

Notations

Databases

A-1

A-2

B

AB

F-1

F-2

G

H-1

H-2

Database with small size tests without normal stress and interface rein-
forcement under monotonic loading

Database with small size tests with normal stress and without interface
reinforcement under monotonic loading

Database with small size tests with interface reinforcement and without
normal stress under monotonic loading

Database with small size tests with normal stress and with interface rein-
forcement under monotonic loading

Database with small size tests without interface reinforcement under cy-
clic loading

Database with small size tests with interface reinforcement under cyclic
loading

Database with beam and slab specimens without interface reinforcement
under monotonic loading

Database with beam and slab specimens with stirrups as interface rein-
forcement under monotonic loading

Database with beam and slab specimens with lattice girders as interface
reinforcement under monotonic loading

Database with beam and slab specimens without interface reinforcement
under cyclic loading

Database with beam and slab specimens with stirrups as interface rein-
forcement under cyclic loading

Database with beam and slab specimens with lattice girders as interface
reinforcement under cyclic loading

Interface classification

VS:
S:
r:
VrI:
k:

very smooth
smooth
rough

very rough
keyed
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Annex B: Database

Test setup

p-o:
m po:
co

m co:
p-th:
SW:

push-off
modified push-off
corbel

modified corbel
push-through
sliding wall

Test parameters

o

(051

o2

Aint
Aint
bint

d
fcm,cyl, 1
fcm,cyl,Z
fctm, 1
fctm,Z
Symi
f ym,int
f ym,int
hig
hins
hpre
LG
lint

N

nLG
Pint

p1

Ry

SLG

On
Ttest
Ttest,res

Ttest,max

ATrest

B-2

inclination of interface reinforcement

inclination of first lattice girder diagonal

inclination of second lattice girder diagonal

distance between load application and support
cross-sectional area of interface

width of interface

effective depth

mean cylinder concrete compressive strength of first concrete layer
mean cylinder concrete compressive strength of second concrete layer
mean concrete tensile strength of first concrete layer
mean concrete tensile strength of second concrete layer
mean yield strength of longitudinal reinforcement
mean yield strength of interface reinforcement

mean yield strength of lattice girders

height of lattice girders

height of insitu concrete layer

height of precast element

lattice girder

length of interface

number of load cycles

number of rows of lattice girders

interface reinforcement ratio

longitudinal reinforcement ratio

mean roughness depth

transverse spacing of lattice girders

applied normal stress

tested shear stress

residual shear stress

maximum applied shear stress

applied shear stress range



B.1 Small size specimens

B.1.1 Overview of test reports in database

B.1 Small size specimens

Autor: Albrecht, C.

[Alb14]

Title: Bemessung von Stahlbetondecken mit abgeflachten rotationssymmetrischen Hohlkdrpern
und ein Beitrag zum besseren Verstandnis der Querkrafttragfahigkeit

Source: PhD-thesis, Institute of Structural Concrete, Technische Universitat Kaiserslautern, 2014

Test *
setup: x
P 1 Nr. of tests 9
very smooth -
35 smooth() 7
. 23
B 1 rough) 2
b=35 4 very rough -
[Cm] keyed -
Normal stress: External prestressing
Interface reinforcement:  —
(1): smooth: left as cast; ?): rough: fast screeding
Autor: Annamalai, G.; Brown, R.C. [Ann90]
Title: Shear-Transfer Behavior of Post-Tensioned Grouted Shear-Key Connections in Pre-
cast Concrete-Framed Structures
Source: ACI Structural Journal, Vol. 87, No. 1, pp.: 53-59, 1990
Test 10 * 10
setup: i
|5 Nr. of tests 28
125
|5 very smooth -
125
smooth -
! 46
25 rough -
|5 very rough -
125
keyed(") 28
10
A 4

Normal stress:

Interface reinforcement:

* 20
—

f fom)

External prestressing

(1): grouted joint
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Annex B: Database

Autor: Banta, T.E. [Ban05]
Title: Horizontal shear transfer between ultra high performance concrete and lightweight con-
crete

Source: PhD-thesis, Virginia Polytechnic Institute and State University, 2005

Test
setup:
"O”f force Nr. of tests 24
lightweight slab very smooth -
| | 20 smooth(" 18
30
—> rough® 4
N f I | l very rough -
20 5 Husialbiock BaZ 23| [om) keyed 2
Normal stress: Was applied to simulate dead load of bridge deck

Interface reinforcement: 0, 1, 2, 4, 6 of @9.5 mm bars

(1): smooth: smoothened to prevent surface deformations; @: rough: raked

Autor: Barbosa A, Trejo, D.; Nielson, D. [Bar17]
Title: Effect of High-Strength Reinforcement Steel on Shear Friction Behavior

Source: Journal of Bridge Engineering, Vol. 22, No. 8, 2017

Test +

setup:
61 Nr. of tests 4

h 4

very smooth -

76/96.5 smooth -

e rough() 4

40/61

very rough -

keyed -

30.5

b,=61/15.2

4 fom]

Interface reinforcement: 3 and 4 rows of &12.7 and &15.9 mm stirrups

Normal stress: -

(): rough: not intentionally roughened but with coarse aggregates
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B.1 Small size specimens

Autor:
Title:
Source:

Test
setup:

Bass, R. A.; R. L. Carrasquillo; J. O. Jirsa [Bas89]
Shear Transfer Across New and Existing Concrete Interfaces

ACI Structural Journal Vol. 86, No. 4, pp.: 383-393, 1989

15.2/25.4
b
Nr. of tests 33
457 very smooth -
—> ¢ smooth® 1
I I l I rough(2) 25
61 very rough® 4
b 106.7 a : 61 i
7 keyed 3
[om]

Normal stress: -
Interface reinforcement: 2 — 6 dowels with @19 mm and between 7.6 — 30.5 mm embedment

depth and 15.2 — 30.5 mm bar spacing

(1): smooth: untreated as cast; ?: rough: heavily sandblasted, ®: very rough: chipped

Autor: Beck, H.; Mehlhorn, G.; Stauder, W.; Schwing, H. [Bec73]
Title: Zusammenwirken von einzelnen Fertigteilen als groBflachige Scheibe
Source: Deutscher Ausschuss fiir Stahlbeton DAfStb, Issue 224, Beuth Verlag, 1973
Test +
selup: b=o |1 Nr. of tests 88
very smooth -
smooth(" 34
100/120 rough -
very rough® 54
keyed -
B v
* [cm]
Normal stress: Constant ratio of shear and normal stress due to inclined interface

Interface reinforcement: —

(1): smooth: left as cast; @: very rough: waved
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Annex B: Database

Autor: Choi, D.U.; Jirsa, J.0O.; Fowler, D.W. [Cho99]

Title: Shear Transfer across Interface between New and Existing Concretes Using Large
Powder-Driven Nails

Source: ACI Structural Journal, Title no. 96-S20, pp. 183-192 March-April, 1999

Test
setup:
Nr. of tests 44
very smooth -
(1)
Push off tests, no picture of test setup provided smooth 14
rough() 30
very rough -
keyed -
Normal stress: Selfweight

Interface reinforcement: 0, 1, 2 large powder driven nails with @10 mm and 120 mm length

(1): smooth: lightly sandblasted, trowel finish, 12 specimens with bondbreaker; ?: rough: heavily sandblasted

Autor: Daschner, F. [Das86a]
Title: Versuche zur notwendigen Schubbewehrung zwischen Betonfertigteilen und Ortbeton
Source: Deutscher Ausschuss fiir Stahlbeton DAfStb, Issue 372, Ernst & Sohn Verlag, Berlin,
1986
Test +
setup:
b,=15 Nr. Of tests 172
+ + + very smooth() 18
b= 15 smooth® 57
/ METENM 44 ED rough® 44
* * [cm] very rough® 53
keyed -
15 56 modified push-off
* 116 push through
Normal stress: Modified push off: constant ratio of shear and normal stress due to in-
clined interface
Push-through: normal stress externally applied

Interface reinforcement:  Push-through: 0, 1, 2, 3 and 4 stirrups @10 mm

(1): very smooth: cast against wood, ?: smooth: left as cast, additionally smoothened, ©): rough: raked, sandblasted,
(4): very rough: triangular and rectangular shapes
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B.1 Small size specimens

Autor: Dulacska, H. [Dul72]
Title: Dowel Action of Reinforcement Crossing Cracks in Concrete
Source: ACI Journal Proceedings, Vol. 69, pp. 754-757, 1972.

Test +

setup: i
P 24 i Nr. of tests 16
15 very smooth( 16
/ smooth -
34 / 70 rough -
// very rough -
P keyed -
A
15
b8 ¢ v
f [em]
Normal stress: Modified push off: constant ratio of shear and normal stress due to in-
clined interface
Push-through: normal stress externally applied

Interface reinforcement: 2 bars @6.5, @10 and @14 mm and inclinations f=10°, 20°, 30°and 40°

(1): very smooth: concrete separated sheet brass

Autor: Franz, G. [Fra59]
Title: Versuche Uber die Querkraftaufnahme in Fugen von Spannbetontragern aus Fertigtei-
len
Source: Beton- und Stahlbetonbau, Vol. 54, Issue 6, pp. 137-140, 1959.
Test
setup:
Nr. of tests 16
+ very smooth 12
F b‘m= 1
. ‘ngmal force smooth _
15
| rough -
* [cm] very rough -
keyed 4
Normal stress: Applied by two external stressed steel bars

Interface reinforcement: —
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Autor: Gaston, J.R.; Kriz, L.B. [Gas64]
Title: Connections in precast concrete structures — scarf joints
Source: PCI Journal, Vol. 9, No. 3, pp. 37-59, 1964
Test
setup:
P 762 192 + Nr. of tests 12
: 20.3 206
st o007 very smooth -
1025 | 40.6 L N Y
L [fe smooth -
B
/ 68.7 / 3 rough( 12
p =
] =/ % very rough -
b1 keyed -
[em] Interface inclination p=45°,
25° 15°and 11°
Normal stress: By prestressed bolts and inclined interface
Interface reinforcement: 2 prestressed bolts &28.6
(): rough: no further classifications
Autor: GOHNERT, M. [Goh00]
Title: Proposed theory to determine the horizontal shear between composite precast and in

situ concrete
Source: Cement and Concrete Composites 22, 469-476, 2000

Test

setup:
P Nr. of tests 12
&« % very smooth -
v15 - - ‘ ’ smooth -

—> 6 ! I |
(1)
+— >

— = rough 12
very rough -
keyed -

Normal stress: -

Interface reinforcement: —

(): rough: brushed surface
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B.1 Small size specimens

Autor: GOHNERT, M. [Goh03]
Title: Horizontal shear transfer across a roughened surface
Source: Cement and Concrete Composites, Vol. 25, No. 3, pp. 379-385, 2003
Test
setup:
Nr. of tests 90
y Y very smooth -
14/15 —
v 21 smooth -
—> 6/7 ,
p > > rough™" 30
75 10-25
very rough® 60
keyed -
Normal stress: -
Interface reinforcement:  —
(): rough: brushed surface; ): very rough: raked surface
Autor: Hanson, N.W.. [Han60]
Title: Precast-Prestressed Concrete Bridges 2. Horizontal Shear connections
Source: Portland Cement Association, Research and Development Laboratories, Bulletin D35,
Vol. 2, No. 2, pp. 38-58, 1960
Test
setup:
Nr. of tests 62

61
e
< > ¥
- | 38 |4—|10+f‘ﬂ |
30
A 4
“ 51-122 Hlem Ko

Normal stress: -

Interface reinforcement: 0 and 2 &12.7 stirrups

very smooth -

smooth(" 15
rough 10
very rough® 21
keyed 16

(1): smooth: left as cast, trowelled, ? rough: roughened by scrapping; ®: very rough: scrapped with a roughness
amplitude of at least 6.4 mm
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Autor: Harries, K. A.; Zeno, G.; Shahrooz, B. [Har12]
Title: Toward an Improved Understanding of Shear-Friction Behavior
Source: ACI Structural Journal, Vol. 109, Issue 6, 2012
Test +
setup:
I 61 Nr. of tests 8
30.5] lg N
«30:5,) very smooth -
[— 76.2
40.6 smooth -
—— rough -
very rough® 8
bim= 24 keyed —
* [cm]
Normal stress: -
Interface reinforcement: 3 @9.5 and &12.7 mm stirrups
(1): very rough: scrapped with a roughness amplitude of at least 6.4 mm
Autor: Kahn, L.F.; Mitchell, A.D. [Kah02]
Title: Shear friction tests with high-strength concrete
Source: ACI Structural Journal, Vol. 99, No. 1, pp. 98-103, 2002
Test +
setup:
12.71 . 86 Nr. of tests 12
T very smooth -
15.3
e smooth(" 2
30.5
rough® 10
very rough -
b,=12.7 keyed -

+ [em]

Normal stress: -

Interface reinforcement: 1, 2, 3 and 4 rows of &9.5 mm stirrups

(1): smooth: left as cast; @: rough: roughened to an amplitude < 6.4 mm
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B.1 Small size specimens

Autor: Mohamed, M.E.; Ibrahim, |.S.; Abdullah, R.; Rahma, A.B. Abd; Kueh, [Moh15a]
A.B.H; Usman, J.
Title: Friction and cohesion coefficients of composite concrete to concrete bond
Source: Cement and Concrete Composites, Vol. 56, pp. 1-14, 2015
Autor: Mohamed, M.E.; Ibrahim, I.S. [Moh15b]
Title: Interface shear strength of concrete to concrete bond with and without projecting steel
reinforcement
Source: Journal Teknologi (Science & Engineering), Vol. 75, Issue 1, pp. 169-172, 2015
Test
setup:
Nr. of tests 72
¢ ¢ ¢ ¢ ¢ ¢4¢ ¢ very smooth -
—» 7.5
y smooth(" 24
b= 30 L hl rough®® 24
7 [em]
< 30 > very rough® 12
keyed 12
Normal stress: Applied with 0, 0.5, 1, and 1.5 N/mm?2

Interface reinforcement: 1, 2, 3 and 4 rows of @9.5 mm stirrups

(1): smooth: left as cast; ©): rough: longitudinal and transverse roughness profiles; ): very rough: deep grove

Autor: Papanicolaou, C.G.; Triantafillou, T.C. [Pap02]
Title: Shear transfer capacity along pumice aggregate concrete and high-performance con-
crete interfaces
Source: Materials and Structures, Vol. 35, No. 4, pp. 237-245, May, 2002
Test +
setup:
b Nr. of tests 36
very smooth -
smooth( 13
17/24
——— rough® 23
very rough -
b= 10 keyed -
A om
Normal stress: Applied with 0 and 1.0 N/mm?

Interface reinforcement: 0, 1 and 2 @8 mm bars

(1): smooth: smoothened with disk scanner; @): rough: roughened by hammering
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Autor: Paulay, T.; Park, R.; Phillips, M. H. [Pau74]

Title: Horizontal Construction Joints in Cast in Place Reinforced Concrete

Source: ACI-Special Publication, SP-42 Shear in Reinforced Concrete, pp. 599-616, 1974

Test
setup:

PRCEEN Nr. of tests 30

I I very smooth(" 3

) <+ smooth® 10

P @)
61 I | Tr - 115 rough 13
v very rough® 3
[cm] |« M >

168 56 keyed 1

Normal stress: -
Interface reinforcement: 6 bars with @6.25, @9.5, @12.7 mm

(1): very smooth

: finished with steel trowel; @: smooth: sprayed with retarder and washed; @ rough: scraped with

steel trowel, brushed, ¥): very rough: chipped with hammer

Autor:
Title:

Source:

Test
setup:

Randl, N. [Ran97]

Untersuchungen zur Kraftiibertragung zwischen Alt- und Neubeton bei unterschiedli-
chen Fugenrauhigkeiten

PhD-Thesis, Faculty of Civil Engineering and Architecture, University Innsbruck, 1997

Nr. of tests 83

40
- > very smooth( 13
20 smooth® 34

[em] - T
L I ’ rough® 36

b,=30

very rough -
keyed -

Normal stress: -

Interface reinforcement: ~ Subsequently applied dowel with @6, @12 and @20 mm

(1): very smooth: casted against formwork; ©?: smooth: left as cast; ©®: rough: sandblasted, (: very rough: high

pressure water

B-12



B.1 Small size specimens

Autor:
Title:

Randl, N.; Steiner, M.

Hochfester Beton als Aufbeton im Bestand und als monolithische Deckschicht im Neu-

bau- Aufbetonschichten

Source:

Test
setup:

Normal stress:

v

15

&
b

Ll

=]
&
g
P

Interface reinforcement:

[Ran15]

Research Report, Karnten University of Applied Science, 2015

Nr. of tests 27

10 10

10 very smooth

A 4

A

70

A

smooth™

© ©O© o

very rough®

keyed

[em]

[P

y

Modified push off:

Push through:

18 modified push-off
9 push through

constant ratio of shear and normal stress due to in-
clined interface

(): smooth: slight high pressure water; ): rough: medium high pressure water; ©): very rough: heavy high pressure

water
Autor: Reinecke, R.. [Rei04]
Title: Haftverbund und Rissverzahnung in unbewehrten Betonschubfugen
Source: PhD Thesis, Chair of Concrete Structures, Technical University of Munich, 2004
Test
setup:
* + + + Nr. of tests 107
2 T 15 t very smooth 13
. smooth( 94
beviy
10 |10{10_| |50 981 60 13 |g— rough -
C T T T 52.5° 52.5° 4
h —
© o | SN i very roug
I 75 74 (] _
& v 3° 3 keyed
-~
* * 40 49 push through

Normal stress:

Interface reinforcement:

y
4015 4 iom

Modified push off:

Sliding wall:

36 modified push-off

22 sliding walls
constant ratio of shear and normal stress due to in-
clined interface,
externally applied

(): smooth: left as cast, sandblasted

B-13



Annex B: Database

Autor: Scott, J. [Sco10]
Title: Interface shear strength in lightweight concrete bridge girders

Source: M.Sc. Thesis, Virginia Polytechnic Institute and State University, 2010

Test
setup:
Nr. of tests 27
10.2
> y very smooth -
| | 20.3
—P{ |45.7 | | I 3 ¢ smooth -
v b,=40.6 23 rough 27
(™ »l
- " em] very rough -
keyed -
Normal stress: Simulated dead weight of concrete girder by a concrete block
Interface reinforcement: 1 and 3 stirrups with @9.5 and @12.7 mm
(): rough: raked to an amplitude of 6.3 mm
Autor: Shaw, D.; Sneed, L. [Sha14]
Title: Interface Shear Transfer of Lightweight Aggregate Concretes Cast at Different Times
Source: PCI Journal, Vol. 59, No. 3, pp. 130-144, 2014
Test
setup:
15 279 Nr. of tests 36
b
T very smooth -
I I | 15.24 14
3 smooth 18
—> «—
114 rough 18
[em]
:: i very rough -
445
keyed -

Normal stress: -

Interface reinforcement: 3 stirrups with @9.5 mm

B-14



B.1 Small size specimens

Autor: Sneed, L. H.; Krc, K.; Wermager, S.; Meinheit, D.. [Sne16]
Title: Interface Shear Transfer of Lightweight-Aggregate Concretes
Source: PCI Journal, Vol. 61, No. 2, pp. 38-55, 2016
Test
setup:
s 279 Nr. of tests 34
el
1 > very smooth -
I I | 15.24 IE!
(1) 18
—> ¥ < smooth
I | | \ 1.4 rough(® 16
[em]
i > very rough -
445
keyed -

Normal stress: -

Interface reinforcement: 2, 3, 4 and 5 stirrups with @9.5 mm

(): smooth: left as cast; ): rough: scoring indentations

Autor: Valluvan, R., Kreger, M. E.; Jirsa, J. O. [Val99]
Title: Evaluation of ACI 318-95 Shear-Friction Provisions
Source: ACI Structural Journal, Vol. 96, Issue 4, pp. 473-482, 1999
Test
setup:
+ normal force+ }1‘513 Nr. of tests 14
very smooth -
45.7
smooth -
—»
| | | | rough() 14
457 h
o) I 106.7 L 457 very roug -
keyed -
Normal stress: External compressive stress by a self equilibrating vertical loading sys-

tem with two steel tubes

Interface reinforcement: 3 and 6 dowels with @19 mm

(): rough: sandblasted
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Annex B: Database

Autor: Williams, C.S.; Massey, J.B.; Bayrak, O.; Jirsa, J.O. [Wil17]
Title: Investigation of Interface Shear Transfer Using Push-Through Tests
Source: ACI Structural Journal, Vol. 114, Issue 1, pp. 173-185, 2017
Test
setup:
P * + Nr. of tests 11
—p = . . < very smooth -
< bre >re > ’
91.4 normal force smooth
rough -
—p <+
b,=22.9 very rough -
* * [om] keyed 11
Normal stress: Applied with diagonal post tensioned rods
Interface reinforcement: 0, 4 and 8 bars with @12.7 and &15.9 mm
Autor: Zeno, G.A. [Zen09]
Title: Use of High-Strength Steel Reinforcement in Shear Friction Applications
Source: PhD Thesis, University of Pittsburgh, Pittsburgh, 2009
Test +
setup: 'y
I L 61 > Nr. of tests 8
30.5
<305 very smooth
smooth -
40.6 — e 111.8
rough -
very rough® 8
keyed -
b,= 25.4 v Y

f fem

Interface reinforcement: 3 stirrups with @9.5 and @12.7 mm

Normal stress: -

(M: very rough: roughened to an amplitude of at least 6.3 mm

B-16



B.1 Small size specimens

Autor:
Title:

Source:

Test
setup:

Normal stress:

Zilch, K.; Muller, A. [Zil04]

Experimentelle Untersuchungen zum Ermidungstragverhalten von unbewehrten
Schubfugen an Nachtraglich ergénzten Bauteilen

Research Report, Chair of Concrete Structures, Technical University of Munich, 2004

$ 3

Nr. of tests 32

10 e 1O very smooth

A

smooth( 16
@

50 rough 16

very rough -

keyed -

b qE 8 monotonic loading

it

¥y . .
¢ t fem] 24 cyclic loading

Interface reinforcement:  —

(): smooth: slightly sandblasted; ?: rough: medium sandblasted
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81-4

Complete database before filter

Nr Source - Of Database Interface Test-setup
) tests] A-1  A-2 B AB C D Vs s r wr k p-0 mpo co mco pth sw

1 [AIb14] 9 5 4 - - - - - 7 2 - - 9 - - - . .
2 Ann90 28 2 26 - - - - - 2 - - 26 - - - - 28 -
3 Ban05 24 - 12 - 12 - - - 18 4 - 2 24 - - - - -
4 [Bar17] 4 - - 4 - - - - - 4 - - 4 - - _ - _
5 Bas89 33 - - 33 - - - - 1 25 4 3 - - - - - 33
6 Bec73 88 - 88 0 - - - - 34 - 54 - - 88 - - - _
7 Cho99 44 - 12 32 - - - 14 30 - - 44 - - - - -
8 Das86 172 1 28 | 104 | 31 9 - - 18 57 44 53 - - 56 - - 116

9 Dul72 16 - - 16 - - 16 - - - - 16 - - - - -
10 Fra59 16 - 16 - - - - 12 - - - 4 16 - - - - N
11 Gas64 12 - - - 12 - - - - 12 - - - 8 - 4 - -
12 Goh00 12 12 - - - - - - - 12 - - - - _ _ _ 12
13 Goh03 90 90 - - - - - - - 30 60 - - - - - - 90
14 Han60] 62 18 - 44 - - - - 15 10 21 16 62 - - - - -
15 [Har12] 8 - - 8 - - - - - - 8 - 8 - - - - _
16 | [Kah02] 12 - - 12 - - - - 2 10 - - 12 - - - - _
17 | [Meh77] 16 - - 12 4 - - - - - - 16 16 - - - - _

[Moh153a]

18 [Moh15b] 72 60 - 12 - - - - 24 24 12 12 - - - - - 72
19 Pap02 36 - 12 - 24 - - - 13 23 - - 36 - - - -

20 Pau74 30 - - 30 - - - 3 10 13 3 1 30 - - - -

21 Ran97 83 11 - 72 - - - 13 34 36 0 - - - - - 83
22 Ran15 27 9 18 - - - - - 9 9 9 - - 18 - - 9 -
23 [Rei04] | 107 | 49 58 - - - - 13 94 - - - - 36 - - 49 22
24 Sco10 27 - 18 - 9 - - - - 27 - - 27 - - - - N
25 Shat4 36 - - 36 - - - - 18 18 - - 36 - - - - -
26 Snel6 34 - - 34 - - - - 18 16 - - 34 - - - - _
27 Val99 14 - - 5 9 - - - - 14 - - - - - _ _ 14
28 Wil17 11 - 1 - 10 - - - 1 - - 10 - - - - 11 -
29 [Zen09 8 - - 8 - - - - - - 8 - 8 - - - _ -
30 [Zil04] 32 8 - - - 24 - - 16 16 - - - - - - 32 _

S|
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61-94

Selected database after filter

Nr Source Nr. of Database Interface Test-setup
] tests] A-1  A-2 B AB C D Vs S r wr p-0O mpo co mco p-th sw
1 [Alb14] 9 5 4 - - - - - 7 2 - 9 - - - - -
2 Ann90 - - - - - - - - - - - _ _ _ _ . .
3 Ban05 - - - - - - - - - - _ _ _ _ . .
4 [Bar17] 4 - - 4 - - - - 4 - 4 - _ - - -
5 Bas89 30 - - 30 - - - 1 25 4 - - - - - 30
6 Bec73 - - - - - - - - - - - _ _ _ _ N N
7 Cho99 - - - - - - - - - - - _ B _ _ .
8 Das86 79 2 59 9 9 - - 12 23 16 28 - 38 - - 41 -
9 Dul72 - - - - - - - - B _ N N
10 Fra59 4 - 4 - - - - 4 - - - 4 - B N N N
11 Gas64 8 - - - 8 - - - - 8 - - 8 _ _ _ N
12 Goh00 - - - - - - - - - - - _ _ N - - -
13 Goh03 - - - - - - - - - - - - B _ N N N
14 Han60] 46 16 30 - - - - 15 10 21 46 - - - - -
15 [Har12] 8 - - 8 - - - - 8 8 - _ - - -
16 | [Kah02] 11 - - 11 - - - - 2 9 11 - - - - _
17 | [Meh77] - - - - - - - - - - - B _ _ N N N
18 [Moh153a] i i i . . ] ] ] ] ] ] ] ] ] ] ] )
[Moh15b]
19 Pap02 - - - - - - - - - - - _ _ _ _ _ ,
20 Pau74 23 - - 23 - - - - 7 13 3 23 - - - - -
21 Ran97 71 - - 71 - - - 13 28 30 - - - - - - 71
22 Ran15 27 9 18 - - - - - 9 9 9 - 18 - - 9
23 [Rei04] 94 43 51 - - - - 4 90 - - - 33 - - 43 18
24 Sco10 27 - 18 - 9 - - - 27 - 27 - - B, N
25 Shat4 36 - 36 - - - - 18 18 - 36 - - - - -
26 Snel6 34 - - 34 - - - - 18 16 - 34 - - - - _
27 Val99 7 - - 2 5 - - - - 7 - - - - - - 7
28 Wil17 1 - - - 1 - - - 1 - - - - _ _ 1 N
29 [Zen09 8 - - 8 - - - - - - 8 8 - _ - - -
30 [Zil04] 29 8 - - - 20 - - 13 15 - - - - - 28 _

‘c-g 9I9eL
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0c-4d

Nr.| Source Specimen ID Test-setup Interface R, bint Lint At | femeyit fetm,1 femeyi2 fetm,2 Tiest
[] [] [] [] [] [mm] | [mm] | [mm] | [em?] | [N'mm?] | [N'mm?] | [N'mm?] | [N'mm?] | [N/mm?]
1 [Alb14] | V-F-oH-0B-0S-g push-off smooth 0.73 350 350 1225 | 40.25 3.18 21.54 2.14 1.44
2 [Alb14] |V-O-oH-0B-0S-g push-off smooth 1.21 350 350 1225 | 22.44 2.29 16.57 1.52 1.34
3 [Alb14] | V-O-oH-0B-0S-s push-off smooth - 350 350 1225 | 21.97 2.17 16.10 1.53 1.29
4 [Alb14] |V-O-oH-BK-0S-g push-off smooth - 350 350 1225 | 22.44 2.29 16.57 1.52 1.31
5 [Alb14] | V-F-oH-0B-0S-r push-off rough 2.82 350 350 1225 | 40.12 3.17 20.16 2.02 2.79
6 | [Das86] 52 push-through smooth - 150 150 225 33.93 2.89 16.63 1.63 0.63
7 | [Das86] 53 push-through smooth - 150 150 225 33.93 2.89 16.63 1.63 0.33
8 | [Han60 ] BR12-1 push-off very rough - 203.2 | 304.8 | 619 34.20 2.91 20.96 1.98 2.87
9 | [Han60 ] BR12-2 push-off very rough - 203.2 | 304.8 | 619 36.82 3.08 27.44 2.46 3.83
10 [ [Han60 ] BR12-3 push-off very rough - 203.2 | 304.8 | 619 36.34 3.04 28.61 2.54 3.14
11 [ [Han60 ] BR12-4 push-off very rough - 203.2 | 304.8 | 619 34.40 2.92 28.13 2.51 2.41
12 | [Han60 ] BR12-5 push-off very rough - 203.2 | 304.8 | 619 34.40 2.92 28.13 2.51 2.50
13 [ [Han60 ] BR12-6 push-off very rough - 203.2 | 304.8 | 619 34.82 2.95 25.65 2.33 2.83
14 | [Han60 ] BR12-7 push-off very rough - 203.2 | 304.8 | 619 34.82 2.95 25.65 2.33 2.81
15 [ [Han60 ] BR12-8 push-off very rough - 203.2 | 304.8 | 619 34.82 2.95 25.65 2.33 2.79
16 | [Han60 ] B12-1 push-off smooth - 203.2 | 304.8 | 619 33.58 2.87 27.92 2.49 0.86
17 | [Han60 ] B12-2 push-off smooth - 203.2 | 304.8 | 619 35.65 3.00 25.23 2.30 1.59
18 | [Han60 ] B12-3 push-off smooth - 203.2 | 304.8 | 619 36.82 3.08 27.44 2.46 0.90
19 [ [Han60 ] B12-4 push-off smooth - 203.2 | 304.8 | 619 37.71 3.13 28.61 2.54 0.62
20 | [Han60 ] B12-5 push-off smooth - 203.2 | 304.8 | 619 34.40 2.92 28.13 2.51 0.83
21 | [Han60 ] B24-1 push-off smooth - 203.2 | 609.6 | 1239 | 32.13 2.77 29.10 2.57 0.75
22 | [Han60 ] B24-2 push-off smooth - 203.2 | 609.6 | 1239 | 32.13 2.77 29.10 2.57 0.65
23 | [Han60 ] B24-3 push-off smooth - 203.2 | 609.6 | 1239 | 32.13 2.77 29.10 2.57 0.69
24 | [Rani5] S4 push-through | very rough | 3.29 150 300 450 48.55 3.77 65.21 4.28 3.30
25 | [Rani15] S5 push-through | very rough | 3.14 150 300 450 48.55 3.77 65.21 4.28 3.40
26 | [Ran15] S6 push-through | very rough | 3.74 150 304 456 48.55 3.77 65.21 4.28 3.49
27 | [Rani15] S push-through smooth 0.53 150 300 450 48.55 3.77 65.21 4.28 0.98
28 | [Rani15] S2 push-through smooth 0.53 150 300 450 48.55 3.77 65.21 4.28 0.92
29 | [Ran15] S3 push-through smooth 0.53 150 300 450 48.55 3.77 65.21 4.28 1.13
30 | [Rani5] S7 push-through rough 1.93 150 300 450 48.55 3.77 65.21 4.28 3.31
31 | [Rani15] S8 push-through rough 1.51 150 302 453 48.55 3.77 65.21 4.28 2.96
32 | [Rani15] S9 push-through rough 1.77 150 298 447 48.55 3.77 65.21 4.28 3.21
33 [ [Rei04] 1 push-through smooth 0.61 150 500 750 84.82 4.77 45.74 3.61 1.33
34 | [Rei04] 2 push-through smooth 0.57 150 500 750 84.82 4.77 45.74 3.61 1.37
35 [ [Rei04] 3 push-through smooth 0.64 150 500 750 84.82 4.77 45.74 3.61 1.45
36 | [Rei04] 4 push-through smooth 0.56 150 500 750 84.82 4.77 51.56 3.94 0.77
37 | [Rei04] 5 push-through smooth 0.55 150 500 750 84.82 4.77 51.56 3.94 1.47
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Ic-d

Nr. | Source Specimen ID Test-setup Interface R, Dint Lint Aint femayl,1 fetmo femeyl,2 fetm.2 Test
[] [ [] [] [] [mm] | [mm] | [mm] | [em?] | [Nmm?] | [N/mm?] | [N'mm?] | [N'mm?] | [N/mm?]
38 | [Rei04] 6 push-through smooth 0.75 150 500 750 84.82 4.77 51.56 3.94 0.60
39 | [Rei04] 7 push-through smooth 0.55 150 500 750 84.82 4.77 44.07 3.51 0.96
40 | [Rei04] 8 push-through smooth 0.58 150 500 750 84.82 4.77 44.07 3.51 0.98
41| [Rei04] 9 push-through smooth 0.55 150 500 750 84.82 4.77 44.07 3.51 1.19
42 | [Rei04] 10 push-through smooth 0.91 150 500 750 93.97 4.96 45.74 3.61 1.49
43 | [Rei04] 11 push-through smooth 0.98 150 500 750 93.97 4.96 45.74 3.61 1.49
44 | [Rei04] 12 push-through smooth 0.95 150 500 750 93.97 4.96 45.74 3.61 1.46
45 | [Rei04] 13 push-through smooth 0.84 150 500 750 93.97 4.96 51.56 3.94 1.53
46 | [Rei04] 14 push-through smooth 1.05 150 500 750 93.97 4.96 51.56 3.94 1.63
47 | [Rei04] 15 push-through smooth 0.88 150 500 750 93.97 4.96 51.56 3.94 1.09
48 | [Rei04] 16 push-through smooth 0.95 150 500 750 93.97 4.96 44.07 3.51 1.46
49 | [Rei04] 17 push-through smooth 0.8 150 500 750 93.97 4.96 44.07 3.51 1.46
50 | [Rei04] 18 push-through smooth 0.9 150 500 750 93.97 4.96 44.07 3.51 1.99
51 [ [Rei04] 19 push-through smooth 0.75 150 500 750 80.66 4.67 45.74 3.61 1.48
52 | [Rei04] 20 push-through smooth 0.8 150 500 750 80.66 4.67 45.74 3.61 1.56
53 | [Rei04] 21 push-through smooth 0.73 150 500 750 80.66 4.67 45.74 3.61 1.06
54 | [Rei04] 22 push-through smooth 0.7 150 500 750 80.66 4.67 51.56 3.94 0.81
55| [Rei04] 23 push-through smooth 0.58 150 500 750 80.66 4.67 51.56 3.94 1.49
56 | [Rei04] 24 push-through smooth 0.66 150 500 750 80.66 4.67 51.56 3.94 1.57
57 | [Rei04] 25 push-through smooth 0.81 150 500 750 80.66 4.67 44.07 3.51 1.43
58 | [Rei04] 26 push-through smooth 0.79 150 500 750 80.66 4.67 44.07 3.51 1.64
59 | [Rei04] 27 push-through smooth 0.73 150 500 750 80.66 4.67 44.07 3.51 1.15
60 | [Rei04] 28 push-through smooth 0.64 150 500 750 | 103.95 5.16 44.07 3.51 1.08
61 | [Rei04] 29 push-through smooth 0.67 150 500 750 | 103.95 5.16 44.07 3.51 1.37
62 | [Rei04] 30 push-through smooth 0.66 150 500 750 | 103.95 5.16 44.07 3.51 0.97
63 | [Rei04] 31 push-through smooth 0.66 150 500 750 | 103.95 5.16 44.07 3.51 0.94
64 | [Rei04] 32 push-through smooth 0.63 150 500 750 | 103.95 5.16 44.07 3.51 1.33
65 | [Rei04] 34 push-through smooth 0.69 150 500 750 | 103.95 5.16 44.07 3.51 1.26
66 | [Rei04] 35 push-through smooth 0.61 150 500 750 | 103.95 5.16 44.07 3.51 1.44
67 | [Rei04] 36 push-through smooth 0.72 150 500 750 | 103.95 5.16 44.07 3.51 1.29
68 | [Rei04] 40 push-through smooth 0.64 150 500 750 | 103.95 5.16 44.07 3.51 1.58
69 | [Rei04] 41 push-through smooth 0.61 150 500 750 | 103.95 5.16 44.07 3.51 1.31
70 | [Rei04] 42 push-through smooth 0.65 150 500 750 | 103.95 5.16 44.07 3.51 1.66
71| [Rei04] 44 push-through smooth 0.46 150 500 750 44.32 3.53 76.34 4.57 2.92
72 | [Rei04] 45 push-through smooth 0.51 150 500 750 44.32 3.53 76.34 4.57 3.00
73 | [Rei04] 46 push-through smooth 0.63 150 500 750 44.32 3.53 76.34 4.57 2.46
74 | [Rei04] 47 push-through smooth 0.64 150 500 750 44.32 3.53 76.34 4.57 2.91
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Nr. | Source Specimen ID Test-setup Interface R; Dint Lint Aint fom,cyi 1 fotm fomicyl,2 fotm,2 Ttest
[-] [] [] [] [] [mm] | [mm] | [mm] | [cm?] | [N'mm?] | [N'mm?] | [N'mm?] | [N'mm?] | [N/mm?]
75 | [Rei04] 51 push-through smooth 0.83 150 500 750 44.32 3.53 76.34 4.57 2.68
76 [Zil04] HHH-W2 push-through smooth 0.8 150 500 750 82.90 4.73 81.20 4.69 2.24
77 [Zil04] NHN-W2 push-through smooth 0.8 150 500 750 38.20 3.16 81.40 4.69 2.69
78 [Zil04] HNH-W2 push-through smooth 0.8 150 500 750 82.90 4.73 36.50 3.06 0.87
79 [Zil04] NNN-W2 push-through smooth 0.8 150 500 750 38.50 3.18 36.80 3.07 1.12
80 [Zil04] HHH-R2 push-through rough 1.5 150 500 750 82.90 4.73 81.10 4.68 3.60
81 [Zil04] NHN-R2 push-through rough 1.5 150 500 750 37.70 3.13 79.20 4.64 3.41
82 [Zil04] HNH-R2 push-through rough 1.5 150 500 750 82.80 4.72 34.60 2.93 1.24
83 [Zil04] NNN-R2 push-through rough 1.5 150 500 750 38.40 3.17 36.70 3.07 2.45
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ve-d

Nr. | Source Specimen ID Test-setup Interface R, bint Lint At | femevit | fotma | femeviz | fetma On Thest
[] [] [] [] [] [mm] | [mm] | [mm] | [em?] [N/mm?])[N/mm?]|[N/mm?] [N/mm?]|[N/mm?] [N/'mm?]
1 [Alb14] | V-F-oH-0B-mS-g push-off smooth 0.67 | 350 350 | 1225 | 40.18 | 3.17 | 20.85 | 2.08 2.48 4.25
2 [Alb14] |V-O-oH-0B-mS-g push-off smooth 1.49 | 350 350 | 1225 | 22.91 2.39 | 17.04 | 1.52 2.04 3.52
3 [Alb14] [V-O-oH-BK-mS-g push-off smooth - 350 | 350 | 1225|2291 | 2.39 | 17.04 | 1.52 | 2.03 | 3.48
4 [Alb14] | V-F-oH-0B-mS-r push-off rough 2.82 | 350 350 | 1225 | 40.12 | 3.17 | 20.16 | 2.02 2.77 4.84
5 [Das86] 112 modified push-off | very smooth - 150 197 296 | 27.77 | 2.48 | 16.63 | 1.63 7.10 6.03
6 [Das86] 73 push-through very rough - 150 | 150 | 225 | 28.44 | 2.53 | 16.13 | 1.58 1.95 | 4.00
7 [Das86] 146 push-through very rough - 150 | 383 | 575 | 4491 | 3.56 | 25.78 | 2.34 | 3.69 | 8.68
8 [Das86] 147 push-through very rough - 150 | 383 | 575 | 4491 | 3.56 | 26.44 | 2.39 3.72 | 6.74
9 [Das86] 148 push-through very rough - 150 | 322 | 483 | 4491 | 3.56 | 26.44 | 2.39 | 5.65 | 10.74
10 | [Das86] 149 push-through very rough | - 150 | 322 | 483 | 44.91 | 3.56 | 26.44 | 2.39 | 5.85 | 11.12
11 [Das86] 150 push-through very rough - 150 | 302 | 453 | 4491 | 3.56 | 25.78 | 2.34 6.87 | 12.02
12 | [Das86] 151 push-through very rough - 150 | 302 | 453 | 4491 | 356 | 25.78 | 2.34 | 6.71 | 11.74
13 | [Das86] 152 push-through very rough | - 150 | 293 | 440 | 4491 | 356 | 25.78 | 2.34 | 7.12 | 11.93
14 | [Das86] 153 push-through very rough - 150 | 293 | 440 | 4491 | 3.56 | 25.78 | 2.34 7.05 | 11.82
15 | [Das86] 154 push-through very rough | - 150 | 287 | 431 | 44.91 | 3.56 | 26.44 | 2.39 | 8.00 | 13.04
16 | [Das86] 155 push-through very rough | - 150 | 287 | 431 | 44.91 | 356 | 26.44 | 2.39 | 7.54 | 12.28
17 | [Das86] 170 push-through very rough - 150 150 | 225 | 4491 | 3.56 | 28.19 | 2.51 0.34 | 3.41
18 | [Das86] 171 push-through very rough - 150 | 150 | 225 | 4491 | 3.56 | 28.86 | 2.56 | 0.61 3.65
19 | [Das86] 172 push-through very rough | - 150 | 150 | 225 | 44.91 | 3.56 | 28.52 | 2.53 | 1.03 | 4.73
20 | [Das86] 173 push-through very rough - 150 | 150 | 225 | 4491 | 3.56 | 28.52 | 2.53 1.24 | 4.98
21 | [Das86] 174 push-through very rough | - 150 | 150 | 225 | 44.91 | 3.56 | 28.52 | 2.53 | 1.18 | 4.12
22 | [Das86] 175 push-through very rough - 150 150 | 225 | 4491 | 3.56 | 28.52 | 2.53 1.27 | 4.45
23 | [Das86] 176 push-through very rough - 150 | 150 | 225 | 44.91 | 3.56 | 28.86 | 2.56 1.82 | 5.46
24 | [Das86] 156 modified push-off | very rough - 150 | 383 | 575 | 4491 | 3.56 | 32.60 | 2.81 3.83 | 9.00
25 | [Das86] 157 modified push-off | very rough - 150 | 383 | 575 | 4491 | 3.56 | 32.60 | 2.81 412 | 9.67
26 | [Das86] 158 modified push-off | very rough - 150 | 322 | 483 | 4491 | 3.56 | 32.60 | 2.81 6.54 | 12.42
27 | [Das86] 159 modified push-off | very rough - 150 | 322 | 483 | 4491 | 3.56 | 32.60 | 2.81 6.62 | 12.58
28 | [Das86] 160 modified push-off | very rough - 150 | 302 | 453 | 4491 | 3.56 | 32.60 | 2.81 7.51 | 13.13
29 | [Das86] 161 modified push-off | very rough - 150 | 302 | 453 | 4491 | 3.56 | 32.60 | 2.81 7.70 | 13.48
30 | [Das86] 162 modified push-off | very rough - 150 | 293 | 440 | 46.40 | 3.65 | 33.10 | 2.84 8.29 | 13.89
31 [Das86] 163 modified push-off | very rough - 150 | 293 | 440 | 46.40 | 3.65 | 33.10 | 2.84 7.83 | 13.11
32 | [Das86] 164 modified push-off | very rough - 150 | 287 | 431 | 4640 | 3.65 | 33.10 | 2.84 | 8.80 | 14.34
33 | [Das86] 165 modified push-off | very rough - 150 | 287 | 431 | 46.40 | 3.65 | 33.10 | 2.84 8.85 | 14.42
34 | [Das86] 59 push-through smooth - 150 | 150 | 225 | 3451 | 293 | 16.96 | 1.66 | 0.81 1.97
35 | [Das86] 60 push-through smooth - 150 150 | 225 | 3451 | 2.93 | 16.96 | 1.66 1.57 | 3.16
36 | [Das86] 61 push-through smooth - 150 150 | 225 | 3451 | 2.93 | 16.96 | 1.66 1.92 | 3.93
37 | [Das86] 117 modified push-off smooth - 150 | 164 | 246 | 28.11 | 2.50 | 16.80 | 1.64 | 13.30 | 5.90
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Nr. | Source Specimen ID Test-setup Interface R, bint Lint At | fomevit | foma | fomevz | fome On Tiest
[] [] [] [] [-] [mm] | [mm] | [mm] | [em?] [N/mm?])[N/mm?]|[N/mm?] [N/mm?]|[N/mm?] [N/mm?]
38 | [Das86] 129 modified push-off smooth - 150 | 164 | 246 | 27.94 | 2.49 | 17.05 | 1.66 | 13.37 | 5.94
39 | [Das86] 118 modified push-off smooth - 150 197 | 296 | 27.77 | 2.48 | 16.63 | 1.63 8.80 | 7.50
40 | [Das86] 130 modified push-off smooth - 150 | 197 | 296 | 2794 | 249 | 17.05 | 166 | 9.19 | 7.81
41 | [Das86] 140 modified push-off smooth - 150 | 234 | 351 | 25.78 | 2.34 | 16.96 | 1.66 | 4.30 | 5.16
42 | [Das86] 141 modified push-off smooth - 150 | 234 | 351 | 2578 | 2.34 | 16.96 | 1.66 | 3.66 | 4.63
43 | [Das86] 119 modified push-off smooth - 150 | 251 377 | 27.77 | 248 | 16.63 | 1.63 | 4.42 | 5.94
44 [Das86] 131 modified push-off smooth - 150 249 374 | 27.94 | 2.49 | 17.05 1.66 5.24 6.96
45 | [Das86] 142 modified push-off smooth - 150 | 246 | 369 | 25.78 | 2.34 | 16.96 | 1.66 3.27 | 4.25
46 | [Das86] 143 modified push-off smooth - 150 | 246 | 369 | 25.78 | 2.34 | 16.38 | 1.61 3.34 | 4.34
47 [Das86] 144 modified push-off smooth - 150 270 405 | 25.78 | 2.34 | 16.38 1.61 2.22 3.32
48 | [Das86] 145 modified push-off smooth - 150 | 272 | 408 | 25.78 | 2.34 | 16.38 | 1.61 2.63 | 3.97
49 | [Das86] 120 modified push-off smooth - 150 | 291 437 | 27.77 | 248 | 16.63 | 1.63 | 2.82 | 4.68
50 | [Das86] 132 modified push-off smooth - 150 | 287 | 431 | 28.44 | 253 | 17.30 | 1.68 4.08 | 6.64
51 | [Das86] 121 modified push-off smooth - 150 | 339 | 509 | 27.77 | 2.48 | 16.63 | 1.63 1.77 | 3.59
52 | [Das86] 133 modified push-off smooth - 150 | 339 | 509 | 27.94 | 249 | 17.05 | 1.66 | 225 | 4.56
53 | [Das86] 124 modified push-off | very smooth - 150 197 | 296 | 27.94 | 249 | 17.05 | 1.66 8.18 | 6.95
54 | [Das86] 134 modified push-off | very smooth - 150 | 223 | 335 | 25.78 | 2.34 | 16.96 | 1.66 2.66 | 2.92
55 | [Das86] 135 modified push-off | very smooth| - 150 | 223 | 335 | 25.78 | 2.34 | 16.96 | 1.66 | 2.53 | 2.79
56 | [Das86] 136 modified push-off | very smooth - 150 | 229 | 344 | 25.78 | 2.34 | 16.38 | 1.61 1.95 | 2.24
57 | [Das86] 137 modified push-off | very smooth - 150 | 229 | 344 | 25.78 | 2.34 | 16.38 | 1.61 2.11 2.42
58 | [Das86] 113 modified push-off | very smooth| - 150 | 251 377 | 27.77 | 2.48 | 16.63 | 1.63 2.03 | 2.78
59 | [Das86] 125 modified push-off | very smooth - 150 | 251 377 | 2794 | 249 | 17.05 | 1.66 247 | 3.29
60 | [Das86] 114 modified push-off | very smooth - 150 | 274 | 411 | 27.77 | 2.48 | 16.63 | 1.63 1.60 | 2.44
61 [Das86] 126 modified push-off | very smooth - 150 274 411 | 27.61 2.47 | 17.30 1.68 1.43 2.18
62 | [Das86] 115 modified push-off | very smooth - 150 | 300 | 450 | 27.77 | 2.48 | 16.63 | 1.63 1.18 | 2.04
63 | [Das86] 127 modified push-off |very smooth| - 150 | 300 | 450 | 27.94 | 249 | 17.05 | 1.66 1.22 | 2.10
64 | [Fra59] 1 push-off very smooth | - 200 | 200 | 400 | 38.00 | 3.15 | 38.00 | 3.15 1.59 | 1.62
65 | [Fra59] 2 push-off very smooth | - 200 | 200 | 400 | 38.00 | 3.15 | 38.00 | 3.15 | 3.19 | 2.45
66 | [Fra59] 3 push-off very smooth| - 200 | 200 | 400 | 38.00 | 3.15 | 38.00 | 3.15 | 4.78 | 3.78
67 | [Fra59] 4 push-off very smooth | - 200 | 200 | 400 | 38.00 | 3.15 | 38.00 | 3.15 | 6.37 | 5.07
68 | [Rani5] 70 4 modified push-off | veryrough | 3.98 | 150 | 343 | 515 | 48.55 | 3.77 | 65.21 | 4.28 5.87 | 16.12
69 | [Rani15] 70_5 modified push-off | very rough | 3.98 | 150 | 334 | 502 | 48.55 | 3.77 | 65.21 | 4.28 | 4.74 | 13.02
70 [Ran15] 70_6 modified push-off very rough | 4.38 | 150 342 513 | 48.55 | 3.77 | 65.21 4.28 5.17 | 14.02
71 [Ran15] 75 1 modified push-off | very rough - 150 | 486 | 729 | 4855 | 3.77 | 65.21 | 4.28 3.35 | 12.49
72 | [Rani15] 75_3 modified push-off | veryrough | 3.43 | 150 | 477 | 715 | 48.55 | 3.77 | 65.21 | 4.28 | 3.39 | 12.65
73 [Ran15] 75 4 modified push-off very rough | 3.56 | 150 483 724 | 48.55 | 3.77 | 65.21 4.28 3.14 | 11.71
74 | [Ran15] 65 1 modified push-off Smooth 0.53 | 150 | 265 | 398 | 48.55 | 3.77 | 65.21 | 4.28 7.89 | 16.91
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Nr. | Source Specimen ID Test-setup Interface R, bint Lint At | femevit | fotma | femeyiz | fetmee On Tiest
[] [] [] [] [-] [mm] | [mm] | [mm] | [em?] [N/mm?])[N/mm?]|[N/mm?] [N/mm?]|[N/mm?] [N/mm?]
75 | [Ran15] 65 2 modified push-off Smooth 0.53 | 150 | 262 | 393 | 48.55 | 3.77 | 65.21 | 428 | 7.86 | 16.85
76 | [Rani5] 65_3 modified push-off Smooth 0.55 | 150 | 246 | 369 | 4855 | 3.77 | 65.21 | 4.28 7.64 | 16.38
77 | [Ran15] 70 1 modified push-off Smooth 0.51 | 150 | 316 | 474 | 4855 | 3.77 | 65.21 | 428 | 5.07 | 13.94
78 [Ran15] 70 2 modified push-off Smooth 0.48 | 150 338 507 | 48.55 | 3.77 | 65.21 4.28 419 | 11.53
79 [Ran15] 70_3 modified push-off Smooth 0.52 | 150 343 514 | 48.55 | 3.77 | 65.21 4.28 5.01 13.76
80 | [Ranit5] 65 4 modified push-off rough 1.63 | 150 | 280 | 420 | 48.55 | 3.77 | 65.21 | 428 | 7.95 | 17.04
81 [Ran15] 65 5 modified push-off rough 1.76 | 150 278 417 | 48.55 | 3.77 | 65.21 4.28 7.93 | 17.00
82 | [Rani5] 65 6 modified push-off rough 1.63 | 150 | 266 | 400 | 48.55 | 3.77 | 65.21 | 428 | 8.14 | 17.46
83 | [Ranit5] 75 2 modified push-off rough 1.93 | 150 | 479 | 719 | 4855 | 3.77 | 65.21 | 428 | 3.07 | 11.45
84 [Ran15] 75 5 modified push-off rough 2.01 150 478 717 | 48.55 | 3.77 | 65.21 4.28 3.41 12.74
85 | [Rani5] 75 6 modified push-off rough 1.64 | 150 | 479 | 719 | 4855 | 3.77 | 65.21 | 428 | 2.94 | 10.96
86 | [Rei04] 79 modified push-off | very smooth| - 150 | 246 | 370 |103.95| 5.16 | 44.07 | 3.51 8.56 | 11.16
87 | [Rei04] 80 modified push-off | very smooth| - 150 | 246 | 370 |103.95| 5.16 | 44.07 | 3.51 | 15.94 | 20.78
88 [Rei04] 81 modified push-off | very smooth - 150 | 246 | 370 [103.95| 5.16 | 44.07 | 3.51 15.45 | 20.13
89 | [Rei04] 100 push-off/sliding wall | very smooth| 0.05 | 200 | 400 | 800 | 95.05 | 4.99 | 44.32 | 353 | 6.00 | 4.72
90 [Rei04] 52 modified push-off smooth 0.88 | 150 246 370 | 84.82 | 4.77 | 45.74 | 3.61 12.37 | 16.12
91 [Rei04] 53 modified push-off smooth 0.75 | 150 | 246 | 370 | 84.82 | 4.77 | 45.74 | 3.61 | 13.64 | 17.78
92 [Rei04] 54 modified push-off smooth 0.67 | 150 246 370 | 84.82 | 4.77 | 45.74 | 3.61 15.55 | 20.26
93 [Rei04] 55 modified push-off smooth 0.96 | 150 | 246 | 370 | 84.82 | 4.77 | 51.56 | 3.94 | 14.98 | 19.52
94 | [Rei04] 56 modified push-off smooth 0.81 | 150 | 246 | 370 | 84.82 | 4.77 | 51.56 | 3.94 | 11.97 | 15.60
95 [Rei04] 57 modified push-off smooth 0.77 | 150 246 370 | 84.82 | 477 | 51.56 | 3.94 | 13.94 | 18.17
96 | [Rei04] 58 modified push-off smooth 0.87 | 150 | 246 | 370 | 84.82 | 4.77 | 44.07 | 3.51 | 15.31 | 19.95
97 | [Rei04] 59 modified push-off smooth 0.80 | 150 | 246 | 370 | 84.82 | 4.77 | 44.07 | 3.51 | 15.72 | 20.49
98 [Rei04] 60 modified push-off smooth 0.77 | 150 246 370 | 84.82 | 4.77 | 44.07 | 3.51 15.33 | 19.98
99 | [Rei04] 61 modified push-off smooth 0.84 | 150 | 246 | 370 | 93.97 | 4.96 | 45.74 | 3.61 | 15.56 | 20.28
100 | [Rei04] 62 modified push-off smooth 0.88 | 150 | 246 | 370 | 93.97 | 4.96 | 45.74 | 3.61 | 15.98 | 20.83
101 | [Rei04] 63 modified push-off smooth 0.87 | 150 | 246 | 370 | 93.97 | 496 | 45.74 | 3.61 | 15.33 | 19.98
102 | [Rei04] 64 modified push-off smooth 0.81 | 150 | 246 | 370 | 93.97 | 496 | 51.56 | 3.94 | 15.16 | 19.76
103 | [Rei04] 65 modified push-off smooth 0.96 | 150 | 246 | 370 | 93.97 | 4.96 | 51.56 | 3.94 | 13.19 | 17.19
104 | [Rei04] 66 modified push-off smooth 0.70 | 150 | 246 | 370 | 93.97 | 496 | 51.56 | 3.94 | 15.27 | 19.91
105| [Rei04] 67 modified push-off smooth 0.75 | 150 | 246 | 370 | 93.97 | 4.96 | 44.07 | 3.51 | 15.86 | 20.67
106 | [Rei04] 68 modified push-off smooth 1.05 | 150 | 246 | 370 | 93.97 | 4.96 | 44.07 | 3.51 15.37 | 20.03
107 | [Rei04] 69 modified push-off smooth 0.87 | 150 246 370 | 93.97 | 496 | 44.07 | 3.51 14.47 | 18.86
108 | [Rei04] 70 modified push-off smooth 0.66 | 150 | 246 | 370 | 80.66 | 4.67 | 45.74 | 3.61 | 15.87 | 20.68
109 | [Rei04] 71 modified push-off smooth 0.10 | 150 246 370 | 80.66 | 4.67 | 45.74 | 3.61 16.02 | 20.87
110| [Rei04] 72 modified push-off smooth 0.81 150 246 370 | 80.66 | 4.67 | 45.74 | 3.61 15.74 | 20.51
111 | [Rei04] 73 modified push-off smooth 0.84 | 150 | 246 | 370 | 80.66 | 4.67 | 51.56 | 3.94 | 16.29 | 21.22
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Nr. | Source Specimen ID Test-setup Interface R, bint Lint At | fomevit | foma | fomevz | fome On Tiest
[] [] [] [-] [] [mm] | [mm] | [mm] | [cm?] |[N'mm?]|[N/mm2]|[N'mm?] [[N/mm?]|[N/mm2]|[N/mm?]
112| [Rei04] 74 modified push-off smooth | 0.79 | 150 | 246 | 370 | 80.66 | 4.67 | 51.56 | 3.94 | 13.69 | 17.84
113| [Rei04] 75 modified push-off smooth | 0.73 | 150 | 246 | 370 | 80.66 | 4.67 | 51.56 | 3.94 | 16.66 | 21.71
114| [Rei04] 76 modified push-off smooth | 0.72 | 150 | 246 | 370 | 80.66 | 4.67 | 44.07 | 3.51 | 16.04 | 20.90
115| [Rei04] 77 modified push-off smooth | 0.75 | 150 | 246 | 370 | 80.66 | 4.67 | 44.07 | 3.51 | 15.80 | 20.58
116| [Rei04] 78 modified push-off smooth | 0.86 | 150 | 246 | 370 | 80.66 | 4.67 | 44.07 | 3.51 | 14.57 | 18.98
117 | [Rei04] 85 modified push-off smooth | 0.75| 150 | 123 | 185 |103.95| 5.16 | 44.07 | 3.51 | 15.75 | 20.52
118| [Rei04] 86 modified push-off smooth | 0.67 | 150 | 123 | 185 |103.95| 5.16 | 44.07 | 3.51 | 14.46 | 18.85
119| [Rei04] 87 modified push-off smooth | 0.65 | 150 | 123 | 185 |103.95| 5.16 | 44.07 | 3.51 | 19.53 | 25.46
120| [Rei04] 88 push-off/sliding wall | smooth | 0.63 | 200 | 400 | 800 | 95.05 | 4.99 | 44.32 | 3.53 | 3.50 | 6.47
121 | [Rei04] 89 push-off/sliding wall |  smooth | 0.63 | 200 | 400 | 800 | 95.05 | 4.99 | 44.32 | 3.53 | 3.50 | 6.70
122| [Rei04] 90 push-off/sliding wall | smooth | 0.63 | 200 | 400 | 800 | 95.05 | 4.99 | 44.32 | 3.53 | 3.50 | 6.65
123| [Rei04] 92 push-off/sliding wall | smooth | 0.63 | 200 | 400 | 800 | 95.05 | 4.99 | 44.32 | 3.53 | 6.00 | 10.05
124| [Rei04] 93 push-off/sliding wall | smooth | 0.63 | 200 | 400 | 800 | 95.05 | 4.99 | 44.32 | 353 | 6.00 | 10.31
125 | [Rei04] 94 push-off/sliding wall | smooth | 0.87 | 200 | 400 | 800 | 95.05 | 4.99 | 44.32 | 3.53 | 3.50 | 7.29
126 | [Rei04] 95 push-off/sliding wall | smooth | 0.86 | 200 | 400 | 800 | 95.05 | 4.99 | 44.32 | 3.53 | 3.50 | 7.27
127 | [Rei04] 96 push-off/sliding wall |  smooth | 0.90 | 200 | 400 | 800 | 95.05 | 4.99 | 44.32 | 3.53 | 3.50 | 7.55
128 | [Rei04] 97 push-off/sliding wall | smooth | 0.87 | 200 | 400 | 800 | 95.05 | 4.99 | 44.32 | 3.53 | 6.00 | 10.45
129| [Rei04] 98 push-off/sliding wall | smooth | 0.72 | 200 | 400 | 800 | 95.05 | 4.99 | 44.32 | 353 | 350 | 7.25
130| [Rei04] 99 push-off/sliding wall | smooth | 0.86 | 200 | 400 | 800 | 95.05 | 4.99 | 44.32 | 3.53 | 3.50 | 3.06
131| [Rei04] 104 push-off/sliding wall | smooth | 0.64 | 200 | 400 | 800 | 45.90 | 3.62 | 44.32 | 3.53 | 3.50 | 6.70
132| [Rei04] 105 push-off/sliding wall | smooth | 0.65 | 200 | 400 | 800 | 45.90 | 3.62 | 44.32 | 3.53 | 3.50 | 7.05
133| [Rei04] 106 push-off/sliding wall | smooth | 0.64 | 200 | 400 | 800 | 45.90 | 3.62 | 44.32 | 3.53 | 6.00 | 9.35
134 | [Rei04] 107 push-off/sliding wall | smooth | 0.70 | 200 | 400 | 800 | 45.90 | 3.62 | 96.46 | 5.01 | 3.50 | 10.46
135| [Rei04] 108 push-off/sliding wall | smooth | 0.63 | 200 | 400 | 800 | 45.90 | 3.62 | 96.46 | 5.01 | 6.00 | 14.15
136 | [Rei04] 109 push-off/sliding wall | smooth | 0.67 | 200 | 400 | 800 | 45.90 | 3.62 | 96.46 | 5.01 | 6.00 | 15.93
137 | [Sco10] LL-0-A push-off rough - 406 | 610 | 2477 | 43.09 | 3.46 | 76.53 | 4.57 | 0.05 | 2.36
138 | [Sco10] LL-0-B push-off rough - 406 | 610 | 2477 | 43.09 | 3.46 | 76.53 | 4.57 | 0.05 | 2.50
139 | [Sco10] LL-0-C push-off rough - 406 | 610 | 2477 | 43.09 | 3.46 | 76.53 | 4.57 | 0.05 | 3.18
140| [Sco10] NN-0-A push-off rough - 406 | 610 | 2477 | 42.40 | 3.41 | 53.64 | 4.05 | 0.05 | 2.73
141| [Sco10] NN-0-B push-off rough - 406 | 610 | 2477 | 42.40 | 3.41 | 53.64 | 4.05 | 0.05 | 2.85
142| [Sco10] NN-0-C push-off rough - 406 | 610 | 2477 | 42.40 | 3.41 | 53.64 | 4.05 | 0.05 | 2.78
143 | [Sco10] NL-0-A push-off rough - 406 | 610 | 2477 | 43.09 | 3.46 | 53.64 | 4.05 | 0.05 | 3.32
144 | [Sco10] NL-0-B push-off rough - 406 | 610 | 2477 | 43.09 | 3.46 | 53.64 | 4.05 | 0.05 | 2.34
145| [Sco10] NL-0-C push-off rough - 406 | 610 | 2477 | 43.09 | 3.46 | 53.64 | 4.05 | 0.05 | 3.51
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Annex B: Database

Tensile strength - Database A-2
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Nr. | Source [Specimen ID| Test-setup Interface Ry | bt | lit | At | fomevit| fotma | fomeviz | fotme Pint o fym.int Tiest
[-] [-] [] [-] [] [mm] |[mm]|[mm]| [em?] [N/mm2][N'mm?] [N/mm?] [N'mm?]] [%] | [-] |[N/mm?]|[N/mm?]
1 [Bar17] 4G60 rough push-off - 610 | 405 | 2471 35 2.97 1 29.90 | 2.63 10.488| 90 475 4.73
2 | [Bar17] 4G80 rough push-off - 610 | 405 | 2471 35 2.94 | 28.90 | 2.56 [0.488| 90 | 475 4.72
3 | [Bar17] 5G60 rough push-off - 610 | 405 | 2471 36 3.02 | 29.80 | 2.62 [0.430| 90 | 604 4.95
4 | [Bar17] 5G80 rough push-off - 610 | 405 | 2471 36 3.04 | 28.60 | 2.54 [0.430| 90 | 604 5.40
5 | [Bas89] 12A very rough | push-off/sliding wall| 6.40 | 254 |1067| 2710 19 1.82 | 2744 | 2.46 |0.316] 90 | 414 1.94
6 [ [Bas89] 18A very rough | push-off/sliding wall| 6.40 | 254 |1067| 2710 19 1.82 | 27.23 | 2.44 |0.316| 90 414 1.94
7 | [Bas89] 21A very rough | push-off/sliding wall| 6.40 | 254 |1067| 2710 29 254 | 25.51 | 2.32 [0.316] 90 414 1.89
8 | [Bas89] 20B very rough | push-off/sliding wall| 6.40 | 254 |1067| 2710 19 1.79 | 25.51 | 2.32 |0.316] 90 | 414 1.23
9 [ [Bas89] 14A smooth | push-off/sliding wall - 254 11067| 2710 19 1.82 | 27.23 | 2.44 |10.316]| 90 414 1.48
10 | [Bas89] 1A rough push-off/sliding wall| 3.20 | 254 |[1067| 2710 | 21 2.01 | 2413 | 2.22 [0.316| 90 | 414 2.38
11 | [Bas89] 2A rough push-off/sliding wall| 3.20 | 254 |[1067| 2710 | 21 2.01 | 24.82 | 2.27 |0.316| 90 | 414 2.51
12 | [Bas89] 3A rough push-off/sliding wall | 3.20 | 254 |1067| 2710 21 2.01 24.82 | 2.27 10.316] 90 414 2.50
13 | [Bas89] 4A rough push-off/sliding wall| 3.20 | 254 |[1067| 2710 | 21 2.01 | 24.82 | 2.27 [0.316| 90 | 414 2.71
14 | [Bas89] 5A rough push-off/sliding wall | 3.20 | 254 |1067| 2710 21 2.01 24.82 | 2.27 10.316| 90 414 2.46
15 | [Bas89] 6A rough push-off/sliding wall| 3.20 | 254 |1067| 2710 21 2.01 24.82 | 2.27 10.316] 90 414 2.71
16 | [Bas89] 7A rough push-off/sliding wall| 3.20 | 254 |[1067| 2710 | 21 2.01 | 24.82 | 2.27 [0.210| 90 | 414 2.17
17 | [Bas89] 8A rough push-off/sliding wall | 3.20 | 254 |1067| 2710 21 2.01 26.54 | 2.39 |10.631| 90 414 3.45
18 | [Bas89] 9A rough push-off/sliding wall | 3.20 | 254 |1067| 2710 21 2.01 26.54 | 2.39 |10.316] 90 414 3.12
19 | [Bas89] 10A rough push-off/sliding wall| 3.20 | 254 |[1067| 2710 | 21 2.01 | 26.54 | 2.39 |[0.316| 90 | 414 2.13
20 | [Bas89] 11A rough | push-off/sliding wall| 3.20 | 254 [1067] 2710 | 19 | 1.79 | 25.51 | 2.32 [0.316] 90 | 414 | 1.71
21 | [Bas89] 15A rough push-off/sliding wall | 3.20 | 254 |1067| 2710 19 1.82 | 27.23 | 2.44 |0.316] 90 414 1.44
22 | [Bas89] 16A rough push-off/sliding wall| 3.20 | 254 [1067| 2710 19 1.82 | 27.23 | 244 |0.316] 90 | 414 1.72
23 | [Bas89] 17A rough | push-off/sliding wall | 3.20 | 254 [1067] 2710 | 19 | 1.79 | 25,51 | 2.32 [0.316] 90 | 414 | 2.05
24 | [Bas89] 20A rough push-off/sliding wall | 3.20 | 254 |1067| 2710 20 1.89 | 2461 | 2.26 |0.316] 90 414 2.20
25 | [Bas89] 23A rough push-off/sliding wall| 3.20 | 254 |1067| 2710 | 30 261 | 27.23 | 2.44 |0.316] 90 | 414 2.22
26 | [Bas89] 24A rough push-off/sliding wall| 3.20 | 254 |1067| 2710 | 30 261 | 27.23 | 2.44 |0.316] 90 | 414 2.63
27 | [Bas89] 1B rough push-off/sliding wall | 3.20 | 152 |1067| 1626 22 2.07 | 2461 | 2.26 [0.526| 90 414 2.79
28 | [Bas89] 2B rough push-off/sliding wall| 3.20 | 254 |1067| 2710 | 22 2.07 | 24.55 | 2.25 |0.316] 90 | 414 2.46
29 | [Bas89] 3B rough push-off/sliding wall| 3.20 | 254 |1067| 2710 | 22 2.07 | 24.55 | 2.25 |0.316] 90 | 414 2.66
30 | [Bas89] 4B rough push-off/sliding wall | 3.20 | 254 |1067| 2710 22 2.07 | 2461 | 2.26 [0.210] 90 414 2.25
31 | [Bas89] 5B rough push-off/sliding wall| 3.20 | 254 |1067| 2710 | 22 2.07 | 3475 | 294 [0.316| 90 | 414 2.73
32 | [Bas89] 6B rough push-off/sliding wall| 3.20 | 254 |1067| 2710 | 22 2.07 | 3475 | 294 [0.316| 90 | 414 2.82
33 | [Bas89] 17B rough push-off/sliding wall| 3.20 | 254 [1067| 2710 | 20 1.89 | 2461 | 226 |0.316] 90 | 414 2.48
34 | [Bas89] 21B rough | push-off/sliding wall | 3.20 | 254 [1067] 2710 | 30 | 2.61 | 24.61 | 2.26 |0.316] 90 | 414 | 2.17
35 | [Das86] 37 smooth push-through - 150 | 150 | 225 27 240 | 17.88 | 1.73 [1.005| 90 450 3.42
36 | [Das86] 38 smooth push-through - 150 | 150 | 225 27 240 | 17.88 | 1.73 [1.005| 90 | 450 3.49
37 | [Das86] 39 rough push-through - 150 | 150 | 225 27 240 | 17.88 | 1.73 [0.251| 90 | 450 2.18
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Nr. | Source |Specimen ID| Test-setup Interface R; bt | Tt | Aint |Femevit| fema | femeyviz | fem2 Pint a fym.int Thest
[] [] [] [] [] [mm] |[mm]|{[mm]) [em?] [Nmm?][Nmm?] [N'mm2][[N'mm?]| [%] | [-] [[N'mm?]|[N/mm?]
38 | [Das86] 40 rough push-through - 150 | 150 | 225 27 240 | 17.88 | 1.73 [0.251| 90 | 450 2.94
39 | [Das86] 35 rough push-through - 150 | 150 | 225 27 2.40 | 17.88 | 1.73 [1.005| 90 450 5.34
40 | [Das86] 36 rough push-through - 150 | 150 | 225 27 240 | 17.88 | 1.73 [1.005| 90 | 450 5.15
41 | [Das86] 98 rough push-through - 150 | 150 | 225 26 2.33 | 16.13 | 1.58 |0.503| 90 | 548 3.23
42 | [Das86] 99 rough push-through - 150 | 150 | 225 26 2.33 | 16.13 | 1.58 [0.503| 90 532 3.08
43 | [Das86] 100 rough push-through - 150 | 150 | 225 26 2.33 | 16.13 | 1.58 [0.503| 90 | 548 2.92
44 | [Han60] | BRS6-1 | very rough push-off - 203 | 152 | 310 32 275 | 2413 | 2.22 |0.818| 90 | 345 4.69
45 | [Han60] | BRS6-2 | very rough push-off - 203 | 152 | 310 37 3.07 | 22.34 | 2.09 [0.818| 90 345 2.72
46 | [Han60] | BRS6-3 | very rough push-off - |203[152] 310 | 37 | 3.07 | 2551 | 2.32 0.818] 90 | 352 | 4.41
47 | [Han60] | BRS12-1 | very rough push-off - 203 | 305 | 619 39 3.22 | 28.48 | 2.53 |0.409| 90 | 334 3.38
48 | [Han60] | BRS12-2 | very rough push-off - 203 | 305 | 619 34 291 | 24.68 | 2.26 [0.409| 90 324 3.14
49 [ [Han60] | BRS12-3 | very rough push-off - 203 | 305 | 619 28 251 | 22.82 | 2.12 [0.409| 90 | 352 2.41
50 | [Han60] | BRS12-4 | very rough push-off - 203 | 305 | 619 28 251 | 22.82 | 2.12 [0.409| 90 352 2.45
51 | [Han60] | BRS12-6 | very rough push-off - 203 | 305 | 619 30 2.66 | 27.30 | 2.45 [0.409| 90 345 2.52
52 | [Han60] | BRS12-8 | very rough push-off - 203 | 305 | 619 30 2.66 | 27.30 | 2.45 [0.409| 90 | 345 3.03
53 | [Han60] | BRS24-1 | very rough push-off - 203 [ 610 | 1239 | 40 3.25 | 24.41 | 2.24 [0.409| 90 338 3.22
54 | [Han60] | BRS24-2 | very rough push-off - 203 [ 610 | 1239 | 32 2.75 | 23.65 | 2.18 [0.409| 90 359 2.38
55 | [Han60] | BRS24-3 | very rough push-off - 203 [ 610 | 1239 | 34 2.93 | 23.58 | 2.18 |0.614| 90 | 345 2.76
56 | [Han60] | BRS24-4 | very rough push-off - 203 [ 610 | 1239 | 42 3.37 | 24.20 | 2.23 [0.614| 90 345 3.07
57 | [Han60] BS6-1 smooth push-off - 203 | 152 | 310 37 3.07 | 22.34 | 2.09 [0.818| 90 | 345 1.08
58 | [Han60] BS6-2 smooth push-off - 203 | 152 | 310 37 3.07 | 22.34 | 2.09 [0.818| 90 | 345 1.55
59 | [Han60] BS6-3 smooth push-off - 203 | 152 | 310 35 2.96 | 25.51 | 2.32 |0.818| 90 | 345 1.59
60 | [Han60] BS6-4 smooth push-off - 203 | 152 | 310 35 2.96 | 25.51 | 2.32 |0.818| 90 | 345 1.48
61 | [Han60] BS6-5 smooth push-off - 203 | 152 | 310 35 2.96 | 25.51 | 2.32 |0.818| 90 | 345 1.66
62 | [Han60] | BS12-1 smooth push-off - 203 | 305 | 619 34 2.87 | 27.92 | 2.49 [0.409| 90 | 346 1.14
63 | [Han60] | BS12-2 smooth push-off - 203 | 305 | 619 36 3.00 | 25.23 | 2.30 |0.409| 90 | 346 0.76
64 | [Han60] | BRS12-5 rough push-off - |203]305| 619 | 28 | 251 | 22.82 | 2.12 [0.409| 90 | 352 | 2.14
65 | [Han60] | BRS12-7 rough push-off - 203 | 305 | 619 30 2.66 | 27.30 | 2.45 [0.409| 90 | 345 3.17
66 | [Han60] RS6-1 rough push-off - 203 | 152 | 310 32 2.76 | 24.13 | 2.22 |0.818| 90 | 345 1.72
67 | [Han60] RS6-2 rough push-off - 203 | 152 | 310 37 3.07 | 25,51 | 2.32 |0.818| 90 | 352 2.26
68 | [Han60] | RS12-1 rough push-off - 203 | 305 | 619 39 3.22 | 28.48 | 2.53 |0.409| 90 | 334 2.12
69 | [Han60] | RS12-2 rough push-off - 203 | 305 | 619 34 2.92 | 24.68 | 2.26 [0.409| 90 | 324 1.53
70 | [Han60] | RS24-1 rough push-off - 203 | 610 | 1239 | 40 3.25 | 24.41 | 2.24 [0.409| 90 | 338 1.60
71 | [Han60] | RS24-2 rough push-off - 203 | 610 | 1239 | 32 2.75 | 23.65 | 2.18 |0.409| 90 | 359 1.36
72 | [Han60] | RS24-3 rough push-off - 203 [ 610 | 1239 | 34 2.93 | 23.58 | 2.18 |0.409| 90 | 345 1.76
73 | [Han60] | RS24-4 rough push-off - 203 | 610 | 1239 | 42 3.37 | 2420 | 2.23 |0.409| 90 | 338 2.21
74 | [Har12] | 615-3 A | very rough push-off - 254 |1 406 | 1032 | 49 3.80 | 40.00 | 3.27 |0.412| 90 | 464 4.85
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Nr. | Source |Specimen ID| Test-setup Interface Ri | b | lint | Aint | fomevit| fetma | femeviz | fome2 Pint o fym.int Thest
[] [-] [-] [-] [-] [mm] |[mm]|[mm]| [cm?] [[N/mm2][N/mm?] [N/mm?] [N'mm?]] [%] | [-] |[N'mm?]|[N/mm?]
75 | [Har12] | 615-3 B | very rough push-off - 254 | 406 | 1032 | 49 3.80 | 40.00 | 3.27 [0.412] 90 464 4.16
76 | [Har12] | 615-4 A | very rough push-off - 254 | 406 | 1032 | 49 3.80 | 40.00 | 3.27 |[0.736] 90 424 4.93
77 | [Har12] | 615-4 B | very rough push-off - 254 | 406 | 1032 | 49 3.80 | 40.00 | 3.27 |0.736| 90 | 424 5.56
78 | [Har12] | 1035-3 A | very rough push-off - 254 | 406 | 1032 | 49 3.80 | 40.00 | 3.27 |0.412| 90 | 897 3.88
79 | [Har12] | 1035-3 B | very rough push-off - 254 | 406 | 1032 | 49 3.80 | 40.00 | 3.27 [0.412| 90 897 4.52
80 | [Har12] | 1035-4 A | very rough push-off - 254 | 406 | 1032 | 49 3.80 | 40.00 | 3.27 |0.736| 90 | 966 5.85
81 | [Har12] | 1035-4 A | very rough push-off - 254 | 406 | 1032 | 49 3.80 | 40.00 | 3.27 |[0.736| 90 966 4.89
82 | [Kah02] | SF-7-1-CJ rough push-off - 127 | 305 | 387 81 4.68 | 80.90 | 4.68 [0.368| 90 | 572 6.17
83 | [Kah02] | SF-7-2-CJ rough push-off - 127 | 305 | 387 81 468 | 80.90 | 468 [0.736| 90 | 572 9.37
84 | [Kah02] | SF-7-3-CJ rough push-off - 127 | 305 | 387 86 4.79 | 8598 | 479 [1.104| 90 | 572 12.59
85 | [Kah02] | SF-7-4-CJ rough push-off - 127 | 305 | 387 86 4.79 | 8598 | 479 [1.473| 90 | 572 15.15
86 | [Kah02] [SF-10-1-CJ| smooth push-off - 127 | 305 | 387 99 5.06 | 98.77 | 5.06 |0.368| 90 | 572 3.62
87 | [Kah02] [SF-10-2-CJ| smooth push-off - 127 | 305 | 387 83 4.73 | 83.10 | 4.73 |0.736| 90 | 572 5.63
88 | [Kah02] |SF-10-3-CJ rough push-off - 127 | 305 | 387 89 4.87 | 89.31 | 4.87 |1.104| 90 | 572 13.01
89 | [Kah02] | SF-10-4-CJ rough push-off - 127 | 305 | 387 89 487 | 89.31 | 487 [1.473| 90 | 572 14.39
90 | [Kah02] |SF-14-2-CJ rough push-off - 127 | 305 | 387 102 5.12 |101.74| 5.12 |0.736| 90 | 572 11.33
91 | [Kah02] | SF-14-3-CJ rough push-off - 127 | 305 | 387 105 5.18 |104.92| 5.18 |[1.104| 90 | 572 15.38
92 | [Kah02] | SF-14-4-CJ rough push-off - 127 | 305 | 387 105 518 |[104.92| 5.18 [1.473| 90 572 17.48
93 | [Pau74] ZB01 very rough push-off - 152 | 406 | 619 28 251 | 27.10 | 2.43 [0.690| 90 320 417
94 | [Pau74] WBO01 very rough push-off - 152 | 406 | 619 28 251 | 27.10 | 2.43 |0.690| 90 | 320 4.97
95 | [Pau74] SBO1 very rough push-off - 152 | 406 | 619 28 251 | 27.10 | 2.43 [0.690| 90 320 5.24
96 | [Pau74] TBO1 smooth push-off - 152 | 406 | 619 28 251 | 27.10 | 2.43 |[0.690| 90 | 320 2.39
97 | [Pau74] TA02 smooth push-off - 152 | 406 | 619 27 243 | 23.99 | 2.21 |0.307| 90 | 320 1.45
98 | [Pau74] TB02 smooth push-off - 152 | 406 | 619 27 243 | 23.99 | 2.21 |0.690| 90 | 320 2.78
99 | [Pau74] TC02 smooth push-off - 152 | 406 | 619 27 243 | 23.99 | 2.21 [1.227| 90 | 320 4.24
100 | [Pau74] TAMA1 smooth push-off - 152 | 406 | 619 30 2.63 | 20.13 | 1.92 [0.307| 90 | 320 2.24
101 | [Pau74] TBMH1 smooth push-off - 152 | 406 | 619 30 2.63 | 20.13 | 1.92 [0.690| 90 | 320 3.45
102 | [Pau74] TCMA1 smooth push-off - 152 | 406 | 619 30 263 | 20.13 | 1.92 [1.227] 90 320 2.72
103 | [Pau74] RA01X rough push-off - 152 | 406 | 619 20 1.93 | 28.20 | 2.51 |0.307| 90 | 320 1.48
104 | [Pau74] RB0O1X rough push-off - 152 | 406 | 619 20 1.93 | 28.20 | 2.51 |0.690| 90 | 320 3.28
105 | [Pau74] RC01X rough push-off - 152 | 406 | 619 20 1.93 | 28.20 | 2.51 [1.227] 90 320 4.45
106 | [Pau74] RBO1 rough push-off - 152 | 406 | 619 28 251 | 27.10 | 2.43 |0.690| 90 | 320 4.03
107 | [Pau74] RAO1 rough push-off - 152 | 406 | 619 27 243 | 23.99 | 2.21 |0.307| 90 | 320 3.59
108 | [Pau74] RA02 rough push-off - 152 | 406 | 619 27 243 | 23.99 | 2.21 |0.307| 90 | 320 3.66
109 | [Pau74] RB02 rough push-off - 152 | 406 | 619 27 243 | 23.99 | 2.21 [0.690| 90 320 4.10
110 | [Pau74] RC02 rough push-off - 152 | 406 | 619 27 243 | 23.99 | 2.21 [1.227| 90 | 320 6.48
111 | [Pau74] RAM1 rough push-off - 152 | 406 | 619 24 221 12999 | 263 10.307] 90 | 320 3.45
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Nr. | Source |Specimen ID| Test-setup Interface R; bt | Tt | Aint |Femevit| fema | femeyviz | fem2 Pint a fym.int Thest
[] [] [] [] [] [mm] |[mm]|[mm]) [em?] [NmmZ][Nmm?] [N'mm2][[N'mm?]| [%] | [-] [[N'mm?]|[N/mm?]
112 | [Pau74] RBM1 rough push-off - 152 | 406 | 619 24 221 | 29.99 | 2.63 |0.690| 90 | 320 4.69
113 | [Pau74] RBM2 rough push-off - 152 | 406 | 619 24 2.21 2999 | 2.63 |0.690| 90 | 320 4.62
114 | [Pau74] RCM1 rough push-off - 152 | 406 | 619 24 2.21 | 29.99 | 2.63 |1.227| 90 | 320 4.83
115 | [Pau74] RCM2 rough push-off - 152 | 406 | 619 24 221 | 29.99 | 2.63 |1.227| 90 | 320 4.83
116 | [Ran97] 55 very smooth| push-off/sliding wall - 300 | 400 | 1200 45 3.56 | 36.17 | 3.03 [0.047| 90 653 0.13
117 | [Ran97] 56 very smooth| push-off/sliding wall | - 300 | 400 | 1200 | 45 3.56 | 36.17 | 3.03 [0.094| 90 [ 600 0.24
118 | [Ran97] 57 very smooth| push-off/sliding wall| - 300 | 400 | 1200 | 45 3.56 | 36.17 | 3.03 |0.188| 90 | 600 0.57
119 | [Ran97] 58 very smooth| push-off/sliding wall - 300 | 400 | 1200 45 3.56 | 36.17 | 3.03 [0.262| 90 600 0.69
120 | [Ran97] 59 very smooth| push-off/sliding wall - 113 | 400 | 452 45 3.56 | 36.17 | 3.03 |0.500| 90 600 1.76
121 | [Ran97] 60 very smooth| push-off/sliding wall - 57 [ 400 | 228 45 3.56 | 36.17 | 3.03 [0.992| 90 600 3.18
122 | [Ran97] 61 very smooth| push-off/sliding wall - 57 [ 400 | 228 45 3.56 | 36.17 | 3.03 [1.488| 90 600 5.31
123 | [Ran97] 62 very smooth| push-off/sliding wall | - 300 | 400 | 1200 | 45 3.56 | 36.17 | 3.03 [0.024| 90 | 653 0.07
124 | [Ran97] 63 very smooth| push-off/sliding wall - 300 | 400 | 1200 45 3.56 | 36.17 | 3.03 [0.094| 90 600 0.29
125 | [Ran97] 64 very smooth| push-off/sliding wall - 300 | 400 | 1200 45 3.56 | 36.17 | 3.03 |[0.262| 90 524 0.67
126 | [Ran97] 81 very smooth| push-off/sliding wall | - 300 | 400 | 1200 19 1.79 | 16.47 | 1.61 |0.024| 90 | 653 0.05
127 | [Ran97] 82 very smooth| push-off/sliding wall - 300 | 400 | 1200 19 1.79 | 16.47 | 1.61 |0.094| 90 508 0.19
128 | [Ran97] 83 very smooth| push-off/sliding wall - 300 | 400 | 1200 19 1.79 | 16.47 | 1.61 |0.262| 90 508 0.48
129 | [Ran97] 29 smooth | push-off/sliding wall| 0.50 | 300 | 400 | 1200 | 38 3.12 | 35.26 | 2.98 [0.047| 90 | 653 0.32
130 | [Ran97] 30 smooth | push-off/sliding wall| 0.50 | 300 | 400 | 1200 38 3.12 | 35.26 | 2.98 [0.047| 90 653 0.28
131 | [Ran97] 31 smooth | push-off/sliding wall| 0.50 | 300 | 400 | 1200 38 3.12 | 35.26 | 2.98 [0.047| 90 653 0.27
132 | [Ran97] 32 smooth | push-off/sliding wall| 0.50 | 300 | 400 | 1200 | 38 3.12 | 35.26 | 2.98 [0.094| 90 | 508 0.41
133 | [Ran97] 33 smooth | push-off/sliding wall| 0.50 | 300 | 400 | 1200 38 3.12 | 35.26 | 2.98 [0.094| 90 508 0.38
134 | [Ran97] 34 smooth | push-off/sliding wall| 0.50 | 300 | 400 | 1200 | 38 3.12 | 35.26 | 2.98 [0.094| 90 | 508 0.44
135 | [Ran97] 35 smooth | push-off/sliding wall| 0.50 | 300 | 400 | 1200 | 38 3.12 | 35.26 | 298 |0.188| 90 | 508 0.87
136 | [Ran97] 36 smooth | push-off/sliding wall| 0.50 | 300 | 400 | 1200 38 3.12 | 35.26 | 2.98 [0.188| 90 508 0.78
137 | [Ran97] 37 smooth | push-off/sliding wall| 0.50 | 300 | 400 | 1200 | 38 3.12 | 35.26 | 2.98 [0.188| 90 | 508 0.82
138 | [Ran97] 38 smooth | push-off/sliding wall| 0.50 | 113 | 400 | 452 38 3.12 | 35.26 | 2.98 [0.500| 90 508 1.76
139 | [Ran97] 39 smooth | push-off/sliding wall| 0.50 | 75 | 400 | 300 38 3.12 | 35.26 | 2.98 [0.754| 90 508 2.63
140 | [Ran97] 40 smooth | push-off/sliding wall| 0.50 | 57 | 400 | 228 38 3.12 | 35.26 | 2.98 [0.992| 90 | 508 3.74
141 | [Ran97] 41 smooth | push-off/sliding wall| 0.50 | 57 | 400 | 228 38 3.12 | 35.26 | 2.98 [1.488| 90 508 5.45
142 | [Ran97] 45 smooth | push-off/sliding wall| 0.14 | 300 | 400 | 1200 34 2.87 | 34.84 | 2.95 [0.047| 90 653 0.23
143 | [Ran97] 46 smooth | push-off/sliding wall| 0.14 | 300 | 400 | 1200 | 34 2.87 | 34.84 | 295 [0.047| 90 | 653 0.21
144 | [Ran97] 47 smooth | push-off/sliding wall| 0.14 | 300 | 400 | 1200 34 2.87 | 34.84 | 2.95 [0.094| 90 508 0.34
145 | [Ran97] 48 smooth | push-off/sliding wall| 0.14 | 300 | 400 | 1200 34 2.87 | 34.84 | 2.95 [0.094| 90 508 0.27
146 | [Ran97] 49 smooth | push-off/sliding wall| 0.14 | 300 | 400 | 1200 | 34 2.87 | 34.84 | 295 |0.188| 90 | 508 0.58
147 | [Ran97] 50 smooth | push-off/sliding wall| 0.14 | 300 | 400 | 1200 34 2.87 | 34.84 | 2.95 [0.188]| 90 508 0.64
148 | [Ran97] 51 smooth | push-off/sliding wall| 0.14 | 113 | 400 | 452 34 2.87 | 34.84 | 295 [0.500| 90 508 1.33
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Nr. | Source |Specimen ID| Test-setup Interface Ri | b | lint | Aint | fomevit| fetma | femeviz | fome2 Pint o fym.int Thest
[] [-] [-] [-] [-] [mm] |[mm]|[mm]| [cm?] [[N/mm2][N/mm?] [N/mm?] [N'mm?]] [%] | [-] |[N'mm?]|[N/mm?]
149 | [Ran97] 52 smooth | push-off/sliding wall| 0.14 | 75 | 400 | 300 34 287 | 34.84 | 2.95 [0.754| 90 508 2.22
150 | [Ran97] 53 smooth | push-off/sliding wall| 0.14 | 57 | 400 | 228 34 2.87 | 34.84 | 2.95 [0.992| 90 508 2.95
151 | [Ran97] 54 smooth | push-off/sliding wall| 0.14 | 57 | 400 | 228 34 2.87 | 34.84 | 295 |1.488| 90 508 4.20
152 | [Ran97] 73 smooth | push-off/sliding wall| 0.50 | 300 | 400 | 1200 19 1.79 | 21.45 | 2.02 |0.094| 90 | 508 0.46
153 | [Ran97] 74 smooth | push-off/sliding wall| 0.50 | 300 | 400 | 1200 19 1.79 | 21.45 | 2.02 |0.188| 90 508 0.78
154 | [Ran97] 75 smooth | push-off/sliding wall| 0.50 | 113 | 400 | 452 19 1.79 | 21.45 | 2.02 |0.500| 90 | 508 2.02
155 | [Ran97] 76 smooth | push-off/sliding wall| 0.50 | 57 | 400 | 228 19 1.79 | 2145 | 2.02 |10.992| 90 508 3.60
156 | [Ran97] 77 smooth | push-off/sliding wall| 0.50 | 57 | 400 | 228 19 1.79 | 21.45 | 2.02 |1.488| 90 508 4.87
157 | [Ran97] 1 rough push-off/sliding wall| 2.70 | 300 | 400 | 1200 | 38 3.12 | 36.84 | 3.08 [0.094| 90 | 508 2.74
158 | [Ran97] 2 rough push-off/sliding wall| 2.70 | 300 | 400 | 1200 38 3.12 | 36.84 | 3.08 [0.094| 90 508 2.19
159 | [Ran97] 3 rough push-off/sliding wall| 2.70 | 300 | 400 | 1200 | 38 3.12 | 36.84 | 3.08 [0.094| 90 | 508 3.03
160 | [Ran97] 4 rough push-off/sliding wall| 2.70 | 300 | 400 | 1200 | 38 3.12 | 36.84 | 3.08 [0.094| 90 | 508 2.03
161 | [Ran97] 5 rough push-off/sliding wall| 2.70 | 300 | 400 | 1200 38 3.12 | 36.84 | 3.08 [0.094| 90 508 1.34
162 | [Ran97] 6 rough push-off/sliding wall| 2.70 | 250 | 400 | 1000 | 38 3.12 | 36.84 | 3.08 [0.226| 90 | 508 3.81
163 | [Ran97] 7 rough push-off/sliding wall| 2.70 | 250 | 400 | 1000 | 38 3.12 | 36.84 | 3.08 [0.226| 90 | 508 3.60
164 | [Ran97] 8 rough push-off/sliding wall| 2.70 | 250 | 400 | 1000 38 3.12 | 36.84 | 3.08 [0.226| 90 508 3.74
165 | [Ran97] 9 rough push-off/sliding wall| 2.70 | 250 | 400 | 1000 | 38 3.12 | 36.84 | 3.08 [0.226| 90 | 508 2.04
166 | [Ran97] 10 rough push-off/sliding wall| 2.70 | 250 | 400 | 1000 38 3.12 | 36.84 | 3.08 [0.226| 90 508 1.78
167 | [Ran97] 12 rough push-off/sliding wall| 2.70 | 113 | 400 | 452 38 3.12 | 36.84 | 3.08 [0.500| 90 508 5.55
168 | [Ran97] 13 rough push-off/sliding wall| 2.70 | 113 | 400 | 452 38 3.12 | 36.84 | 3.08 |0.500| 90 | 508 5.33
169 | [Ran97] 14 rough push-off/sliding wall| 2.70 | 113 | 400 | 452 38 3.12 | 36.84 | 3.08 [0.500| 90 508 3.79
170 | [Ran97] 15 rough push-off/sliding wall| 2.70 | 113 | 400 | 452 38 3.12 | 36.84 | 3.08 |0.500| 90 508 4.38
171 | [Ran97] 16 rough push-off/sliding wall| 2.70 | 57 | 400 | 228 38 3.12 | 36.84 | 3.08 [0.992| 90 | 508 8.72
172 | [Ran97] 17 rough push-off/sliding wall| 2.70 | 57 | 400 | 228 38 3.12 | 36.84 | 3.08 [0.992| 90 508 8.77
173 | [Ran97] 18 rough push-off/sliding wall| 2.70 | 57 | 400 | 228 38 3.12 | 36.84 | 3.08 [0.992| 90 | 508 8.52
174 | [Ran97] 21 rough push-off/sliding wall| 2.70 | 300 | 400 | 1200 | 38 3.12 | 33.43 | 2.86 [0.047| 90 | 653 2.20
175 | [Ran97] 22 rough push-off/sliding wall| 2.70 | 300 | 400 | 1200 38 3.12 | 33.43 | 2.86 [0.047| 90 653 2.07
176 | [Ran97] 23 rough push-off/sliding wall| 2.70 | 300 | 400 | 1200 | 38 3.12 | 33.43 | 2.86 [0.094| 90 | 508 2.25
177 | [Ran97] 24 rough push-off/sliding wall| 2.70 | 300 | 400 | 1200 | 38 3.12 | 33.43 | 2.86 [0.094| 90 | 508 2.39
178 | [Ran97] 25 rough push-off/sliding wall| 2.70 | 250 | 400 | 1000 38 3.12 | 33.43 | 2.86 [0.226| 90 508 2.24
179 | [Ran97] 26 rough push-off/sliding wall| 2.70 | 250 | 400 | 1000 | 38 3.12 | 33.43 | 2.86 [0.226| 90 | 508 2.36
180 | [Ran97] 27 rough push-off/sliding wall| 2.70 | 75 | 400 | 300 38 3.12 | 33.43 | 2.86 |[0.754| 90 | 508 5.00
181 [ [Ran97] 28 rough push-off/sliding wall| 2.70 | 57 | 400 | 228 38 3.12 | 33.43 | 2.86 |1.488| 90 508 8.67
182 | [Ran97] 65 rough push-off/sliding wall| 2.70 | 300 | 400 | 1200 19 1.79 | 21.45 | 2.02 |0.094| 90 | 508 1.68
183 | [Ran97] 66 rough push-off/sliding wall| 2.70 | 300 | 400 | 1200 19 1.79 | 21.45 | 2.02 |0.188| 90 508 1.81
184 | [Ran97] 67 rough push-off/sliding wall| 2.70 | 113 | 400 | 452 19 1.79 | 21.45 | 2.02 |0.500| 90 508 3.33
185 | [Ran97] 68 rough push-off/sliding wall| 2.70 | 57 | 400 | 228 19 1.79 | 21.45 | 2.02 [0.992| 90 | 508 5.13
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Nr. | Source |Specimen ID| Test-setup Interface R; bt | Tt | Aint |Femevit| fema | femeyviz | fem2 Pint a fym.int Thest
[] [-] [-] [-] [-] [mm] | [mm]{[mm]| [em?] [[Nmm2][N/mm?] [N'mm?] [N'mm?]] [%] | [-] [[N'mm?]|[N/mm?]
186 | [Ran97] 69 rough push-off/sliding wall| 2.70 | 57 | 400 | 228 19 1.79 | 21.45 | 2.02 |1.488| 90 508 7.46
187 | [Sha14] | N-5-S-4 smooth push-off - 1141 279 | 319 34 290 | 33.51 | 2.90 [1.339| 90 457 4.53
188 | [Sha14] | N-5-S-5 smooth push-off - 114 | 279 | 319 34 2.90 | 33.51 | 2.90 |[1.339| 90 457 4.80
189 | [Sha14] | N-5-S-6 smooth push-off - 114 | 279 | 319 34 290 | 33.51 | 2.90 |1.339| 90 457 5.42
190 | [Sha14] | N-8-S-1 smooth push-off - 1141 279 | 319 52 3.72 | 52.06 | 3.72 [1.339| 90 457 9.08
191 | [Sha14] | N-8-S-2 smooth push-off - 114 | 279 | 319 52 3.72 | 52.06 | 3.72 |[1.339| 90 457 7.38
192 | [Sha14] | N-8-S-3 smooth push-off - 114 | 279 | 319 52 3.72 | 52.06 | 3.72 |1.339| 90 457 7.66
193 | [Sha14] | S-5-S-1 smooth push-off - 1141 279 | 319 31 2.21 | 31.37 | 2.21 [1.339]| 90 457 5.33
194 | [Sha14] | S-5-S-2 smooth push-off - 114 | 279 | 319 31 2.21 | 31.37 | 2.21 [1.339| 90 457 4.72
195]| [Sha14] | S-5-S-3 smooth push-off - 114 | 279 | 319 31 221 | 31.37 | 2.21 [1.339| 90 457 5.51
196 | [Sha14] | S-8-S-1 smooth push-off - 1141 279 | 319 50 3.52 | 49.64 | 3.52 [1.339| 90 457 9.28
197 | [Sha14] | S-8-S-2 smooth push-off - 114 | 279 | 319 50 3.52 | 49.64 | 3.52 [1.339] 90 457 8.01
198 | [Sha14] | S-8-S-3 smooth push-off - 1141 279 | 319 50 3.52 | 49.64 | 3.52 [1.339| 90 457 8.15
199 | [Sha14] | A-5-S-1 smooth push-off - 1141 279 | 319 42 3.52 | 41.92 | 3.52 [1.339| 90 457 5.74
200 | [Shat14] | A-5-S-2 smooth push-off - 114 | 279 | 319 42 3.52 | 41.92 | 3.52 [1.339] 90 457 5.55
201 ] [Sha14] | A-5-S-3 smooth push-off - 1141 279 | 319 42 3.52 | 41.92 | 3.52 [1.339| 90 457 5.43
202 | [Sha14] | A-8-S-1 smooth push-off - 114 |1 279 | 319 54 3.59 | 54.09 | 3.59 [1.339| 90 457 6.38
203 | [Shat14] | A-8-S-2 smooth push-off - 114 | 279 | 319 54 3.59 | 54.09 | 3.59 |1.339| 90 457 6.65
204 | [Sha14] | A-8-S-3 smooth push-off - 1141 279 | 319 54 3.59 | 54.09 | 3.59 [1.339| 90 457 7.16
205] [Sha14] | N-5-R-4 rough push-off - 114 | 279 | 319 34 2.90 | 33.51 | 6.00 [1.339| 90 457 8.17
206 | [Sha14] | N-5-R-5 rough push-off - 114 | 279 | 319 34 290 | 33.51 | 2.90 |1.339| 90 457 7.39
207 | [Sha14] | N-5-R-6 rough push-off - 1141 279 | 319 34 290 | 33.51 | 2.90 [1.339| 90 457 7.40
208 | [Sha14] | N-8-R-1 rough push-off - 114 | 279 | 319 52 3.72 | 52.06 | 3.72 |[1.339| 90 457 10.25
209 | [Sha14] | N-8-R-2 rough push-off - 114 | 279 | 319 52 3.72 | 52.06 | 3.72 |1.339| 90 457 7.76
210] [Sha14] | N-8-R-3 rough push-off - 1141 279 | 319 52 3.72 | 52.06 | 3.72 [1.339| 90 457 8.88
211 | [Sha14] S-5-R-1 rough push-off - 114 |1 279 | 319 31 2.21 31.37 | 221 [1.339| 90 457 7.12
212| [Sha14] | S-5-R-2 rough push-off - [114]279] 319 | 31 221 | 31.37 | 2.21 [1.339] 90 | 457 | 6.97
213]| [Shat14] | S-5-R-3 rough push-off - 1141 279 | 319 31 2.21 | 31.37 | 2.21 [1.339]| 90 457 8.84
214 [Sha14] | S-8-R-1 rough push-off - |114]279] 319 | 50 | 3.52 | 49.64 | 3.52 [1.339] 90 | 457 | 9.97
215] [Shat14] | S-8-R-2 rough push-off - 1141 279 | 319 50 3.52 | 49.64 | 3.52 [1.339| 90 457 9.33
216 | [Sha14] | S-8-R-3 rough push-off - 114 |1 279 | 319 50 3.52 | 49.64 | 3.52 [1.339| 90 457 9.23
217 | [Sha14] | A-5-R-1 rough push-off - 1142791 319 | 42 | 352 | 41.92 ] 352 [1.339] 90 | 457 | 6.70
218 ]| [Sha14] | A-5-R-2 rough push-off - 1141 279 | 319 42 3.52 | 41.92 | 3.52 [1.339| 90 457 7.31
219 [Sha14] | A-5-R-3 rough push-off - 114 | 279 | 319 42 3.52 | 41.92 | 3.52 |[1.339| 90 457 7.12
220 | [Shat14] | A-8-R-1 rough push-off - 114 | 279 | 319 54 3.59 | 54.09 | 3.59 |1.339| 90 457 8.55
221 ] [Shat14] | A-8-R-2 rough push-off - 1141 279 | 319 54 3.59 | 54.09 | 3.59 [1.339| 90 457 8.85
222 | [Sha14] | A-8-R-3 rough push-off - 114 | 279 | 319 54 3.59 | 54.09 | 3.59 [1.339]| 90 457 8.88
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Nr. | Source |Specimen ID| Test-setup Interface Ri | b | lint | Aint | fomevit| fetma | femeviz | fome2 Pint o fym.int Thest
[-] [] [] [] [] [mm] | [mm]{[mm]] [cm?] [Nmm?[N/mm?]I[N'mm?] [N'mm?]| [%] | [-] [[N'mm?][[N'mm?]
223 | [Sne16] FSL-CJ-13-S] smooth push-off - 114 | 279 | 319 38 3.54 | 38.40 | 3.54 [1.339| 90 | 516 5.47
224 | [Sne16] | SL-CJ-13-S{ smooth push-off - 114 | 279 | 319 38 3.54 | 38.40 | 3.54 |1.339| 90 | 517 6.75
225 [Sne16] tCL-CJ-13-S| smooth push-off - 114 | 279 | 319 32 2.23 | 31.99 | 2.23 |1.339| 90 | 524 5.67
226 | [Sne16] tCL-CJ-13-S] smooth push-off - 114 | 279 | 319 32 2.23 | 31.99 | 2.23 [1.339| 90 | 525 5.59
227 | [Sne16] |SL-CJ-13-S{ smooth push-off - 114 | 279 | 319 30 2.61 | 30.20 | 2.61 |[1.339| 90 | 528 5.23
228 | [Sne16] FSL-CJ-13-S| smooth push-off - 114 | 279 | 319 30 261 | 30.20 | 2.61 |[1.339| 90 | 529 5.37
229 [ [Sne16] [CL-CJ-13-S{ smooth push-off - 114 | 279 | 319 31 251 | 30.75 | 2.51 [1.339] 90 | 530 5.11
230 [ [Sne16] |CL-CJ-13-S{ smooth push-off - 114 | 279 | 319 31 2.51 | 30.75 | 2.51 [1.339| 90 | 531 5.16
231 | [Sne16] FSL-CJ-09-S] smooth push-off - 114 | 279 | 319 37 3.69 | 37.09 | 3.69 [0.892| 90 | 514 3.73
232 [ [Sne16] | SL-CJ-09-S{ smooth push-off - 114 | 279 | 319 37 3.69 | 37.09 | 3.69 |0.892| 90 | 515 4.51
233 [ [Sne16] | SL-CJ-17-S{ smooth push-off - 114 | 279 | 319 34 416 | 34.13 | 4.16 |1.785| 90 | 518 6.89
234 | [Sne16] FSL-CJ-17-S] smooth push-off - 114 | 279 | 319 34 416 | 34.13 | 4.16 |1.785| 90 | 519 7.82
235 [ [Sne16] | SL-CJ-22-S{ smooth push-off - 114 | 279 | 319 34 2.76 | 34.47 | 2.76 |2.231| 90 | 520 6.89
236 | [Sne16] FSL-CJ-22-S| smooth push-off - 114 | 279 | 319 34 2.76 | 34.47 | 2.76 [2.231| 90 | 521 7.82
237 | [Sne16] b-CL-CJ-9-S-| smooth push-off - 114 | 279 | 319 33 2.11 | 32.89 | 2.11 |0.892| 90 | 522 4.42
238 [ [Sne16] p-CL-CJ-9-S-| smooth push-off - 114 | 279 | 319 33 2.11 | 32.89 | 2.11 |0.892| 90 | 523 5.25
239 | [Sne16] tCL-CJ-17-S| smooth push-off - 114 | 279 | 319 31 254 | 31.37 | 254 |1.785| 90 | 526 5.97
240 ] [Sne16] tCL-CJ-17-S] smooth push-off - 114 | 279 | 319 31 254 | 31.37 | 2.54 |1.785| 90 | 527 6.77
241 [ [Sne16] |SL-CJ-13-R{ rough push-off - 114 | 279 | 319 38 3.54 | 38.40 | 3.54 |1.339| 90 | 500 8.74
242 | [Sne16] SL-CJ-13-R]  rough push-off - 114 | 279 | 319 38 3.54 | 38.40 | 3.54 [1.339| 90 | 501 8.22
243 [ [Sne16] |CL-CJ-13-R[  rough push-off - 114 | 279 | 319 32 2.23 | 31.99 | 2.23 [1.339| 90 | 508 7.03
244 | [Sne16] |CL-CJ-13-R{  rough push-off - 114 | 279 | 319 32 2.23 | 31.99 | 2.23 [1.339| 90 | 509 6.49
245 [Sne16] SL-CJ-13-R]  rough push-off - 114 | 279 | 319 30 2.61 | 30.20 | 2.61 |[1.339| 90 | 510 6.44
246 [ [Sne16] |SL-CJ-13-R{  rough push-off - 114 | 279 | 319 30 2.61 | 30.20 | 2.61 |[1.339| 90 | 511 6.49
247 | [Sne16] |CL-CJ-13-R{  rough push-off - 114 |1 279 | 319 31 2.51 | 30.75 | 2.51 |1.339| 90 | 512 5.79
248 | [Sne16] tCL-CJ-13-R|  rough push-off - 114 | 279 | 319 31 251 | 30.75 | 2.51 |1.339| 90 | 513 6.06
249 [ [Sne16] |SL-CJ-09-R{ rough push-off - 114 | 279 | 319 37 3.69 | 37.09 | 3.69 |0.892| 90 | 498 6.83
250 | [Sne16] SL-CJ-09-R]  rough push-off - 114 | 279 | 319 37 3.69 | 37.09 | 3.69 [0.892| 90 | 499 6.99
251 | [Sne16] SL-CJ-17-R]  rough push-off - 114 | 279 | 319 34 416 | 34.13 | 4.16 |1.785| 90 | 502 8.63
252 [ [Sne16] |SL-CJ-17-R{  rough push-off - 114 | 279 | 319 34 416 | 34.13 | 4.16 |[1.785| 90 | 503 9.02
253 | [Sne16] SL-CJ-22-R]  rough push-off - 114 | 279 | 319 34 2.76 | 34.47 | 2.76 |2.231| 90 | 504 8.92
254 | [Sne16] SL-CJ-22-R]  rough push-off - 114 | 279 | 319 34 2.76 | 34.47 | 2.76 |2.231| 90 | 505 7.97
255 [ [Sne16] }-CL-CJ-9-R-|  rough push-off - 114 | 279 | 319 33 2.11 | 32.89 | 2.11 |0.892| 90 | 506 5.13
256 | [Sne16] }-CL-CJ-9-R-|  rough push-off - 114 | 279 | 319 33 2.11 | 32.89 | 2.11 |0.892| 90 | 507 5.94
257| [Val99] B1 rough push-off/sliding wall| - 102 | 813 | 826 24 2.22 | 41.37 | 3.35 [1.035| 90 | 476 6.05
258 | [Val99] B2 rough push-off/sliding wall - 102 | 813 | 826 24 2.22 | 41.37 | 3.35 [2.071| 90 476 6.96
259 | [Zen09] | P615-3A | very rough push-off - 254 |1 406 | 1032 | 40 3.26 | 49.09 | 3.80 [0.414| 90 | 464 4.82
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Nr. [ Source |Specimen ID| Test-setup Interface Ri | bine | lie | Aint | Fomevit| foma | femoviz| fom2 Pint o fym.int Thest
[] [] [] [] [] [mm] | [mm]|[mm]| [cm?] [N'mm2J[N/mm?]|[N/mm?]I[N'mm?]) [%] | [-] [[N'mm?]|[N/mm?]
260 [ [Zen09] | P615-3B | very rough push-off - 254 | 406 | 1032 | 40 3.26 | 49.09 | 3.80 [0.414| 90 | 464 4.13
261 | [Zen09] | P615-4A | very rough push-off - 254 | 406 | 1032 40 3.26 | 49.09 | 3.80 |0.736| 90 424 4.90
262 [ [Zen09] | P615-4B | very rough push-off - 254 | 406 | 1032 | 40 3.26 | 49.09 | 3.80 |0.736| 90 | 424 5.52
263 | [Zen09] | P1035-3A | very rough push-off - 254 | 406 | 1032 | 40 3.26 | 49.09 | 3.80 |0.414| 90 897 3.85
264 | [Zen09] | P1035-3B | very rough push-off - 254 | 406 | 1032 | 40 3.26 | 49.09 | 3.80 |0.414| 90 869 4.50
265 | [Zen09] | P1035-4A | very rough push-off - 254 | 406 | 1032 | 40 3.26 | 49.09 | 3.80 |0.736| 90 966 5.81
266 | [Zen09] | P1035-4B | very rough push-off - 254 | 406 | 1032 40 3.26 | 49.09 | 3.80 |0.736| 90 906 4.86
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Annex B: Database
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Nr Source Test ID | Test-setup Interface bint | it At | fomevit | foma | fomeviz | fome | Pt | fum On Trest
[] [] [] [-] [-] [mm] | [mm] | [em?] |[IN'mm2] [N'mm?]| [N'mm?] [N'mm?]] [%] | [-] |[N‘mm?] [N/mm?] | [N/'mm?]
1 [Das86] 101 rough push-through 150 | 150 | 225 | 25.61 | 2.33 | 16.13 | 1.58 | 0.50 | 90 | 586 0.55 3.14
2 | [Das86] 102 rough push-through 150 | 150 | 225 | 25.61 | 2.33 | 16.13 | 1.58 | 0.50 | 90 | 543 1.07 4.00
3 [Das86] 103 rough push-through 150 | 150 | 225 | 25.61 | 2.33 | 16.13 | 1.58 | 0.50 | 90 | 535 0.42 3.27
4 | [Das86] 104 rough push-through 150 | 150 | 225 | 25.61 | 2.33 | 16.13 | 1.58 | 0.50 | 90 | 546 0.79 3.50
5| [Das86] 105 rough push-through 150 | 150 | 225 | 25.61 | 2.33 | 16.13 | 1.58 | 0.50 | 90 | 542 1.55 4.58
6 | [Das86] 106 rough push-through 150 | 150 | 225 | 25.61 | 2.33 | 16.13 | 1.58 | 0.50 | 90 | 533 1.93 5.32
7 | [Das86] 107 rough push-through 150 | 150 | 225 | 25.61 | 2.33 | 16.13 | 1.58 | 0.50 | 90 | 549 0.29 3.66
8 | [Das86] 108 rough push-through 150 | 150 | 225 | 25.61 | 2.33 | 16.13 | 1.58 | 0.50 | 90 | 543 0.73 3.60
9 [Das86] 109 rough push-through 150 | 150 | 225 | 25.61 | 2.33 | 16.13 | 1.58 | 0.50 | 90 | 551 1.42 4.52
10| [Gas64] A-1 rough | modified push-off | 178 | 673 | 1196 | 33.58 | 2.87 | 33.58 | 2.87 | 1.07 | 79 | 414 3.84 14.01
11 [Gas64] A-2 rough modified push-off | 178 | 743 | 1321 | 28.54 | 2.53 | 28.54 | 2.53 | 0.97 | 75 414 3.78 10.61
12| [Gas64] A-3 rough modified push-off | 178 | 631 | 1121 | 27.85 | 249 | 2785 | 249 | 1.14 | 60 414 7.77 12.22
13| [Gas64] A-4 rough | modified push-off | 178 | 377 | 671 | 32.27 | 2.78 | 32.27 | 2.78 | 1.91 | 45 | 414 | 17.32 | 17.32
14| [Gas64] A-1g rough modified push-off | 178 | 673 | 1196 | 31.99 | 2.77 | 31.99 | 2.77 | 1.07 | 79 414 3.14 10.38
15| [Gas64] A-2g rough | modified push-off | 178 | 743 | 1321 | 34.13 | 2.90 | 34.13 | 2.90 | 0.97 | 75 | 414 4.23 12.24
16| [Gas64] A-3g rough | modified push-off | 178 | 631 | 1121 | 33.78 | 2.88 | 33.78 | 2.88 | 1.14 | 60 | 414 8.56 13.59
17| [Gas64] A-4g rough modified push-off | 178 | 377 | 671 | 27.44 | 246 | 2744 | 2.46 | 1.91 | 45 414 16.86 16.86
18| [Sco10] LL-1-A rough push-off 406 | 610 | 2477 | 43.09 | 3.46 | 76.53 | 4.57 | 0.10 | 90 | 414 0.05 4.32
19| [Sco10] LL-1-B rough push-off 406 | 610 | 2477 | 43.09 | 3.46 | 76.53 | 4.57 | 0.10 | 90 | 414 0.05 2.62
20 [Sco10] LL-1-C rough push-off 406 | 610 | 2477 | 43.09 | 3.46 | 75.84 | 4.56 | 0.10 | 90 | 414 0.05 3.35
21 [Sco10] | NN-1-A rough push-off 406 | 610 | 2477 | 4240 | 3.41 | 53.64 | 4.05 | 0.10 | 90 | 414 0.05 2.19
22| [Sco10] NN-1-B rough push-off 406 | 610 | 2477 | 42.40 | 3.41 53.64 | 4.05 | 0.10 | 90 414 0.05 2.52
23 [Sco10] | NN-1-C rough push-off 406 | 610 | 2477 | 4240 | 3.41 | 53.64 | 4.05 | 0.10 | 90 | 414 0.05 3.09
24 [Sco10] NL-1-A rough push-off 406 | 610 | 2477 | 43.09 | 3.46 | 53.64 | 4.05 | 0.10 | 90 | 414 0.05 3.02
25| [Sco10] NL-1-B rough push-off 406 | 610 | 2477 | 43.09 | 3.46 | 53.64 | 4.05 | 0.10 | 90 414 0.05 3.12
26 [Sco10] | NL-1-C rough push-off 406 | 610 | 2477 | 43.09 | 3.46 | 53.64 | 4.05 | 0.10 | 90 | 414 0.05 3.26
27| [Sco10] LL-3-A rough push-off 406 | 610 | 2477 | 39.51 | 3.24 | 76.53 | 4.57 | 0.48 | 90 | 414 0.05 3.59
28| [Sco10] LL-3-B rough push-off 406 | 610 | 2477 | 39.51 3.24 | 76.53 | 4.57 | 0.48 | 90 414 0.05 3.98
29[ [Sco10] LL-3-C rough push-off 406 | 610 | 2477 | 39.51 | 3.24 | 76.53 | 4.57 | 0.48 | 90 | 414 0.05 4.10
30 [Sco10] | NN-3-A rough push-off 406 | 610 | 2477 | 4240 | 3.41 | 53.64 | 4.05 | 0.48 | 90 | 414 0.05 3.48
31 [Sco10] | NN-3-B rough push-off 406 | 610 | 2477 | 4240 | 3.41 | 53.64 | 4.05 | 0.48 | 90 | 414 0.05 3.89
32 [Sco10] | NN-3-C rough push-off 406 | 610 | 2477 | 4240 | 3.41 | 53.64 | 4.05 | 0.48 | 90 | 414 0.05 4.09
33[ [Sco10] NL-3-A rough push-off 406 | 610 | 2477 | 39.51 | 3.24 | 53.64 | 4.05 | 0.48 | 90 | 414 0.05 4.32
34| [Sco10] NL-3-B rough push-off 406 | 610 | 2477 | 39.51 3.24 | 53.64 | 4.05 | 048 | 90 414 0.05 4.25
35 [Sco10] | NL-3-C rough push-off 406 | 610 | 2477 | 39.51 | 3.24 | 53.64 | 4.05 | 0.48 | 90 | 414 0.05 3.26
36( [Val9g] B5 rough  push-off/sliding wal| 102 | 813 | 826 | 24.13 | 2.22 | 41.37 | 3.35 | 1.04 | 90 | 476 6.90 14.13
37 [Val99] B6 rough  push-off/sliding wal|l 102 | 813 | 826 | 24.13 | 2.22 | 41.37 | 3.35 | 2.07 | 90 476 6.90 14.67
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Iv-d

Nr.| Source | Test ID | Test-setup Interface bint | lit | Aint | Femont| femi | fomoviz | fomz | Pint | @ fum On Trest
[] [-] [] [-] [-] [mm] | [mm] | [em?] [[N/mm?]| [N/mm?2][[N/mm2]|[N'mm2]| [%] | [-] [[N/mm?]| [N'mm?] | [N/mm?]
38 [Val99] B9 rough  push-off/sliding wal| 102 | 813 | 826 | 24.13 | 2.22 41.37 3.35 | 1.04 | 90 476 2.41 8.94
39| [wil7] 1-1 smooth push-through | 233 | 914 | 2132 | 65.91 | 5.79 | 61.50 | 6.07 | 0.24 | 90 | 453 3.40 4.98
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Annex B: Database
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Figure B-6: Evaluation of tensile strength of database AB according to evaluated codes
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Normal stress - Database AB

B.1 Small size specimens

Normal stress - Database AB
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Figure B-7: Evaluation of normal stress of database AB according to evaluated codes
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Reinforcement ratio - Database AB
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Nr.|Source| Test ID | Test-setup Interface bing | it | Aint | femevit | foma | femeviz | Fotm2 | Testmax | ATrest N Ttest.res
1 [ [] [-] [] [mm] |[mm]| [em?] [[N/mm?][[N/mm2] [N'mm?] [N'mm?] [N'mm?2]| [N'mm?]]  [-]  |[[N/mm?]
1 [ [Zil04] | HHH-W1 | smooth | push-through 150 [ 500 | 750 | 82.90 | 4.73 | 82.90 | 4.73 1.27 0.84 [1000000| 2.79
2 | [Zil04] | HHH-W3 | smooth | push-through 150 [ 500 | 750 | 82.90 | 4.73 | 82.90 | 4.73 1.23 0.8 |1000000| 2.45
3 | [Zil04] | HHH-W4 | smooth | push-through 150 [ 500 | 750 | 82.90 | 4.73 | 82.90 | 4.73 1.28 0.89 |1000000| 3.08
4 [ [Zil04] | NHN-W1 | smooth | push-through 150 | 500 | 750 | 40.50 | 3.30 | 82.90 | 4.73 1.64 1.17 |[2000000| 3.00
5 | [Zil04] | NHN-W3 | smooth | push-through 150 | 500 | 750 | 40.70 | 3.31 | 82.90 | 4.73 1.71 1.18 |2000000| 3.71
6 | [Zil04] | HNH-W3 | smooth | push-through 150 [ 500 | 750 | 82.90 | 4.73 | 41.00 | 3.33 0.7 0.49 |2000000| 1.13
7 | [Zil04] | HNH-W4 | smooth | push-through 150 | 500 | 750 | 82.90 | 4.73 | 41.20 | 3.34 0.64 0.48 |2000000| 1.43
8 | [Zil04] | NNN-W3 | smooth | push-through 150 [ 500 | 750 | 41.50 | 3.36 | 41.40 | 3.36 0.73 0.5 [2000000| 2.43
9 | [Zil04] | NNN-W4 | smooth | push-through 150 [ 500 | 750 | 41.60 | 3.37 | 41.40 | 3.36 0.68 0.47 [2000000| 1.87
10| [Zil04] | HHH-R1 rough push-through 150 [500| 750 | 82.90 | 4.73 | 82.40 | 4.71 2.21 1.48 | 101955 -
11| [Zil04] | HHH-R3 rough push-through 150 [500| 750 | 82.90 | 4.73 | 82.60 | 4.72 2.16 1.32 1020 -
12| [Zil04] | HHH-R4 rough push-through 150 | 500 | 750 | 82.90 | 4.73 | 82.90 | 4.73 2.01 1.37 |[1000000| 4.04
13| [Zil04] | NHN-R1 rough push-through 150 | 500 | 750 | 38.20 | 3.16 | 81.10 | 4.68 1.85 1.21 |2000000| 3.01
14| [Zil04] | NHN-R3 rough push-through 150 | 500 | 750 | 38.50 | 3.18 | 82.20 | 4.71 1.81 1.18 |[2000000| 3.47
15| [Zil04] | NHN-R4 rough push-through 150 | 500 | 750 | 38.90 | 3.20 | 82.90 | 4.73 1.84 1.24 |2000000| 3.17
16| [Zil04] | HNH-R1 rough push-through 150 [ 500 | 750 | 82.90 | 4.73 | 38.20 | 3.16 0.8 0.48 [2000000| 1.47
17] [Zil04] | HNH-R3 rough push-through 150 [ 500 | 750 | 82.90 | 4.73 | 38.50 | 3.18 0.69 0.45 |2000000| 1.25
18| [Zil04] | HNH-R4 rough push-through 150 [ 500 | 750 | 82.80 | 4.72 | 38.80 | 3.20 0.77 0.4 |2000000| 1.19
191 [Zil04] [ NNN-R1 rough push-through 150 | 500 | 750 | 41.40 | 3.36 | 41.20 | 3.34 1.56 1.04 92 -
20] [Zil04] | NNN-R3 rough push-through 150 | 500 ] 750 | 41.50 | 3.36 | 41.30 | 3.35 1.47 1.02 12000000] 2.72
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Figure B-9: Applied load level referred to calculated characteristic adhesive strength (left) and re-
sidual resistance referred to calculated characteristic adhesive strength (right) accord-
ing to EC2, EC2+NA(D) and MC2010
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Figure B-10:  Applied load level referred to calculated characteristic adhesive strength (left) and re-

sidual resistance referred to calculated characteristic adhesive strength (right) accord-

ing to prEC2:2018

B.1.7 Database D: Reinforcement — fatigue

No small size tests with interface reinforcement in database which fulfilled the database
filter conditions
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B.2 Beam and slab specimens
B.2 Beam and slab specimens

B.2.1 Overview of test reports in database

Autor: Abeles, P.W.; Brown, E.I., Hu, C.H. [Han60]
Title: Tests of composite concrete beams with prestressed planks

Source: Materiaux et Construction, Vol. 5, No. 25, pp. 31—41, 1972

Test

8.9
setup: s
Nr. of tests 5
20.3
254 very smooth -
5.1 smooth -
152.4 i 114.3 L 152.4 . rough® 5
| very rough -
%: f keyed -
419 [om]
Interface reinforcement: -
(): rough: roughened by raking
Autor: BADOUX, J.C. [Bad65]
Title: Horizontal shear connection in composite concrete beams under repeated loading
Source: PhD Thesis, Lehigh University, 1965
Test 281
setup: 10.2
8.9 12.7 Nr. of tests 26
20.3 91/112/137/ 91/112/137/
b 15-25228_6 , 247/308/305 §11192 247/308/305 | very smooth -
s Aﬁ?‘_% l ; smooth(® 1
15.2
g 66 AN AN rough® 10
457 s [Cm]
P 228.6 ¥ very rough® 15
| 20.3]
1274 | keyed -

9141|686
1271 s

Interface reinforcement:  psw = 0.05, 0.145, 0.175, 0.3 and 0.52%
with @9.5 and @12.7 mm stirrups

(1): smooth: left as cast, ©): rough: lightly brushed; ©): very rough: raked
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Annex B: Database

Autor: Albrecht, C. [Alb14]

Title: Bemessung von Stahlbetondecken mit abgeflachten rotationssymmetrischen Hohlkér-
pern und ein Beitrag zum besseren Versténdnis der Querkrafttragfahigkeit

Source: PhD Thesis, Institute of Structural Concrete, Technische Universitat Kaiserslautern,

2014
Test
setup: i« - o
¢11 Nr. of tests 3
v very smooth -
y
smooth( 3
. 65100 . 40/5 |, 40/5 65/100
v v v rough -
very rough -
P » keyed -
210 o] y
Interface reinforcement: -
(1): smooth: left as cast
Autor: Chung, HW.; Chung, T.Y. [Chu76]
Title: Prestressed concrete composite beams under repeated loading
Source: ACI Journal, Title No. 73.24, pp. 291-295, May 1976
Test
setup: 42.5
D — Nr. of tests 18
e [s
umici
25 . zt‘rjig“'”'”m very smooth -
b,;=6.2mm
smooth -
27, 85 A 60 4 85 27, rough(" 18
: very rough -
keyed -

I« » [cm]

230 4 monotonic tests

14 cyclic tests

Interface reinforcement:  psw =0, 0.15, 0.2, 0.3% with &5 mm stirrups

(1): rough: exposure of coarse aggregate
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B.2 Beam and slab specimens

Autor:
Title:

Source:

Test
setup:

Interface reinforcement:

Daschner, F.

[Das86a]

Versuche zur notwendigen Schubbewehrung zwischen Betonfertigteilen und Ortbeton
Deutscher Ausschuss fiir Stahlbeton DAfStb, Issue 372, Ernst & Sohn Verlag, Berlin,

1986
40, 60
© 10
&7 25,4.5,10
9 g 15,15.3, 18
R (3}
|q1-5>| [cm] l
= =
b 139, 156, 140, 247, 250 [cm

Nr. of tests 20
very smooth -
smooth(™ 8
rough® 5
very rough® 5

keyed

psw=0,0.12, 0.3, 0.75, 0.82, 1.34% with @6, &8 and @10 mm stirrups

(1): smooth: smoothened by trowel, left as cast; ): rough: nail raked; ©@: very rough; sawtooth

Autor:
Title:

Source:

Test
setup:

Daschner, F.; Nissen, I.; Kupfer, H.

[Das86b]

Verminderte Schubdeckung in Stahlbeton und Spannbetontragern mit Fugen parallel

zur Tragrichtung unter Bericksichtigung nicht vorwiegend ruhender Lasten

Deutscher Ausschuss flr Stahlbeton DAfStb, Issue 372, Ernst & Sohn Verlag, Berlin,

Nr. of tests

1986

lat 100 »l
% gl

[ | 110

5

[em] 10

36.5 l
4 AN

600

Interface reinforcement:  psw = 0.75 with @10 mm stirrups

very smooth
smooth
rough®
very rough

keyed

(): rough: exposure of coarse aggregate
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Annex B: Database

Autor: Furche, J.; Klug, Y. [Furt1]
Title: Gittertrager als Querkraft und Verbundbewehrung
Source: 9. Tagung Betonbauteile — Neue Normen und Werkstoffe im Betonbau HTWK Leipzig,
2011
Test
setup:
P —0 Nr. of tests 8
2oI 13 h -
7 fom very smoot
50 smooth(™ 8
i rough -
-y Fay very rough -
175 250 175 keyed -

Interface reinforcement: 3 rows of lattice girders E15 6/6/10

(): smooth: left as cast

Autor: GOHNERT, M. [Goh00]

Title: Proposed theory to determine the horizontal shear between composite precast and in
situ concrete

Source:  Cement & Concrete Composites, Vol. 22, pp. 469-476, 2000
Test

setup:
Nr. of tests 6

23.75

!

very smooth -

3
| 15 21 Q smooth -
6 y rough® 6

950 15 very rough -

»—
l—

'y
JL|

keyed -

Interface reinforcement: -—

(): rough: brushed surface
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B.2 Beam and slab specimens

Autor: Hanson, N.W. [Han60]
Title: Precast-Prestressed Concrete Bridges 2. Horizontal Shear connections

Source: Portland Cement Association, Research and Development Laboratories, Bulletin D35,
Vol. 2, No. 2, pp. 38-58, 1960

Test
setup:
63 Nr. of tests 7
‘ 60 )
' ' very smooth() 2
18 =3 =
L < 368 " smooth(®) 2
:91 :91 :
40 , rough -
| |
very rough® 3
l—>] > 5
20 [Cm] [ 610 Ll keyed _

Interface reinforcement:  psw = 0.46% and 0.17% with @9.5 mm stirrups

(): very smooth: smooth with applied bondbreaker; ?@: smooth: left as cast, trowelled, ®: very rough: scrapped with
a roughness amplitude of at least 6.4 mm

Autor: Hegger, J.; Will, N.; Bilte, S.; Gértz, S.; Schmidt, M. [Heg02]
Title: Vorgespannte Elementdecken aus hochfestem Beton
Source: Research report Nr. 75/2002, Institute of Strucutral Concrete, RWTH Aachen University,
2002
Test
setup: 50
. Nr. of tests 12
16-29
23'3‘{ ;77_11 very smooth -
smooth(" 2
« 114-197 »l l
v | rough® 10
= py very rough® -
) 350/600 [;n] keyed -
prestressed

Interface reinforcement:  psw = 0% (10 specimens) psw = 0.31% (2 specimens)

(1): smooth: left as cast; ): rough: raked
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Annex B: Database

Autor: Kahn, L.F.; Slapkus, A. [Kah04]
Title: Interface Shear in High Strength Composite T-Beams
Source:  PCl Journal, Vol. 49, Issue 4, pp. 102-110, 2004
Test
419,
setup:
(BRI | 914 Nr. of tests 6
394 J 25.4
L very smooth -
52
9 smooth -
3 rough(" 6
very rough -
= S keyed -
h 289.5 [cm]
Interface reinforcement: psw = 0.19, 0.28 and 0.38 % with &9.25 mm stirrups
(): rough: protruded aggregated about 6 mm
Autor: Loov, R.E.; Patnaik, A.K. [Loo94]
Title: Horizontal shear strength of composite concrete beams with a rough interface
Source:  PCl Journal, Vol. 39, No. 1, pp. 48-69, January-February, 1994
Test (40 40
setup:
‘ | | 12 Nr. of tests 16
[ ] 23 very smooth -
> ot smooth -
15 15
! PELIEN rough(" 16
: i very rough -
= : = keyed -
350 [em]

Interface reinforcement:

psw = 0.1 —1.41 % with @9.25 mm stirrups

(): rough: clean and free of laitance, with coarse aggregate protruding but firmly fixed in the matrix.
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B.2 Beam and slab specimens

Autor: Menn, C.; Brenni, P.; Keller, T.; Pellegrinelli, L. [Men92]
Title: Verbindungen von altem und neuem Beton

Source:  Research Report, Institute of Structural Engineering, ETH Zirich, 1992

Test
setup: 0
e Nr. of tests 10
33| le o e tp }5 very smooth -
$8 smooth(® 7
l | rough 3
. = very rough -
50 400 Tom] keyed -

Interface reinforcement:  psw = 0 (4 specimens), psw = 0.1 — 0.4 % with @10 mm stirrups (6 speci-
mens)

(1): smooth: slightly roughened to a mean roughness depth of 0.6 — 0.9 mm; @): rough: roughened to a mean rough-
ness depth of 3 mm

Autor: Maller, A. [MUil09]
Title: Zum Zug- und Schubtragverhalten von Betonfugen

Source: PhD Thesis, Chair of Concrete Structures, Technical University of Munich, 2009

Test
setup:
P I, . Nr. of tests 4
10
% very smooth -
6
smooth( 2
40
| i | rough -
et = very rough® 2
175 250 “fom] keyed =

Interface reinforcement: -

(1): smooth: high pressure water to a mean roughness depth of 0.9 mm; @: very rough: raked to a mean roughness
depth of 3.5 mm
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Annex B: Database

Autor: Randl, N.; Simon, C. [Ran14]
Title: Static and dynamic testing of RC-slabs with high strength concrete overlay
Source: Construction Materials and Structures, S.O. Ekoli et al. (Eds), IOS Press, pp. 980-988,
2014
Test
setup:
Nr. of tests 11
I i 5
€ . 10 very smooth -
150
smooth( 8
60 180 60 2
¥ p ¢ ¥ rough® 3
. v v .
| very rough -
< 300 =5[cm] keyed _

Interface reinforcement:

7 monotonic tests
4 cyclic tests

No interface reinforcement (9 specimens), 72/144 studs (2 specimens)

(1): smooth: sandblasted; : rough: high pressure water

Autor: Rehm, G.; Eligehausen, R.; Paul. F. [Reh80]
Title: Verbundbewehrung in Fugen von Platten ohne Schubbewehrung
Source: Research Project, University Stuttgart, 1980
Test
setup:
I 116 Nr. of tests 8
20
4 very smooth(™ 1
smooth® 3
) 80 . 100 g 80 .
. v v rough® 4
== e! very rough -
* 260 fcm] keyed -

Interface reinforcement: -

(1 very smooth: left as cast with bondbreaker; @: smooth: left as cast; ®: rough: raked
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B.2 Beam and slab specimens

Autor: Schéfer, H. G.; Schmidt-Kehle, W. [Sch96d]
Title: Ortbetonerganzte Fertigteilbalken mit profilierter Anschlussfuge unter hoher Querkraft-
beanspruchung

Source: Deutscher Ausschuss fiir Stahlbeton DAfStb, issue 456, Beuth Verlag, Berlin 1996

Test e—100
setup: 15
65 35 Nr. of tests 6
5
—» 10 very smooth -
50 F1
* L ¥ (L smooth -
\[ | rough -
T= 600 = 9
¥ 180 F2 180 B [em] very rough -
: | keyed 6

T 360

¥y

Interface reinforcement:  psw = 0.21 and 0.41 % with @12 mm stirrups

Autor: Schafer, H. G.; Schmidt-Kehle, W. [Sch96a]
Title: Zum Schubtragverhalten von Fertigplatten mit Ortbetonergénzung

Source: Deutscher Ausschuss fir Stahlbeton DAfStb, issue 456, Beuth Verlag, Berlin 1996

Test
setup:

Nr. of tests 12

16/2()I R L 114”0

6 very smooth —

51/39 smooth( 12

! ! rough -

e 54 ﬁ very rough -

17,5 250 [cm] Yo
keyed -

Interface reinforcement:  psw = 0.09 — 0.44 % with @7, 7.5, 8 and 9 mm stirrups

(): smooth: left as cast
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Autor:
Title:

Source:

Test
setup:

Interface reinforcement:

Schéfer, H. G.; Schmidt-Kehle, W.

Zur Oberflachenrauheit von Fertigplatten mit Ortbetonerganzung

[Sch96c]

Deutscher Ausschuss flir Stahlbeton DAfStb, issue 456, Beuth Verlag, Berlin 1996

)] ]
RS ) A |

16/2OI

13/9
7

51/39

al

A

Ny

270

¥y

[em]

psw = 0.19 — 0.28 % with @7 mm stirrups

Nr. of tests 8
very smooth -
smooth -
rough® 4
very rough -
keyed 4

(): rough: left as cast but with a roughness of > 1.5 mm

Autor:
Title:

Source:

Test
setup:

Interface reinforcement:

SchieBl, P.; Schwarzkopf, M.

chung

[Sch81], [Sch82], [Sch83]
Montaquick Fertigteildecken mit statischer Ortbetonschicht bei dynamischer Beanspru-

Research report - test series 1 — 3, Institut flir Betonstahl und Stahlbeton e.V., Munich,

1981, 1982, 1983.

20

60/100

40/50

4 1%

L6

125 20/25
4 30/20

12.5
A 60/100

A 4

A 4

)

[
I
¢

I »id
% L]

150/220

»l
Ll

20/25

165/220

stirrups with psw = 0.21 %

P [cm]

Nr. of tests 14
very smooth(" 4
smooth® 7
rough® 3
very rough -
keyed -

14 cyclic tests

2 rows of lattice girders M-KT 116 8-6-6, 3 specimens with extra @8 mm

(1): very smooth: left as cast with bondbreaker; ?: smooth: left as cast; ©: rough: raked
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B.2 Beam and slab specimens

Autor: SchieBl, P.; Schwarzkopf, M. [Sch85]

Title: Kaiser Omnia-Trager KTS fr Fertigplatten mit statisch mitwirkender Ortbetonschickt bei
dynamischer Beanspruchung

Source: Research report, Institit fir Betonstahl und Stahlbetonbau e.V., Munich, 1985

Test 50
setup: < >
14 Nr. of tests 10
22 [\ [\
B 6 very smooth() 4
—Pi—pit—p
12.5 25 12.5 smooth® 4
; 70 4 30 4 70 ,
§ . rough® 2
| very rough -
|ﬂ207r1 185 L}

10 cyclic tests
Interface reinforcement: 2 rows of lattice girders KTS 16 7-5-5

(): very smooth: left as cast with bondbreaker; 2): smooth: left as cast; ©®): rough: raked

Autor: SAEMANN, J.C.; WASHA, G.W. [Sae64]
Title: Horizontal shear connections between precast beams and cast-in-place slabs
Source:  Journal of the American Concrete Institute, Vol. 61, No. 11, pp. 1383-1409, Novem-
ber, 1964
Test 381 « 381
setup: 10.2
p l 120.3 Nr. of tests 42
43.2 8.9
U very smooth -
75_.:1" T4 smooth( 12
61
’v't i rough® 23
very rough® 4
= - keyed 3
e > [cm]
20.3 244/335/610

Interface reinforcement:  psw = 0 (2 specimens), psw = 0.06 — 1.12 % with &9.25 and 12.7 mm
stirrups (40 specimens)

(): smooth: screeding; @: rough: brushed; ©): very rough: nail-raked
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Autor: Weber, J.W.; Schmidt, R. [Web89]
Title: Zulassungsversuche fir den Filigran EQ-Trager unter dynamischer Beanspruchung
Source:  Test report, Institute of Building Materials Science, RWTH Aachen University, 1989
Test
setup: 1{ f\\ J,"'\\i 1: Nr. of tests 2
P b very smooth() 1
12.5 25 12.5
a 63 a smooth® 1
2 3 rough -
T o very rough -
- 22|.‘5>= 150 > N[C”’] keyed -
) 170 i 2 cyclic tests
Interface reinforcement: 2 rows of lattice girders EQ 10 7-5-5
(1): very smooth: left as cast with bondbreaker; ?: smooth: left as cast;
Autor: Weber, J.W.; LeiBner, J.; Weyert, R. [Web95]
Title: Zulassungsversuche fir die Kaiser-Omnia-Plattenwand mit Gittertragern KTW 100 oder
KTW 30 bei dynamischer Belastung
Source: Research report; Institute of Building Materials Science, RWTH Aachen University, 1995
Test ’ 80 ) e 80 »
setup: 2{ W /v\ /\ 1163 Nr. of tests 3
IJ, lk J. :' J, l"'. == = 6 very smooth -
15 25 25 15 20 40 20
75 ) 100 ) 75 A smooth( 3
— L2 _ | ¥ rough -
7 ] very rough -
RIS 175 T 0 15 keyed -
b 205 > Ml 3 cyclic tests

Interface reinforcement:

2 rows of lattice girders KTW 200 7-8-7

(1): smooth: left as cast
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B.2 Beam and slab specimens

Autor:
Title:
Source:

Test
setup:

Interface reinforcement:

Wieneke K; ClaBen, M.; Hegger, J. [Wiel7a]
Elementdecken mit Gittertrdgern unter zyklischer Belastung
Beton- und Stahlbetonbau 112, Issue 9, pp. 579-588, 2017
‘ 85 14 85 o 14 85 ,
160[—n N n A PN 29
; = — 7| Nr. of tests 28
3{ A i AR 129 very smooth( 2
IR} It [A] LA} 11 L) 7
Jra— K ool Jomefefie el
217 43 2114 28 28 14 11 21 21 21 1 smooth® 24
[cm]
®
501120130 4 501120130 4 5011201130 rough 2
T 4 | very rough -
= = keyed -

K ld
AR 1

15/20 150/360/390

28 cyclic tests

2, 3 and 4 rows of lattice girders EQ 30 7-5-5 and KTS 100 7-5-5

(): very smooth: left as cast with bondbreaker; ?: smooth: left as cast; ): rough: left as cast and slightly roughened

Autor:
Title:

Source:

Test
setup:

Interface reinforcement:

ZILCH, K.; LENZ, P.; MULLER, A.

[Zil08]

Zum Einfluss einer zum Auflager hin fallender Verbundbewehrung auf die Schubkraft-

Ubertragung in Fugen

Chair of concrete structures, Technical University of Munich, 2008

™! 50 »l
Nr. of tests 6
20 13.5
6 v i 5 e very smooth -
K—H—H—F—F—F—
5696 9.6 9.6 9656 smooth( 3
*L& rough®) 3
very rough -
g > keyed -

17. 250

5 rows of lattice girders E 15 6-7-12

(1): smooth: left as cast; ©): rough: raked with steel-rake
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09-94

Complete database before filter

Nr Source Nr. of Database Interface Specimen Type
' tests E F FLG G H HLG| ws S r vr k |T-beam beam slab prestressed
T | [Abe72] | 10 10 . . - - N N - 3 ) . - 0 . )
2 [Alb14 3 3 - - - - - - 3 - - - - - 3 _
3 [Bar65 29 1 4 - 1 23 - - 2 10 17 - 29 - - -
4 Chu76] 18 1 3 - 4 10 - - - 18 - - 18 - - -
5 | [Das86a] 20 11 9 - - - - - 8 7 - 20 - _ 18
6 | [Das86b] 1 - - - - 1 - - - 1 - 1 - _ _
7 [Fur1d] 8 2 - 6 - - - - 8 - - - - - 8 _
8 [Goh00] 6 6 - - - - - - - 6 - - - 6 _ 5
9 Han06 7 1 6 - - - - 2 2 - 3 - 7 - - _
10 Heg02 12 10 2 - - - - - 2 10 - - - - 12 12
11 Kah04 6 - 6 - - - - - - 6 - - 6 - - _
12 | [Loo94] 16 - 16 - - - - - - 16 - - 16 - - B
13 | [Men92] 10 4 6 - - - - - 7 3 - - - 10 - -
14 | [Mul09] 4 4 - - - - - - 2 - 2 - - 4 - -
15 | [Rani14 11 5 2 - 4 - - - 8 3 - - - - 11 -
16 | [Reh80] 8 - 8 - - - - 1 3 4 - - - - 8 -
17 | [Scho6d 6 - 3 - - 3 - - - - - 6 6 - _ B
18 | [Sch96a 12 - - - 2 10 - - 12 - - - - 12 _
19 | [Sch96c] 8 - 4 - - 4 - - - 4 - 4 - - 8 -
20 Sch81 5 - - - - - 5 - 5 N N N B - 5 -
21 Sch82 7 - - - - - 7 2 2 3 - - - - 7 _
22 Sch83 2 - - - - - 2 2 - - - - - - 2 N
23 Sch85 10 - - - - - 10 4 4 2 - - - - 10 _
24 Saeb4 42 2 40 - - - - - 12 23 4 3 42 - - -
25 | [Web89] 2 - - - - - 2 1 1 - - - - - 2 -
26 | [Web95] 3 - - - - - 3 - 3 - - - - - 3 _
27 | [Wiel7a 28 - - - - - 28 2 24 2 - - - - 28 B
28 [Zil08] 6 - - 6 - - - - 3 3 - - - - 6 -
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19-d

Complete database before filter

Nr Source Nr. of Database Interface Specimen Type
' tests E F FLG G H HLG| ws S r wr k |T-beam beam slab prestressed
T | [Abe72)] 10 10 - - - - - - - 6 4 - - 10 - 10
2 [Alb14 3 3 - - - - - - 3 - - - - - 3 N
3 Bar65 29 1 4 - 1 23 - - 2 10 17 - 29 - - -
4 Chu76] 18 1 3 - 4 10 - - - 18 - - 18 - - -
5 | [Das864a] 20 11 9 - - - - - 8 7 5 - 20 - _ 18
6 | [Das86b] 1 - - - - 1 - - - 1 - - 1 - - -
7 [Furid] 8 2 - 6 - - - - 8 - - - - B 3 B
8 [Goh00] 6 6 - - - - - - - 6 - - - 6 _ 6
9 Han06 7 1 6 - - - - 2 2 - 3 - 7 - - _
10 Heg02 12 10 2 - - - - - 2 10 - - - B 12 12
11 Kah04 6 - 6 - - - - - - 6 - - 6 - - -
12 [ [Loo94] 16 - 16 - - - - - - 16 - - 16 - - -
13 | [Men92] 10 4 6 - - - - - 7 3 - - - 10 - -
14 [ [M0I09] 4 4 - - - - - - 2 - 2 - - 4 - -
15 Ran14 11 5 2 - 4 - - - 8 3 - - - - 11 -
16 | [Reh80] 8 8 - - - - - 1 3 4 - - - - 8 -
17 | [Sch96d 6 - 3 - - 3 - - - - - 6 6 - _ B
18 [ [Sch96a 12 - - - 2 10 - - 12 - - - - - 12 _
19 | [Sch96c 8 - 4 - - 4 - - - 4 - 4 - - 8 -
20 Sch81 5 - - - - - 5 - 5 - - - - B 5 N
21 Sch82 7 - - - - - 7 2 2 3 - - - - 7 _
22 Sch83 2 - - - - - 2 2 - - - B _ _ > -
23 Sch85 10 - - - - - 10 4 4 2 - - - - 10 N
24 Sae64 42 2 40 - - - - - 12 23 4 3 42 - - -
25 | [Web89] 2 - - - - - 2 1 1 - - - - - 2 -
26 | [Web95] 3 - - - - - 3 - 3 - - - - - 3 -
27 | [Wiel7a 28 - - - - - 28 2 24 2 - - - - 28 B
28 [Zi108] 6 - - 6 - - - - 3 3 - - - - 6 -
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9-4

Nr.| Source Test ID Interface Section Dint Aint d P e Rins P fym, femeyit | foma | fomeytz | fotmo Thest
[] [-] [ [] [] [mm] | [mm] | [mm] | [mm] | [mm] | [%] [ [N/mm?] | [N'mm?] |[N/mm2]| [N/mm?] [[N/mm2]| [N/'mm?]
1 [Abe72] 1(C1) rough beam 89 1524 | 229 51 203 | 0.006 | 1813 | 44.80 | 3.56 | 42.60 | 3.43 4.85
2 [Abe72] 2(C2) rough beam 89 1524 | 229 51 203 | 0.006 | 1813 | 44.80 | 3.56 | 41.40 | 3.36 4.85
3 [Abe72] 3(C3) rough beam 89 1524 | 229 51 203 0.006 1813 44.80 3.56 42.10 3.40 4.85
4 [Abe72] 4(S1) rough beam 89 1524 | 229 51 203 0.006 1813 44.80 3.56 4410 3.51 4.85
5 [Abe72] 6(S3) rough beam 89 1524 | 229 51 203 | 0.006 | 1813 | 44.80 | 3.56 | 41.40 | 3.36 4.85
6 [Alb14] V-O-OH-1 smooth slab 700 650 170 90 110 0.026 1829 17.52 1.84 16.86 1.71 1.46
7 [Alb14] V-O-OH-2 smooth slab 700 | 1000 | 170 90 110 0.026 550 17.52 1.84 16.86 1.71 1.29
8 [Alb14] V-O-OH-3 smooth slab 700 | 1000 | 170 90 110 0.026 550 17.52 1.84 16.86 1.62 1.25
9 [Bar65] 0.4 smooth t-beam 89 914 254 | 330 102 0.013 343 29.26 3.05 26.27 2.37 2.70
10 | [Chu76] Al rough t-beam 62 850 | 235 | 250 50 0.005 550 42.00 | 3.39 | 30.00 | 2.63 4.96
11| [Das86] B6 1 very rough | t-beam 150 | 700 | 323 | 153 | 200 | 0.029 485 26.61 240 | 16.63 | 1.63 1.93
12 | [Das86] B6 2 very rough | t-beam 150 | 1250 | 323 | 153 | 200 | 0.029 485 27.44 | 2.46 | 16.88 | 1.65 4.40
13 | [Das86] B7 very rough | t-beam 150 975 323 153 200 0.029 485 25.61 2.33 16.13 1.58 2.18
14 | [Das86] B9 very rough | t-beam 150 695 323 153 200 0.029 485 24.53 2.25 17.13 1.67 3.30
15| [Das86] B4 smooth t-beam 150 | 700 | 250 | 150 | 125 | 0.010 420 25.61 2.33 | 16.13 | 1.58 1.63
16 [ [Das86] B5 smooth t-beam 150 | 700 | 295 | 180 | 145 | 0.014 420 26.61 240 | 16.63 | 1.63 2.13
17 | [Heg02] EQO09 smooth slab 500 | 1160 | 300 80 260 | 0.000 | 1829 | 88.00 | 4.84 | 37.30 | 3.11 1.70
18 | [Heg02] EQO1 rough slab 500 | 1140 | 240 80 200 0.623 1829 82.26 4.71 22.00 2.06 1.81
19| [Heg02] EQO03 rough slab 500 | 1420 | 200 80 160 0.655 1829 71.89 4.46 31.70 2.75 1.56
20 | [Heg02] EQO06 rough slab 500 | 1140 | 280 | 110 | 200 | 0.468 | 1829 | 88.00 | 4.84 | 23.80 | 2.20 1.88
21 [ [Men92] B2 rough beam 120 | 2000 | 290 | 250 80 0.008 500 35.00 | 2.96 | 27.50 | 2.46 1.72
22 | [Reh80] 2 smooth slab 1000 | 800 | 175 40 160 | 0.011 650 35.43 | 2.99 | 58.21 4.07 1.45
23 | [Reh80] 4 smooth slab 1000 | 800 175 40 160 0.011 650 39.75 3.26 66.53 4.31 1.54
24 | [Reh80] 6 smooth slab 1000 | 800 175 40 160 0.011 650 61.62 417 54.39 3.95 1.86
25| [Reh80] 1 rough slab 1000 | 800 | 175 40 160 | 0.011 650 36.59 | 3.06 | 56.80 | 4.03 1.52
26 | [Reh80] 3 rough slab 1000 | 800 | 175 40 160 | 0.011 650 45.15 | 3.58 | 50.14 | 3.86 1.88
27 | [Reh80] 5 rough slab 1000 | 800 | 175 40 160 | 0.011 650 63.37 | 4.22 | 59.37 | 4.11 1.88
28 | [Reh80] 7 rough slab 1000 | 800 175 40 160 0.011 650 38.17 3.16 59.62 4.11 1.25
29 | [Saeb4] 15C rough t-beam 88.9 | 1219 | 356 330 102 0.036 252 20.90 1.98 22.20 2.08 2.90
30 | [Sae64] 16C rough t-beam 88.9 762 356 330 102 0.036 252 20.90 1.98 21.10 1.99 4.18
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Figure B-11:

B.2 Beam and slab specimens
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Nr Source Test ID Interface Section Dint int Ppre Rins fom,oyl,1 fotm.1 fomayl,2 fotm,2
[] [] [] [] [] [mm] [mm] [mm] [mm] [N/mm?] [Nmm?] | [N'mm?] | [N/mm?]
1 [Bar65] 2.0 very rough t-beam 89 914 330 102 19.88 2.31 23.79 2.64
2 [Bar65] 0.2 very rough t-beam 89 914 330 102 22.94 2.39 25.11 2.74
3 [Bar65] 5.0 very rough t-beam 89 1118 330 102 27.86 2.49 26.07 2.36
4 [Bar65] 1.0 rough t-beam 89 914 330 102 18.70 2.27 18.72 2.40
5 [Chu76] B1 rough t-beam 62 850 250 50 42.00 3.39 30.00 2.63
6 [Chu76] CH rough t-beam 62 850 250 50 42.00 3.39 30.00 2.63
7 [Chu76] D1 rough t-beam 62 850 250 50 42.00 3.39 30.00 2.63
8 [Das864a] B12_1 smooth t-beam 150 930 155 230 24.12 2.22 16.63 1.63
9 [Das8643] B12 2 smooth t-beam 150 930 155 230 24.12 2.22 16.63 1.63
10 [Das86a] B13_1 rough t-beam 150 930 155 230 24.12 2.22 16.63 1.63
11 [Das86a] B13 2 rough t-beam 150 930 155 230 24.12 2.22 16.63 1.63
12| [Das86a] B 14 rough t-beam 150 930 155 230 24.12 2.22 23.78 2.19
13 [Kah04] 7-5 rough t-beam 154 1334 254 140 66.20 4.31 50.21 3.86
14 [Kah04] 7-7 rough t-beam 154 1334 254 140 66.20 4.31 50.21 3.86
15 [Kah04] 7-9 rough t-beam 154 1334 254 140 66.20 4.31 50.21 3.86
16 [Kah04] 11-5 rough t-beam 154 1334 254 140 66.20 4.31 77.86 4.61
17 [Kah04] 11-7 rough t-beam 154 1334 254 140 66.20 4.31 77.86 4.61
18 [Kah04] 11-9 rough t-beam 154 1334 254 140 66.20 4.31 77.86 4.61
19 [Lo094] 1 rough t-beam 75 1525 230 120 37.40 3.11 42.70 3.43
20 [Loo94] 2 rough t-beam 75 1525 230 120 34.90 2.95 39.20 3.22
21 [Loo94] 3 rough t-beam 75 1525 230 120 30.50 2.67 40.20 3.28
22 [Lo094] 4 rough t-beam 75 1525 230 120 34.70 2.94 39.60 3.25
23 [Loo94] 5 rough t-beam 75 1525 230 120 34.80 2.95 42.60 3.43
24 [Loo94] 6 rough t-beam 75 1525 230 120 37.10 3.09 40.40 3.30
25 [Loo94] 7 rough t-beam 75 1525 230 120 35.80 3.01 38.00 3.15
26 [Loo94] 8 rough t-beam 150 1525 230 120 35.60 3.00 38.00 3.15
27 [Loo94] 9 rough t-beam 75 1525 230 120 37.10 3.09 37.60 3.12
28 [Loo94] 10 rough t-beam 150 1525 230 120 37.60 3.12 37.60 3.12
29 [Loo94] 11 rough t-beam 300 1525 230 120 32.70 2.81 34.00 2.90
30 [Loo94] 12 rough t-beam 75 1525 230 120 34.60 2.93 36.20 3.04
31 [Loo94] 13 rough t-beam 150 1525 230 120 19.20 1.84 23.70 2.19
32 [Loo94] 14 rough t-beam 150 1525 230 120 19.60 1.87 20.20 1.92
33 [Loo94] 15 rough t-beam 150 1525 230 120 44.00 3.51 51.50 3.93
34 [Loo94] 16 rough t-beam 150 1525 230 120 48.30 3.76 50.70 3.89
35 [Men92] C1 smooth beam 120 2000 250 80 35.00 2.96 27.50 2.46
36 [Men92] C2 smooth beam 120 2000 250 80 35.00 2.96 27.50 2.46
37 [Men92] C3 smooth beam 120 2000 250 80 35.00 2.96 27.50 2.46
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Nr. Source Test ID Interface Section d pI fym,i Pint a fymiint Trest
[] [] [] [] [] [mm] [%] [N'mm?] [%] [1 [ [Nmm?] | [N/mm?]
1 [Bar65] 2.0 very rough t-beam 356 0.029 345 0.18 90 366 4.93
2 [Bar65] 0.2 very rough t-beam 356 0.029 345 0.18 90 366 4.60
3 [Bar65] 5.0 very rough t-beam 355 0.008 343 0.15 90 366 4.61
4 [Bar65] 1.0 rough t-beam 356 0.029 345 0.18 90 366 3.96
5 [Chu76] B1 rough t-beam 235 0.005 * 0.15 90 550 4.70
6 [Chu76] C1 rough t-beam 235 0.005 * 0.20 90 550 4.54
7 [Chu76] D1 rough t-beam 235 0.005 * 0.30 90 550 5.02
8 [Das86a] B12_1 smooth t-beam 360 0.015 590 1.34 90 396 5.45
9 [Das86a] B12 2 smooth t-beam 360 0.015 590 0.82 90 396 5.37
10 [Das86a] B13_1 rough t-beam 360 0.015 590 0.75 90 458 5.38
11 [Das86a] B13 2 rough t-beam 360 0.015 590 0.30 90 458 3.67
12 [Das86a] B 14 rough t-beam 360 0.015 590 0.12 90 478 2.16
13 [Kah04] 7-5 rough t-beam 394 0.021 520 0.19 0 556 2.96
14 [Kah04] 7-7 rough t-beam 394 0.021 520 0.28 0 556 3.64
15 [Kah04] 7-9 rough t-beam 394 0.021 520 0.37 0 556 3.87
16 [Kah04] 11-5 rough t-beam 394 0.021 520 0.19 0 556 4.23
17 [Kah04] 11-7 rough t-beam 394 0.021 520 0.28 0 556 4.28
18 [Kah04] 11-9 rough t-beam 394 0.021 520 0.37 0 556 4.36
19 [Loo94] 1 rough t-beam 292 0.029 497 1.00 90 438 7.41
20 [Loo94] 2 rough t-beam 295 0.029 454 0.38 90 438 4.07
21 [Loo94] 3 rough t-beam 288 0.029 454 0.63 90 432 6.46
22 [Loo94] 4 rough t-beam 282 0.030 334 1.41 90 430 7.59
23 [Loo94] 5 rough t-beam 295 0.029 454 0.38 90 430 5.30
24 [Loo94] 6 rough t-beam 281 0.030 454 0.38 90 428 5.30
25 [Loo94] 7 rough t-beam 295 0.029 497 1.41 90 432 8.31
26 [Loo94] 8 rough t-beam 295 0.026 454 0.19 90 407 2.99
27 [Loo94] 9 rough t-beam 288 0.029 431 0.38 90 428 4.40
28 [Loo94] 10 rough t-beam 288 0.027 431 0.19 90 409 3.29
29 [Loo94] 11 rough t-beam 297 0.022 497 0.10 90 420 2.41
30 [Loo94] 12 rough t-beam 280 0.030 455 1.90 90 408 8.62
31 [Loo94] 13 rough t-beam 288 0.027 431 0.19 90 431 2.71
32 [Loo94] 14 rough t-beam 288 0.027 431 0.19 90 431 1.76
33 [Loo94] 15 rough t-beam 288 0.027 431 0.19 90 420 3.78
34 [Loo94] 16 rough t-beam 288 0.027 431 0.19 90 420 3.86
35 [Men92] C1 smooth beam 290 0.008 500 0.20 90 500 1.56
36 [Men92] C2 smooth beam 290 0.008 500 0.27 90 500 1.80
37 [Men92] C3 smooth beam 290 0.008 500 0.40 90 500 1.76
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Nr. Source Test ID Interface Section Dint Aint Pore Rins [ fetm.1 fem,eyl,2 fetm.2
[-] [-] [-] [] [ [mm] [mm] [mm] [mm] [Nmm?] [NNmm? | [Nmm?] | [N'mm?]
38 [Men92] C4 smooth beam 120 2000 250 80 35.00 2.96 27.50 2.46
39 [Men92] C5 rough beam 120 2000 250 80 35.00 2.96 27.50 2.46
40 [Men92] C6 rough beam 120 2000 250 80 35.00 2.96 27.50 2.46
41 [Sch96d] 16-2 rough slab 800 360 70 90 44.05 3.51 22.34 2.09
42 [Sch96d] 18-1 rough slab 800 480 70 130 50.92 3.90 28.34 2.52
43 [Saeb4] 6A very rough t-beam 89 762 330 102 19.99 1.90 24.89 2.28
44 [Saeb4] 8A very rough t-beam 89 1219 330 102 20.13 1.92 20.34 1.93
45 [Saeb4] 1A smooth t-beam 89 762 330 102 19.72 1.88 18.68 1.80
46 [Saeb4] 4A smooth t-beam 89 1219 330 102 19.37 1.85 18.75 1.80
47 [Sae64] 12A smooth t-beam 89 1219 330 102 21.17 2.00 19.24 1.84
48 [Saeb4] 1C smooth t-beam 89 2591 330 102 21.79 2.04 20.34 1.93
49 [Saeb4] 2C smooth t-beam 89 1219 330 102 20.48 1.94 22.75 2.12
50 [Saeb4] 4C smooth t-beam 89 762 330 102 21.86 2.05 22.89 2.13
51 [Saeb4] 6C smooth t-beam 89 2591 330 102 19.79 1.89 20.96 1.98
52 [Saeb4] 7C smooth t-beam 89 1219 330 102 23.03 2.14 19.37 1.85
53 [Saeb4] 3D smooth t-beam 89 1219 330 102 25.65 2.33 24.75 2.27
54 [Saeb4] 2A rough t-beam 89 1219 330 102 17.44 1.70 18.48 1.78
55 [Saeb4] 7A rough t-beam 89 762 330 102 19.93 1.90 21.03 1.99
56 [Saeb4] 10A rough t-beam 89 762 330 102 21.10 1.99 19.79 1.89
57 [Sae64] 14B rough t-beam 89 1219 229 203 21.10 1.99 21.03 1.99
58 [Saeb4] 15B rough t-beam 89 762 229 203 22.61 2.11 22.27 2.08
59 [Saeb4] 3C rough t-beam 89 1219 330 102 21.24 2.00 21.17 2.00
60 [Saeb4] 5C rough t-beam 89 762 330 102 20.82 1.97 22.48 2.10
61 [Saeb4] 8C rough t-beam 89 1219 330 102 19.24 1.84 20.55 1.95
62 [Saeb4] 10C rough t-beam 89 762 330 102 24.06 2.22 21.51 2.02
63 [Saeb4] 11C rough t-beam 89 1219 330 102 20.34 1.93 19.79 1.89
64 [Saeb4] 13C rough t-beam 89 1219 330 102 25.72 2.34 23.58 2.18
65 [Saeb4] 1D rough t-beam 89 2591 330 102 24.27 2.23 23.30 2.16
66 [Saeb4] 2D rough t-beam 89 1219 330 102 25.79 2.34 24.48 2.25
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Nr. Source Test ID Interface Section d P fym,i Pint [7] fym,int Thest
[] [-] [] [-] [-] [mm] [%] [N'mm?] [%] [-] [N'mm?] | [N/mm?]
38 [Men92] C4 smooth beam 290 0.008 500 0.27 90 500 1.36
39 [Men92] C5 rough beam 290 0.008 500 0.10 90 500 2.23
40 [Men92] Cé6 rough beam 290 0.008 500 0.20 90 500 2.31
4 [Sch96d] 16-2 rough slab 120 0.026 531 0.38 90 645 2.99
42 [Sch96d] 18-1 rough slab 160 0.020 531 0.19 90 645 2.64
43 [Saeb4] 6A very rough t-beam 356 0.036 252 1.02 90 294 6.57
44 [Sae64] 8A very rough t-beam 356 0.036 252 1.08 90 294 4.26
45 [Saeb4] 1A smooth t-beam 356 0.036 252 1.02 90 294 6.14
46 [Saeb4] 4A smooth t-beam 356 0.036 252 1.08 90 294 4.26
47 [Saeb4] 12A smooth t-beam 356 0.036 252 1.08 90 294 4.10
48 [Saeb4] 1C smooth t-beam 356 0.036 252 0.58 90 294 2.06
49 [Saeb4] 2C smooth t-beam 356 0.036 252 0.54 90 294 3.30
50 [Sae64] 4C smooth t-beam 356 0.036 252 0.51 90 294 4.82
51 [Saeb4] 6C smooth t-beam 356 0.036 252 0.27 90 294 1.85
52 [Saeb4] 7C smooth t-beam 356 0.036 252 0.23 90 294 3.06
53 [Saeb4] 3D smooth t-beam 356 0.036 252 0.13 90 370 2.84
54 [Saeb4] 2A rough t-beam 356 0.036 252 1.08 90 294 4.26
55 [Saeb4] 7A rough t-beam 356 0.036 252 1.02 90 294 6.04
56 [Sae64] 10A rough t-beam 356 0.036 252 1.02 90 294 6.44
57 [Saeb4] 14B rough t-beam 356 0.027 252 1.08 90 294 5.14
58 [Sae64] 15B rough t-beam 356 0.027 252 1.02 90 294 7.78
59 [Saeb4] 3C rough t-beam 356 0.036 252 0.23 90 294 4.10
60 [Sae64] 5C rough t-beam 356 0.036 252 0.51 90 294 6.44
61 [Saeb4] 8C rough t-beam 356 0.036 252 0.23 90 294 3.78
62 [Saeb4] 10C rough t-beam 356 0.036 252 0.20 90 294 4.65
63 [Saeb4] 11C rough t-beam 356 0.036 252 0.13 90 370 2.73
64 [Saeb4] 13C rough t-beam 356 0.036 252 0.80 90 370 2.90
65 [Saeb4] 1D rough t-beam 356 0.036 252 0.15 90 370 2.17
66 [Saeb4] 2D rough t-beam 356 0.036 252 0.13 90 370 3.78

* no information about yield strength in test report
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B.2 Beam and slab specimens
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Nr. Source Test ID Interface Section bin Aint hore Rins fom, eyl fetm 1 fem.oyl,2 fetme2
[ [] [ [] [-] [mm] [mm] [mm] [mm] [Nmm? | [N'mm?] | [N'mm2] | [N'mm?]
1 [Furt1] 2-1 smooth slab 500 500 70 130 28.26 1.89 35.80 1.98
2 [Furt1] 2-2 smooth slab 500 500 70 130 28.26 1.89 35.80 1.98
3 [Furid] 3-1 smooth slab 500 500 70 130 28.26 1.89 35.80 1.98
4 [Furid] 3-2 smooth slab 500 500 70 130 28.26 1.89 35.80 1.98
5 [Zil08] 1 rough slab 480 480 65 135 35.50 2.61 33.50 2.70
6 [Zil08] 2 smooth slab 480 480 65 135 35.50 2.61 33.50 2.70
7 [Zil08] 3 rough slab 480 480 65 135 35.50 2.61 33.50 2.70
8 [Zil08] 4 smooth slab 480 480 65 135 35.50 2.61 33.50 2.70
Nr. | Source | TestID | Interface | Section d pI fym, LG type he | N SLG Pint o, a, fymLa Tiest
[-] [-] [-] [-] [-] [mm] [%] [[N'mm?] [] [mm]| [-] | [mm] [%] [-] [[1 [ [Nmm?] | [Nmm?]
1 [Furid] 2-1 smooth slab 170 356 538 | E15-6/6/10 | 150 3 145 | 0.002 56 124 520 1.19
2 [Furid] 2-2 smooth slab 170 356 538 | E15-6/6/10| 150 3 145 | 0.002 56 124 520 1.28
3 [Furid] 3-1 smooth slab 170 355 538 | E15-6/6/10 | 150 3 145 | 0.002 56 - 520 2.41
4 [Furid] 3-2 smooth slab 170 356 538 | E15-6/6/10 | 150 3 145 | 0.002 56 - 520 2.26
5 [Zil08] 1 rough slab 165 235 534 | E15-6/7/12 | 150 5 96 0.004 56 - 564 5.65
6 [Zil08] 2 smooth slab 165 235 534 | E15-6/7/12| 150 5 96 0.004 56 124 564 4.73
7 [Zil08] 3 rough slab 165 360 534 | E15-6/7/12 | 150 5 96 0.004 56 - 564 5.53
8 [Zil08] 4 smooth slab 165 235 534 | E15-6/7/12| 150 5 96 0.004 56 124 564 4.32
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Nr.| Source [Test ID|Interface| Section| by Aint d hpre Ains pI fym,l fcm,cy|,1 fctm,1 fcm,cyl,z fctm,z Ttest,max ATiest N Ttest,res
[-] [-] [-] [] [[1 ([mm]]|[mm] [mm][mm]| [mm] ] [%] [Nmm?][N/mm2][N/mmNmm?][N/mm?]|[N/mm?]] [N/mm?] [1__[Nmm?]
1 | [Sch82] 11 smooth | slab 800 | 390 | 130 | 60 | 100 |0.90| 499 | 35,53 | 2.99 | 35.76| 3.01 0.76 0.38 | 2000000| 1.65
2 | [Sch82] 12 smooth | slab 800 | 510 | 170 | 60 | 140 |1.00| 548 | 48.08 | 3.74 |41.61| 3.37 0.81 0.41 | 2000000| 1.77
3 | [Chu76]| A2 rough |t-beam| 62 | 850 | 235|250 | 50 |0.54 * 42.00 | 3.39 [30.00| 2.63 2.28 1.78 | 1000000| 4.85
4 | [Chu76]| A3 rough |t-beam| 62 | 850 | 235|250 | 50 |0.54 * 42.00 | 3.39 [30.00| 2.63 2.68 2.18 |1000000| 5.03
5 | [Chu76]| A4 rough |t-beam| 62 | 850 | 235|250 | 50 |0.54 * 42.00 | 3.39 [30.00| 2.63 3.02 2.52 37400
6 | [Chu76]| A5 rough | t-beam| 62 | 850 | 235|250 | 50 |0.54 * 42.00 | 3.39 [30.00| 2.63 2.88 2.38 419000

*

no information about yield strength in test report

‘6¢c-g 9lqe L

9 — | "IN Suswioadg — 3 eseqele(

D eseqereq STd

18] — UOISAYPY

.

angr

suowoads qefs pue weaq 7'q



Annex B

: Database

Applied load level - Database G

Residual strength - Database G
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Figure B-16 Applied load level referred to calculated characteristic adhesive strength (left) and re-
sidual resistance referred to calculated characteristic adhesive strength (right) accord-
ing to EC2, EC2+NA(D) and MC2010
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Figure B-17:  Applied load level referred to calculated characteristic adhesive strength (left) and re-

sidual resistance referred to calculated characteristic adhesive strength (right) accord-
ing to prEC2:2018
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Nr. Source Test ID Interface Section Dint int Pore Rins fem,oy 1 fetm 1 femoyl2 fotm.2
[] [] [] [] [] [mm] [mm] [mm] [mm] [N'mm?] [Nmm?] | [Nmm?] | [N/mm?]
1 [Bar65] 2.7 very rough t-beam 89 914 330 102 25.35 3.36 23.62 2.68
2 [Bar65] 4.6 very rough t-beam 89 914 330 102 22.12 2.77 19.43 2.72
3 [Bar65] 4.7 very rough t-beam 89 914 330 102 23.79 2.84 22.17 2.67
4 [Bar65] 2.5 very rough t-beam 89 1372 330 102 22.99 2.88 23.57 2.82
5 [Bar65] 4.5 very rough t-beam 89 1372 330 102 24.21 3.41 24.94 3.30
6 [Bar65] 2.8 very rough t-beam 89 2743 330 102 18.88 2.56 19.43 2.61
7 [Bar65] 2.9 very rough t-beam 89 2743 330 102 24.82 3.02 23.30 2.89
8 [Bar65] 3.9 very rough t-beam 89 2743 330 102 25.59 3.10 20.93 2.54
9 [Bar65] 4.8 very rough t-beam 89 2743 330 102 18.23 2.30 18.14 1.93
10 [Bar65] 4.9 very rough t-beam 89 2743 330 102 27.71 3.08 22.27 2.86
11 [Bar65] 9.2 very rough t-beam 305 3378 838 203 43.12 3.44 40.43 3.63
12 [Bar65] 9.1 very rough t-beam 305 3378 838 203 37.47 3.51 21.44 2.44
13 [Bar65] 1.6 rough t-beam 89 914 330 102 21.81 2.79 19.49 2.50
14 [Bar65] 1.7 rough t-beam 89 914 330 102 26.94 2.91 24.36 2.64
15 [Bar65] 3.6 rough t-beam 89 914 330 102 19.05 2.35 19.87 2.68
16 [Bar65] 3.7 rough t-beam 89 914 330 102 23.66 3.00 22.90 2.94
17 [Bar65] 1.5 rough t-beam 89 1372 330 102 23.81 2.97 26.38 2.79
18 [Bar65] 3.5 rough t-beam 89 1372 330 102 24.46 3.38 26.01 3.08
19 [Bar65] 1.8 rough t-beam 89 2134 330 102 24.21 3.15 22.55 3.00
20 [Bar65] 1.9 rough t-beam 89 2743 330 102 25.43 2.96 24.69 3.05
21 [Bar65] 3.8 rough t-beam 89 2743 330 102 23.43 2.47 23.63 2.54
22 [Chu76] B2 rough t-beam 62 850 250 50 38.00 3.39 26.00 2.63
23 [Chu76] B3 rough t-beam 62 850 250 50 38.00 3.39 26.00 2.63
24 [Chu76] B4 rough t-beam 62 850 250 50 38.00 3.39 26.00 2.63
25 [Chu76] C2 rough t-beam 62 850 250 50 38.00 3.39 26.00 2.63
26 [Chu76] C3 rough t-beam 62 850 250 50 38.00 3.39 26.00 2.63
27 [Chu76] C4 rough t-beam 62 850 250 50 38.00 3.39 26.00 2.63
28 [Chu76] D2 rough t-beam 62 850 250 50 38.00 3.39 26.00 2.63
29 [Chu76] D3 rough t-beam 62 850 250 50 38.00 3.39 26.00 2.63
30 [Chu76] D4 rough t-beam 62 850 250 50 38.00 3.39 26.00 2.63
31 [Chu76] D5 rough t-beam 62 850 250 50 38.00 3.39 26.00 2.63
32 | [Das86b] 1 rough t-beam 100 3000 550 100 31.09 2.97 31.09 2.97
33 [Sch96a] 1 smooth slab 800 390 60 100 24.89 2.56 24.82 2.55
34 [Sch96a] 2 smooth slab 800 390 60 100 37.76 3.38 23.39 2.45
35 [Sch96a] 3 smooth slab 800 360 60 100 33.26 3.10 2411 2.50
36 [Sch96a] 4 smooth slab 800 360 60 100 35.32 3.23 30.66 2.94
37 [Sch96a] 5 smooth slab 800 360 60 100 33.11 3.09 30.26 2.91
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9L-4

Nr. Source Test ID Interface d Pl fym Dint 177 fymint | Ttestmax ATiest N Test res
[] [] [] [] [mm] [%] [N/mm?] [%] [] [Nmm?] | [N'mm?] | [N/mm?] [] [N/mm?]
1 [Bar65] 2.7 very rough 356 2.86 345 0.18 90 366 2.00 1.57 2000000 5.17
2 [Bar65] 4.6 very rough 356 2.86 345 0.52 90 366 2.59 2.03 2000000 6.66
3 [Bar65] 4.7 very rough 356 2.86 345 0.52 90 366 2.78 2.23 2000000 6.88
4 [Bar65] 2.5 very rough 355 4.30 345 0.18 90 366 2.01 1.63 2000000 4,78
5 [Bar65] 4.5 very rough 355 4.30 345 0.52 90 366 2.01 1.71 2000000 6.93
6 [Bar65] 2.8 very rough 356 2.86 345 0.15 90 366 1.36 1.05 1413000
7 [Bar65] 2.9 very rough 356 4.30 345 0.15 90 366 1.57 1.25 2000000 3.12
8 [Bar65] 3.9 very rough 356 2.86 345 0.52 90 366 1.55 1.24 1285000
9 [Bar65] 4.8 very rough 356 2.86 345 0.52 90 366 1.55 1.24 650000
10 [Bar65] 4.9 very rough 356 1.07 334 0.52 90 366 1.73 1.41 2000000 2.87
11 [Bar65] 9.2 very rough 875 0.18 * 0.15 90 366 2.35 1.86 2000000 6.61
12 [Bar65] 9.1 very rough 875 0.18 * 0.30 90 334 2.00 1.58 2000000 4.50
13 [Bar65] 1.6 rough 356 2.86 345 0.18 90 366 2.00 1.57 2000000 3.54
14 [Bar65] 1.7 rough 356 2.86 345 0.18 90 366 2.00 1.57 2000000 4.28
15 [Bar65] 3.6 rough 356 2.86 345 0.52 90 366 2.59 2.03 2000000 4.34
16 [Bar65] 3.7 rough 356 2.86 345 0.52 90 366 2.78 2.23 2000000 5.31
17 [Bar65] 1.5 rough 355 4.30 345 0.18 90 366 1.49 1.14 2000000 3.52
18 [Bar65] 3.5 rough 355 4.30 345 0.52 90 366 2.01 1.71 2000000 5.54
19 [Bar65] 1.8 rough 356 4.30 345 0.15 90 366 1.61 1.29 11000
20 [Bar65] 1.9 rough 356 4.30 345 0.15 90 366 1.57 1.26 2000000 2.50
21 [Bar65] 3.8 rough 356 2.86 345 0.52 90 366 1.28 0.97 1104000
22 [Chu76] B2 rough 235 0.54 * 0.15 90 550 2.35 1.88 1000000 5.10
23 [Chu76] B3 rough 235 0.54 * 0.15 90 550 2.73 2.21 1000000 5.10
24 [Chu76] B4 rough 235 0.54 * 0.15 90 550 3.06 2.59 345400
25 [Chu76] Cc2 rough 235 0.54 * 0.20 90 550 2.32 1.87 1000000 4.56
26 [Chu76] C3 rough 235 0.54 * 0.20 90 550 2.77 2.27 1000000 4.67
27 [Chu76] C4 rough 235 0.54 * 0.20 90 550 3.13 2.63 1000000 4.84
28 [Chu76] D2 rough 235 0.54 * 0.30 90 550 2.26 1.81 1000000 5.01
29 [Chu76] D3 rough 235 0.54 * 0.30 90 550 2.81 2.26 1000000 5.42
30 [Chu76] D4 rough 235 0.54 * 0.30 90 550 3.16 2.66 854000
31 [Chu76] D5 rough 235 0.54 * 0.30 90 550 2.96 2.46 348000
32 [Das86b] 1 rough 596 2.29 480 0.75 90 442 1.96 0.97 2000000 6.62
33 [Sch96a] 1 smooth 130 0.87 499 0.09 90 613 0.71 0.36 2000000 1.57
34 [Sch96a] 2 smooth 130 0.98 499 0.10 90 494 0.68 0.34 2000000 2.10
35 [Sch96a] 3 smooth 120 1.68 545 0.19 90 593 1.50 0.75 2000000 3.57
36 [Sch96a] 4 smooth 120 3.27 531 0.44 90 613 2.50 1.25 2000000 4.91
37 [Sch96a] 5 smooth 120 2.62 531 0.38 90 593 2.03 1.01 2000000 4.10

‘le-g 9|gel

() & — | "IN suswioadg — |-H 8seqeleq

aseqeie(] g Xouuy



LL-9

Nr. Source Test ID Interface Section Dint Aint Pore Rins fom,cyl 1 fetm.1 fomcyl2 fetm.2
[] [ [ [ [] [mm] [mm] [mm] [mm] [N'mm?] [NNmm? | [Nmm?] | [N'mm?]
38 [Sch96a] 6 smooth slab 800 510 60 140 33.18 3.10 31.61 3.00
39 [Sch96a] 7 smooth slab 800 510 60 140 30.11 2.90 26.95 2.70
40 [Sch96a] 8 smooth slab 800 480 60 140 37.61 3.37 39.26 3.47
4 [Sch96a] 9 smooth slab 800 480 60 140 32.87 3.08 33.50 3.12
42 [Sch96a] 10 smooth slab 800 480 60 140 42.34 3.64 38.79 3.44
43 [Sch96c] 16-1 rough slab 800 360 70 90 40.05 3.51 18.34 2.09
44 [Sch96c] 18-1 rough slab 800 480 70 130 46.92 3.90 24.34 2.52
Nr. Source Test ID Interface d pI fym, Pint o fym Trest, max ATrest N Tiest res
[-] [-] [] [-] [mm] [%] [N/'mm?] [%] [1[[Nmm?Z] | [N'mm?] | [N'mm?] [ [N/'mm?]
38 | [Sch96a] 6 smooth 170 1.02 548 0.11 90 596 0.84 0.42 2000000 1.56
39 | [Sch96a] 7 smooth 170 0.83 499 0.08 90 494 0.56 0.28 2000000 1.48
40 | [Sch96a] 8 smooth 160 1.96 531 0.19 90 593 1.67 0.83 2000000 2.44
M [Sch96a] 9 smooth 160 2.70 531 0.38 90 593 2.03 1.02 2000000 4.06
42 | [Sch96a] 10 smooth 160 2.70 531 0.38 90 593 2.11 1.05 2000000 4.38
43 | [Sch96c] 16-1 rough 120 2.62 531 0.38 90 645 2.03 1.01 2000000 3.24
44 | [Sch96c] 18-1 rough 160 1.96 531 0.19 90 645 1.67 0.83 2000000 2.69

*k

no information about yield strength in test report
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Annex B: Database

Stress range (c., = 0-c..)
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Figure B-18:  Evaluation of stress range of database H-1 according to the evaluated codes
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6L-94

Nr Source Test ID Interface Section Dint Aint Ppre Rins fom,oyl,1 fetm.1 fomoyl,2 fotm,2
[] [] [] [-] [-] [mm] [mm] [mm] [mm] [N'mm?] [NNmm2] | [N'mm?] | [N'mm?]
1 [Sch81] 1.1 smooth slab 500 1000 60 140 22.75 2.41 23.75 2.48
2 [Sch81] 1.2 smooth slab 500 1000 60 140 22.75 2.41 23.75 2.48
3 [Sch81] 1.3 smooth slab 500 1000 60 140 22.75 2.41 23.75 2.48
4 [Sch81] 1.4 smooth slab 500 1000 60 140 22.75 2.41 23.75 2.48
5 [Sch81] 1.5 smooth slab 500 1000 60 140 22.75 2.41 23.75 2.48
6 [Sch82] 1.6 very smooth slab 400 600 60 140 12.08 1.58 12.92 1.65
7 [Sch82] 1.8 very smooth slab 400 600 60 140 12.08 1.58 12.92 1.65
8 [Sch82] 1.10 smooth slab 400 600 60 140 20.67 2.26 20.25 2.23
9 [Sch82] 1.12 smooth slab 400 600 60 140 20.67 2.26 23.33 2.45
10 [Sch82] 1.9 rough slab 400 600 60 140 20.67 2.26 22.17 2.37
11 [Sch82] 1.11 rough slab 400 600 60 140 20.67 2.26 22.50 2.39
12 [Sch83] 1.13 very smooth slab 400 600 60 140 19.83 2.20 22.50 2.39
13 [Sch83] 1.14 very smooth slab 400 600 60 140 19.83 2.20 22.17 2.37
14 [Sch85] /1 (A) very smooth slab 500 700 60 160 21.92 2.35 18.00 2.06
15 [Sch85] 1/2 (A) very smooth slab 500 700 60 160 22.92 2.42 20.92 2.28
16 [Sch85] /3 (A) very smooth slab 500 700 60 160 23.25 2.44 17.17 2.00
17| [Sch85] 11/4 (A) very smooth slab 500 700 60 160 23.25 2.44 17.17 2.00
18 [Sch85] 1/3 (B) smooth slab 500 700 60 160 24.08 2.50 21.00 2.28
19 [Sch85] 1/4 (B) smooth slab 500 700 60 160 23.33 2.45 22.00 2.36
20 [Sch85] /1 (B) smooth slab 500 700 60 160 24.25 2.51 15.50 1.86
21 [Sch85] 11/2 (B) smooth slab 500 700 60 160 24.25 2.51 15.50 1.86
22| [Schs5] [/1r (B) rough slab 500 700 60 160 18.83 2.12 21.67 2.33
23 [Sch85] ll/2r (B) rough slab 500 700 60 160 18.83 2.12 21.67 2.33
24 [Web89] EQ10-A very smooth slab 500 460 60 100 23.50 2.46 19.75 2.19
25 [Web89] EQ10-B smooth slab 500 460 60 100 25.58 2.60 28.50 2.80
26 [Web95] Vi1 smooth slab 800 750 60 190 35.33 3.23 27.00 2.70
27 [Web95] V2 smooth slab 800 750 60 190 35.33 3.23 24.50 2.53
28 [Web95] V3 smooth slab 800 750 60 190 35.33 3.23 25.58 2.60
29 | [Wiel7a] EGO01_1 smooth slab 850 500 70 90 21.26 2.65 31.61 2.75
30 [Wie17a] EGO1_2 smooth slab 850 500 70 90 21.26 2.65 31.61 2.75
31 [Wie17a] EG02 1 very smooth slab 850 500 70 90 21.62 2.74 29.87 2.90
32| [Wiel7a] EG02_ 2 very smooth slab 850 500 70 90 21.62 2.74 29.87 2.90
33 [Wiel7a] EGO03_1 smooth slab 850 500 70 90 23.69 2.43 29.15 2.48
34| [Wiel7a] EG03 2 smooth slab 850 500 70 90 23.69 2.43 29.15 2.48
35| [Wiel7a] EG04_1 smooth slab 850 500 70 90 23.87 2.42 30.00 2.55
36| [Wiel73] EG06_1 smooth slab 850 500 70 90 47.09 3.21 57.34 3.88
37 ] [Wiel7a] EG06 2 smooth slab 850 500 70 90 47.09 3.21 57.34 3.88
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08-4

Nr. Source Test ID Interface d pI fym, LG type | ngl| he Sig pnt | @1 | a, fym | Ttestmax | ATiest N
[] [-] [] [-] [mm] | [%] |[[Nmm?] [-] [l [[mm]| [mm] | [%] | [-] | [[] [[Nmm?]| [N/mm?]|[N/mm?] [-]
1 [Sch81] 1.1 smooth 172 | 1.87 516 M-KT 2 1160 | 250 | 0.20 | 58 | © 584 1.06 0.67 | 1360000
2 [Sch81] 1.2 smooth 172 | 1.87 516 M-KT 2 | 160 | 250 | 0.20 | 58 | © 584 1.06 0.67 | 2000000
3 [Sch81] 1.3 smooth 172 | 1.87 516 M-KT 2 | 160 | 250 | 0.20 | 58 | O 584 1.06 0.67 | 2250000
4 [Sch81] 1.4 smooth 172 | 1.87 516 M-KT 2 | 160 | 250 | 0.20 | 58 | O 584 1.06 0.67 | 1700000
5 [Sch81] 1.5 smooth 172 | 1.87 516 M-KT 2 | 160 | 250 | 0.20 | 58 | O 584 1.06 0.67 | 2000000
6 [Sch82] 1.6 very smooth | 172 | 1.46 515 M-KT 2 | 160 | 200 | 0.25 | 58 | O 583 1.30 0.81 | 1620000
7 [Sch82] 1.8 very smooth | 172 | 1.46 515 |M-KT+stir| 1 | 160 | 400 | 0.13 | 58 | 0 583 1.30 0.81 770000
8 [Sch82] 1.10 smooth 172 | 1.46 515 |M-KT+stir| 1 | 160 | 400 | 0.13 | 58 | 0 583 1.41 0.78 | 2000000
9 [Sch82] 1.12 smooth 172 | 1.46 515 M-KT 2 | 160 | 200 | 0.25 | 58 | O 583 1.44 0.80 | 2000000
10 [Sch82] 1.9 rough 172 | 1.46 515 |M-KT+stir| 1 | 160 | 400 | 0.13 | 58 | 0 583 1.43 0.79 | 2000000
11 [Sch82] 1.11 rough 172 | 1.46 515 M-KT 2 | 160 | 200 | 0.25 | 58 | O 583 1.43 0.79 | 2000000
12 [Sch83] 1.13 very smooth | 174 | 0.93 512 M-KT 2 1160 | 200 | 0.25 | 58 | O 579 0.97 0.62 | 2000000
13 [Sch83] 1.14 very smooth | 174 | 0.93 512 M-KT 2 | 160 | 200 | 0.25 | 58 | 0O 579 0.97 0.62 | 2000000
14 [Sch85] I/1 (A) | very smooth | 197 | 1.14 521 KTS 2 | 160 | 250 | 0.15 | 45 | 90 | 670 0.90 0.70 690000
15 [Sch85] I/2 (A) | very smooth | 197 | 1.14 521 KTS 2 | 160 | 250 | 0.15 | 45 | 90 | 670 0.92 0.56 | 2000000
16 [Sch85] 1I/3 (A) | very smooth | 197 | 1.14 521 KTS 2 | 160 | 250 | 0.15 | 45 | 90 | 670 0.90 0.70 | 2000000
17 [Sch85] 11/4 (A) | very smooth | 197 | 1.14 521 KTS 2 | 160 | 250 | 0.15 | 45 | 90 | 670 0.90 0.70 | 1000000
18 [Sch85] 1/3 (B) smooth 197 | 1.54 521 KTS 2 | 160 | 250 | 0.15 | 45 | 90 | 670 1.44 1.05 | 1250000
19 [Sch85] 1/4 (B) smooth 197 | 1.54 521 KTS 2 | 160 | 250 | 0.15 | 45 | 90 | 670 1.45 1.14 610000
20 [Sch85] /1 (B) smooth 197 | 1.54 521 KTS 2 | 160 | 250 | 0.15 | 45 | 90 | 670 1.52 0.87 | 1290000
21 [Sch85] 11/2 (B) smooth 197 | 1.54 521 KTS 2 | 160 | 250 | 0.15 | 45 | 90 | 670 1.52 0.87 | 1120000
22 [Sch85] I/1r (B) rough 197 | 1.54 521 KTS 2 | 160 | 250 | 0.15 | 45 | 90 | 670 1.19 0.93 | 2000000
23 [Sch85] I/2r (B) rough 197 | 1.54 521 KTS 2 | 160 | 250 | 0.15 | 45 | 90 | 670 1.19 0.93 | 2000000
24 | [Web89] EQ10-A | very smooth | 137 | 1.00 594 EQ 2 | 100 | 250 | 0.15 | 45 | 90 | 586 1.08 0.67 | 2000000
25 | [Web89] EQ10-B smooth 137 | 1.29 520 EQ 2 | 100 | 250 | 0.15 | 45 | 90 | 586 1.12 0.88 | 2000000
26 | [Web95] V1 smooth 222 | 0.69 590 KTW 3 1200|250 | 010 | 45 ] O 586 0.61 0.48 | 2000000
27 | [Web95] V2 smooth 222 | 1.42 590 KTW 3 |200| 250 | 0.10 | 45| O 586 0.68 0.64 | 2000000
28 | [Web95] V3 smooth 222 | 0.86 590 KTW 2 | 200 | 400 | 0.06 | 45| O 586 0.58 0.49 | 2000000
29 | [Wiel7a] | EGO1 1 smooth 130 | 1.99 954 KTS 2 | 100 | 430 | 0.09 | 45 | 90 | 554 1.17 0.35 | 4180000
30 | [Wiel7a] | EGO1_2 smooth 130 | 1.99 954 KTS 2 | 100 | 430 | 0.09 | 45 | 90 | 554 1.17 0.35 | 4180350
31 [Wie17a] | EG02 1 | very smooth | 130 | 1.99 954 KTS 2 | 100 | 430 | 0.09 | 45 | 90 | 554 1.17 0.35 | 2660000
32 | [Wiel7a] | EG02 2 | very smooth | 130 | 1.99 954 KTS 2 | 100 | 430 | 0.09 | 45 | 90 | 554 1.17 0.35 | 3590000
33 | [Wiel7a] | EG03 1 smooth 130 | 1.99 939 KTS 2 | 100 | 430 | 0.09 | 45 | 90 | 554 1.53 0.90 | 2075444
34 | [Wiel7a] | EGO3 2 smooth 130 | 1.99 939 KTS 2 | 100 | 430 | 0.09 | 45 | 90 | 554 1.53 0.90 | 3249566
35| [Wiel7a] | EG04 1 smooth 130 | 1.99 939 KTS 3 | 100 | 285 | 0.14 | 45 | 90 | 554 1.66 0.83 | 4363100
36 | [Wiel7a] | EGO06 1 smooth 130 | 1.99 939 KTS 2 | 100 | 430 | 0.09 | 45 | 90 | 554 1.73 1.06 | 2603879
37 | [Wiel7a] | EG06 2 smooth 130 | 1.99 939 KTS 2 100/ 430 | 0.09 | 45 | 90 | 554 1.73 1.06 | 2615083
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18-d

Nr. Source Test ID Interface Section bint aint Hore Rins femcyl 1 fotm. 1 femcyl2 fotm.2
[-] [-] [-] [-] [-] [mm] [mm] [mm] [mm] [N/mm?] [N/'mm?] [Nmm?] | [N/'mm?]
38 [Wiel7a] EGO07_1 smooth slab 850 500 70 90 47.14 3.222 57.34 3.861
39 [Wiel7a] EG07 2 smooth slab 850 500 70 90 47.14 3.222 57.34 3.861
40 [Wiet7a] EGO08_1 smooth slab 850 500 70 90 47.41 3.25 57.34 3.72
1M [Wiet7a] EGO09 1 rough slab 850 500 70 90 28.89 2.58 30.35 2.75
42 [Wiet7a] EGQ9 2 rough slab 850 500 70 90 28.89 2.58 30.35 2.75
43 [Wiel7a] EG10_1 smooth slab 850 1300 70 29 31.99 3.05 28.01 2.52
44 [Wiet7a] EG12 1 smooth slab 850 1300 70 29 44.60 3.10 51.56 3.64
45 [Wiet7a] EG12 2 smooth slab 850 1300 70 29 44.60 3.10 51.56 3.64
46 [Wiel7a] EG14 1 smooth slab 850 1200 70 26 27.54 2.40 30.79 2.79
47 [Wiet7a] EG14 2 smooth slab 850 1200 70 26 27.54 2.40 30.79 2.79
Nr. Source Test ID Interface P fym,i LG type | ng| hg Sia pint | @1 | @y fym | Ttestmax | ATiest N

[-] [-] [-] [-] [mm] | [%] |[Nmm?] [-] [] [[mm] | [mm] | [%] | [-] [ [-] [[N/mm?] [N/mm?]|[N/mm?] [-]
38 | [Wiel7a] | EGO7_1 smooth 130 | 1.99 939 KTS 3 | 100 | 285 | 0.14 | 45 | 90 | 554 1.59 0.58 | 4033177
39 | [Wiel7a] | EG07 2 smooth 130 | 1.99 939 KTS 3 | 100 | 285 | 0.14 | 45 | 90 | 554 1.59 0.58 | 6283177
40 | [Wiel17a] | EGO08 1 smooth 130 | 1.99 939 KTS 4 | 100 | 430 | 0.18 | 45 | 90 | 554 2.16 1.11 | 3951703
41 [Wie17a] | EG09 1 rough 130 | 1.99 939 KTS 2 | 100 | 430 | 0.09 | 45 | 90 | 554 1.55 0.92 8677
42 | [Wiel7a] | EG09 2 rough 130 | 1.99 939 KTS 2 | 100 | 430 | 0.09 | 45 | 90 | 554 1.55 0.92 | 1095117
43 | [Wiel7a] | EG10_1 smooth 330 | 2.02 939 EQ 2 | 300 | 430 | 0.09 | 63 | 90 | 554 1.12 0.59 | 2001000
44 | [Wiel7a] | EG12 1 smooth 330 | 2.02 939 EQ 2 | 300 | 430 | 0.09 | 63 | 90 | 554 1.42 0.53 | 4118791
45 | [Wiel7a] | EG12 2 smooth 330 | 2.02 939 EQ 2 | 300 | 430 | 0.09 | 63 | 90 | 554 1.42 0.53 | 4465534
46 | [Wiel7a] | EG14 1 smooth 300 | 2.09 939 EQ 4 | 300 | 210 | 0.18 | 63 | 90 | 554 2.12 0.77 | 1626488
47 | [Wiel7a] | EG14 2 smooth 300 | 2.09 939 EQ 4 | 300 | 210 | 0.18 | 63 | 90 | 554 2.12 0.77 | 1655230
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Annex B: Database
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Figure B-19:  Evaluation of stress range of database H-2 with lattice girders according to the evalu-
ated codes and general technical approvals
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C.1 Parameters to quantify the surface roughness

Annex C Extended theoretical backgrounds
C.1 Parameters to quantify the surface roughness

According to Reinecke [Rei04], calculating the centreline of different profiles using lin-
ear regression results in tilted lines with either increasing or decreasing inclination, de-
pending on the global roughness. This is contrary to the reference plane, which is de-
fined as a horizontal line. By referring the profile data to this inclined regression line, a
filter of global tilting and thus, the global roughness is implied. To avoid this effect,
[Sch96a] and [Rei04] suggest an arithmetic average line for the correlation of the rough-
ness parameter R, (Figure C-1).

uppercontact-ling = = = — - = = m e A — -

linear regression
. — — - arithmetic average
lower contact-ling = = = = = = = = = e e e == -

Figure C-1: Comparison of centrelines to determine roughness parameters (a), Examples of differ-
ent profile frequencies with equal roughness parameters (b) [Rei04]

Therefore, the profile coordinates are referred to the upper contact line and the arithme-
tic average of these new coordinates generates the distance between upper contact line
and a horizontal centreline. The area between average line and upper contact line de-
scribes the area between profile line and upper contact line. Due to mass balance, the
sum of areas confined by average line and profile is equivalent at both sides of the av-
erage line. However, the modified parameter R, corresponds to the arithmetic average
and can be theoretically compared to the mean roughness depth R; determined by the
sand-patch method according to Kaufmann [Kau71]. The definition of the maximum
profile height R; remains unchanged.

In this context, [Rei04] compares of the mean roughness depth R, measured by the sand-
patch method, and the arithmetic values of the maximum profile peak R, (Figure C-2).
Therefore, he tested concrete surfaces raked by a nail-rake, sand blasted, left as cast and
roughened with a strong and weak high-pressure water jet (HPW). He compares rough-
ness depth determined by the sand-patch method according to Kaufmann (average of 3
measurements) and arithmetic values measured by the touching method (3 measure-
ments with 232 mm length), by 2D-laser (3 measurements with 94 mm length) and by
3D-laser (grid-measurement of a 40 x 40 mm area).

Even though the roughness parameters R; and R, are theoretically identical, Figure C-2
shows deviations between the different measuring methods. The comparison reveals a
high dependency of the roughness parameters of the measuring method as well as the
measured section and size. An extensive illustration of the density of amplitude — and
material portion curve, including examples of different concrete surfaces, gives [Rei04].
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Figure C-2: Comparison of roughness parameters R and R, for different classification methods an

surface treatments according to [Rei04]

One effect that must be mentioned is the roughness frequency. Figure C-3 shows differ-
ent theoretical surfaces with triangular and circular shape.

profile density of ampitude material portion

0 50 100% 0 50 100%
Figure C-3: Qualitative depiction of density amplitude and material portion for different surface pro-

files

The direct comparison between the profiles show a clear correlation between wave pe-
riod or frequency and estimated roughness of the profile. Nevertheless, calculating the
roughness parameters R, and Ry leads to similar results. This implies, that for specific
surface classification, a roughness determination with common roughness parameters
such as average and maximum heights may not be sufficient. To differentiate surfaces
with similar roughness parameters, further estimation methods are developed like the
curve describing the density of amplitudes or the material portion over the profile’s
height in DIN EN ISO 4287 [D4287]. Figure C-3 shows the qualitative curve of the
density amplitude and material portion for the idealised profiles. The curves describe
relative frequency of the density of the roughness amplitude (or material portion) in a
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C.1 Parameters to quantify the surface roughness

histogram along the profile height referred to the centreline. The centreline, in this case,
should be determined according to the method of minimizing error squares [Rei04].

Another method to determine the roughness of an interface is the method according to
the quotient of Wenzel [Sch96b]. It describes the ratio of a stretched profile length to the
length of a horizontal projection of the profile, which indirectly considers the additional
contact area regarding an idealised horizontal surface due to a profiled surface [Len12].
Providing a two-dimensional roughness profile recorded by e.g. touching- or laser
method, the profile can be divided in several sections (Figure C-4).

Z A

Ax
(>
profile w IAZ
> As
> X

Figure C-4: Determination of the quotient of Wenzel

The quotient of Wenzel W can be calculated according to Eq. (C-1) or simplified accord-
ing to Eq. (C-2).

W= flAs (C-D
0

With
As? = Ax* + Ay? (acc. to Figure C-4)

oL ©

As mentioned above, the quotient of Wenzel gives an approximation of the ratio of sur-
face profile to idealised horizontal surface. For interface shear, the full contact area may
be activated for adhesion, whereas for friction or aggregate interlock, according to the
model concepts, only partial areas of the surface may be activated after first displace-
ments. Further investigations regarding the correlation between roughness and the ratio
of profile surface to horizontal length show, that for some geometrical cases, the quotient
of Wenzel is no reliable parameter to determine the interface roughness [Rei04].
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C.2 Fatigue behaviour of reinforced concrete

C.2.1 Fundamentals of fatigue

For a preferable realistic display of fatigue stress, designations for defining the load
history were generally determined (Figure C-5 (a)). The load oscillates with load cycles
N along the medium stress om, with a stress amplitude . confined by the maximum
stress Omax and minimum stress Gmin. The stress between maximum and minimum load
is defined as stress range with Ac = 2-c6.. The number of load cycles per second is the
frequency f of the cyclic loading. The range of fatigue stress can be completely under
compressive stress (compressive threshold range), under tensile stress (tensile threshold
range) or alternating between compressive and tensile stress (alternating range)
(Figure C-5 (b)).

(a) designation of fatigue stress (b) range of fatigue stress
4 T4 compressive alternating tensile
,load cycle N | % | threshold range range i threshold range
U T } o, [}
! ! 2 3 :
1 ! | |
E E <]t: : L |
(@ , S | e ‘
[%)] )] @
17,1 A W S I SN S I c g
o £ & o =
» © © 2 o
S g5 2
7 = ® |E 7
£ £ s ¢ ©
= . et - |E a9
8 minimum stress g, £ 2
= min > 8 4‘;)- v
time t
Figure C-5: Designation of fatigue stress (a), range of fatigue stress (b) [Zil10]

Generally, two fatigue failure modes of materials can be distinguished in structural en-
gineering. On the one hand, the low-cycle fatigue with temporary alternating stress, high
amplitudes and low number of load cycles (e.g. earthquakes), and on the other hand,
high cycle fatigue with permanent alternating stress, (relatively) low amplitudes and
high number of load cycles [Zil10].

The fatigue strength of a material can be idealised by the relation of bearable stress range
Ao and the corresponding number of load cycles N. Therefore, a steel or concrete spec-
imen is cyclically loaded by constant maximums stress and stress range until failure (e.g.
single-step test [D50100]). The evaluation of a number of fatigue tests with different
load levels leads to a formulation of a fatigue-strength curve (S-N curve) which is also
called Wohler curve. An extensive description of the derivation of S-N curves for rein-
forcing steel can be found in Chapter 5.3.2

Depending on the number of load cycles, the course of the S-N curve can be divided in
three stages. In this context, Figure C-6 shows a qualitative example of a metallic mate-
rial. The stage of short time fatigue strength (low cyclic fatigue strength) comprises
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C.2 Fatigue behaviour of reinforced concrete

stress ranges near the static resistance of the material. Thereby, only a low number of
load cycles can be endured (N = 10%). This stage is no element of the fatigue verification
since by limiting the steel and concrete stress, stress ranges in these dimensions are ex-
cluded. The stage of fatigue strength (high cycle fatigue strength) presents the relevant
stage for building practice where the bearable amplitudes decrease significantly with
increasing number of load cycles. The stage of endurance fatigue strength describes a
stage, where a theoretical infinite number of load cycles does not lead to material failure.
According to [Zil10], reinforcing steel with stress ranges exceeding N = 2-10° load cy-
cles have an endurance fatigue strength, whereas according to [D50100], a single step
test can be stopped after N = 2:10° load cycles. From today’s perspective, structures
under operating stress or with pre-existing damage do not have an endurance fatigue
resistance [Zil10].

stress range logAc,

short time fatigue | endurance
fatigue strength . strength ! fatigue strength
SOUSSTENGN |, STENON |, 3ioue sy

»
>

T T T T
1 10° 10°* 10° 10°
number of load cycles logN

Figure C-6: Qualitative depiction of a fatigue-strength curve (S-N curve) for a metallic material
C.2.2 Fatigue behaviour of reinforcing steel

The load bearing behaviour of reinforcing steel under cyclic loading conditions is mostly
investigated [K6n94][Hai06][Niir82][Reh81]. The fracture process can be pictured in
three stages: defortification, formation of micro cracks and crack distribution (Figure
C-7 (a)). Due to inhomogeneity of the material, first micro cracks occur during the first
load cycles which lead to a local defortification. In the following, the plastic defor-
mations redistribute from inside the steel section to the surface and thus, first macro
cracks occur and form the crack origin (Figure C-7 (b)). With continuing cyclic loading,
the crack distributes with every load cycle. Is this stage, the crack distribution is sepa-
rated in stable and instable crack distribution. After processed crack distribution, the
residual fracture zone decreases and thus, fails after increasing the resistance of the re-
sidual area with a failure mechanism compared to static failure (static residual failure).
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Figure C-7: Qualitative depiction of fatigue failure progress of reinforcing steel [K6n94] (a), fracture

zone of a reinforcing steel under fatigue failure [Zil10] (b)

The fatigue strength of reinforcing steel is mainly influences by the parameters of sur-
face condition, bar curvature, corrosion, bar diameter, steel type and structural alteration
of the steel caused e.g. by welding [Kon94][Niir82]. The influence of load frequency
and medium stress under tensile threshold stress is subordinate. Compared to free bars,
for bars embedded in concrete regularly higher fatigue strengths could be determined,
since an intersection of steel notch and concrete crack is unlikely [Reh81][MaulOb]. As
long as no influences by corrosion appear, the concrete class and strength constitute a
minor part in the fatigue resistance of reinforcing steel [MaulOb].

C.2.3 Fatigue behaviour of concrete

The fatigue behaviour of concrete was investigated empirically in several test series.
Most tests were conducted by investigating small size specimen like cylinders, cubes
and prisms subjected to tension, compression, bending and splitting tension. The aim of
most test series was the characterisation of the load bearing mechanism with increasing
number of load cycles and thus, the determination of fatigue-strength curves (S-N
curves) in accordance to metallic materials (s. Chapter C.2.2). According to investiga-
tions e.g. in [Hoh04][Zil04a], concrete does not have a long-life fatigue strength.

To describe the fatigue behaviour of concrete, different approaches distinguish between
phenomenological and fractur mechanical approaches. Generally, the fatigue strength
of concrete is depicted by stress-based formulations like S-N curves or Goodman-dia-
grams. The correlation of S-N curve and Goodman diagram is depicted exemplarily in
Figure C-8 [Zil10][Tew14]. The S-N curve describes, in analogy to the S-N curve for
reinforcing steel, the dependence of applied stress and number of load cycles (a),
whereas the Goodman-diagram can be derived by S-N curves and limits an approved
area for a bearable ratio of maximum and minimum applied stress (b).
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Figure C-8: S-N curve for concrete (a) and corresponding Goodman-diagram (b) [Zil10] [Tew14]

Contrary to metallic material with brittle fatigue failure, the concrete fracture process
attends large deformations which announce the concrete failure. Furthermore, the me-
dium stress has a high influence on bearable number of load cycles. With increasing
medium stress and similar stress range, the number of load cycles decreases. However,
the common codes to not define S-N curves for concrete but generally limit the bearable
concrete strength. Regarding the load frequency, an increase of frequency generally in-
creases the bearable number of load-cycles. This might be caused by the stiffness of
concrete which prevent the stress range to fully develop in the structure. According to
[K6n94], for maximum shear stress of less than 75 % of the concrete compressive
strength, an effect of increasing frequencies in the structural relevant range of
f=1-15Hzis small.

The fracture process of concrete under cyclic compression resembles to the static frac-
ture process. Like metallic materials, the fracture process can be divided in three stages.
Due to shrinkage, initial micro crack form in the cement matrix between the aggregates
after concrete hardening. Under cyclic loading conditions, the macro cracks develop
from the micro cracks und thus, lead to concrete failure. Generally, for the fatigue frac-
ture process of concrete, it can be distinguished between compressive threshold stress,
alternating stress and tensile threshold stress [Zil10]. In this context, Figure C-9 (a)
shows the concrete compression over the related life length of a concrete specimen cy-
clic loaded with compressive threshold stress [Hol79]. The first stage of crack origin
develops with high, nonlinear crack distributions between 5 — 20 % of the life length. In
the second stage, the crack development stabilises with a constant increase of defor-
mation. After about 80 % of the related life length, the deformation increases and macro
cracks form which leads to concrete failure. The curves of the concrete crack show the
typical s-formed shape for the concrete fatigue failure process.

Due to the complex test-setup to investigate the fatigue tensile strength of concrete, only
a small number of investigations have been conducted. However, for the fatigue design
of common beam and slab structures, the tensile threshold strength has a subordinate
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significance. To describe the qualitative process of crack development for tensile thresh-
old stress, the deformation of a notched concrete prims under tensile threshold stress
according to [Kes02] is shown in Figure C-9 (b). The crack deformation over the related
life time show the similar s-shape form as concrete under compressive threshold stress
which can as well be divided in three states of fracture. The tensile fatigue strength of
concrete already decreases significantly after a small number of load cycles. After about
10 % of the related life length, the fracture process stabilises and after about 80 %, the
crack develops instable until failure.
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Figure C-9: Development of maximum concrete compression under compressive threshold stress

[Hol79] (a), crack development of notched prisms under tensile threshold stress [Kes02]

(b)

An extensive summary of the fatigue behaviour of concrete structures can be found in
[K6n94] and [Ri194].

C.3 Development of models for horizontal interface shear
C.3.1 Initiation of developing interface shear models

The beginning of formulations regarding the longitudinal shear transfer of an interface
made ANDERSON [And60] in the early 1960s by expressing the ultimate longitudinal
shear stress vu (Eq. (C-3)).

Va=Vo+k-p (C-3)

With
vo, k. parameters obtained by push-out test
p reinforcement ratio

The parameters to fulfil this equation were calibrated using push-out tests with concrete
strength of about 20 N/mm? and 50 N/mm?.
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According to [San09], MATTOCK ET AL. [Mat61] modified Eq. (C-3) for composite re-
inforced concrete beams by substituting the empirical factor vo by an expression consid-
ering the effect of the ratio of span to effective depth. They also introduced a minimum
reinforcement ratio to ensure sufficient shear transfer of 0.15%.

The formulation of SAEMANN & WASH [Sae64] was developed by investigating the lon-
gitudinal shear transfer of simply supported composite beams. He further modified the
expression by ANDERSON [And60] and MATTOCK ET AL. [Mat61] by separating the
equation in a part for interface shear without interface reinforcement and one part con-
sidering the clamping effect by the reinforcement and considering for both, the effect of
the ratio of span to effective depth.

The model developed by BADOUX & HULSBOS [Bad67] regards longitudinal interface
shear between precast concrete beams and insitu slabs under cyclic loading conditions.
The design expression is based on the formulation according to MATTOCK ET.AL.
[Mat61], and considers the interface strength as a sum of a load bearing capacity due to
natural bond, influenced by the ratio of the distance between support and load applica-
tion (shear span) and the effective depth, and the contribution of the reinforcement. The
empirical parameters were derived for interfaces with intermediate (very rough) and
rough surfaces. The calculated shear resistance was calibrated to bear at least 2.0 million
load cycles with a minimum load being about 20% of the maximum load.

GASTON & KRIZ [Gas64] investigated the shear resistance of interfaces using beam and
column specimens. Across the interfaces of the specimens, normal stress was applied
for additional strengthening. The proposed formulation for calculating the ultimate
strength of the interface F considers the contact area of the interface and the applied
normal stress as well as parameters describing the bond condition of the interface (Eq.
(C-4).

F=aAm+bN (C-4)

With

a, b parameters considering the bond condition of the interface
Ay area of contact surface

N total normal force acting perpendicular to the interface

C.3.2 Other Models

Over the decades, the introduced models were modified and extended by several re-
searchers. For example RATHS [Rat77] extended the shear friction theory according to
[Bir66] by introducing an additional factor for considering the concrete density of nor-
mal weight and lightweight concrete. SHAIKH [Sha78] presented a capacity reduction
factor for shear as well as a modification of the friction factor considering both, concrete
density and roughness of the interface.
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Following the development of modified shear friction theory and the effect of aggregate
interlock and concrete strength, e.g. KAHN & MITCHELL [Kah02] and PAPANICOLAOU
& TRIANAFOLLOU [Pap02] derived modified design expression specifically considering
the effect of concrete strength on the capacity of adhesion. Specifying this, LENZ
[Len12] developed an expression accounts for concrete strength as well as cement prop-
erties, structure of aggregates and humidity conditions.

Since the presented model concepts describe the interface shear resistance in terms of
roughness categories, GOHNERT [Goh03] developed an expression based on tests results,
but with considering the shear strength of an interface without interface reinforcement
as a function of a texture parameter calculated by the difference between average height
of peaks and average height of valleys based on a profile line.
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