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Kurzfassung

Sandwichelemente sind besonders geeignet, um effiziente Gebdudehiillen bereit-
zustellen, die gleichzeitig mehrere Anforderungen erfiillen. Neben niedrigem Eigen-
gewicht bei gleichzeitig hoher Tragfahigkeit, bieten Sandwichbauteile zum Beispiel
ausreichende bauphysikalische Eigenschaften, wie Wéarme- und Schallddmmung. Im
Allgemeinen werden Sandwichelemente im Bauwesen mit diinnen, ebenen oder
profilierten Metalldeckschichten oder mit dicken Betondeckschichten hergestellt.
Bauteile ohne zusétzliche Unterkonstruktionen sind jedoch auf kurze Spannweiten
begrenzt. Im Gegensatz dazu, bieten riumliche Betonkonstruktionen, wie gefaltete oder
gekriimmte Querschnitte, auch bei geringen Bauteildicken hohe Steifigkeiten und
Tragféhigkeiten.

Die Anwendung von gefalteten oder gekrimmten Schalentrdgern auf die Sandwich-
bauweise vereint die Vorteile beider Konstruktionsmethoden, sodass leichte Bauteile
mit groen Spannweiten und hohen Tragfdhigkeiten ermoglicht werden. Um diinne
Betondeckschichten mit verschiedenen Geometrien zu realisieren, sind Hochleistungs-
betone vorteilhaft. Ultra-hochfester Faserbeton (UHPFRC) bietet gleichzeitig hohe
Druck- und Zugfestigkeiten sowie eine ausreichende Verformungsfiahigkeit. Die Ver-
wendung von nicht-korrodierender Bewehrung aus carbonfaserverstarktem Kunststoff
(CFK) ermoglicht es, filigrane Betonelemente mit geringen Betondeckungen her-
zustellen, die nur die Verbundanforderungen erfiillen miissen. Bei Sandwichelementen
mit gefalteten oder gekriimmten Deckschichten sind neue Fertigungsverfahren
erforderlich, um beliebige Querschnitte zu ermdglichen und hohe Verbundfestigkeiten
zwischen den Deckschichten und dem Kernmaterial sicherzustellen.

In dieser Arbeit wird die Entwicklung innovativer Sandwichbauteile schrittweise
beschrieben. Die Materialien und die daraus zusammengesetzten Kompositbauteile
werden mit experimentellen und numerischen Untersuchungen analysiert. Unterstiitzt
werden diese Untersuchungen durch theoretische Modelle. Unter anderem wird die
Zugfestigkeit des UHPFRC aus Biegeversuchen mit Hilfe von abgeleiteten Momenten-
Kriimmungsbeziehungen bestimmt und anschlieBend UHPFRC-Bauteile mit CFK-
Vorspannung ndher betrachtet. Zur Ermittlung von Verbundfestigkeiten, Uber-
tragungsldngen und Mindestabmessungen von diinnen UHPFRC-Elementen werden
Verbunduntersuchungen an vorgespannter CFK-Bewehrung durchgefiihrt. Hieraus
leiten sich die erforderlichen Dicken der gefalteten und doppelt-gekriimmten UHPFRC-
Deckschichten ab. Aus Untersuchungen an kleinformatigen Sandwichquerschnitten
unter Zug- und Schubbelastung werden Steifigkeiten und Festigkeiten des Kern-
materials sowie der Verbindungsmittel fiir theoretische Modelle und numerische
Simulationen abgeleitet. Aufbauend auf diesen Ergebnissen wird das Trag- und
Verformungsverhalten von gefalteten und doppelt-gekriimmten Sandwichbauteilen
untersucht. Anschlieend wird ein analytisches Modell auf Basis der Sandwichtheorie
abgeleitet, das die Rissbildung von mit CFK vorgespannten UHPFRC-Deckschichten
berticksichtigt.



Abstract

Sandwich-structured composites represent an efficient method to establish building
envelopes which concurrently satisfy several demands. Besides low self-weight with
high load-bearing capacity, sandwich panels provide sufficient physical properties, such
as heat and sound insulation. In general, sandwich panels for applications in building
industry are made of flat or thin profiled metal sheets or thick concrete facings.
However, standard elements without additional bearing structures are limited to short
spans. In contrast, spatially shaped concrete structures with folded plate or curved
geometry provide high stiffness and load-carrying capacity even for thin elements.

The application of folded plate and curved concrete structures to sandwich panels
combines the advantages of both construction methods enabling light elements with long
spans and high load-carrying capacities. To realise thin facings in various shapes, high
performance cementitious composites are advantageous. Ultra-high performance fibre
reinforced concrete (UHPFRC) provides high compressive and tensile strengths with
ductile material behaviour. The application of non-corrosive reinforcement, e.g. carbon
fibre reinforced polymer (CFRP), allows for filigree concrete elements with a thin
concrete cover to only fulfil bond requirements. For sandwich panels with folded plate
or curved facings, new production methods are necessary to account for cross-sections
in various shapes as well as high bond strengths between UHPFRC facings and core
material.

This thesis introduces the stepwise development of innovative sandwich panels.
Materials and interactions of different components are investigated by experimental
testing and numerical modelling. Theoretical considerations are conducted to determine
the tensile strength of UHPFRC from flexural testing. Additionally, approaches to
calculate moment-curvature relationships of UHPFRC sections with CFRP
reinforcement are derived and applied to further theoretical investigations.
Subsequently, input parameters for non-linear numerical simulations are deduced. To
determine bond strengths, transfer lengths and minimum dimensions of thin UHPFRC
elements, investigations on the bond behaviour of prestressed elements with CFRP
reinforcement are conducted. Thus, dimensions of folded plate and doubly curved
UHPFRC elements are identified. Investigations on small-scale sandwich sections under
tensile and shear loading are performed to specify stiffness and strength of the core
material and shear connectors. This serves as a basis for further theoretical approaches
and numerical modelling. Based on the previous findings, the flexural behaviour of
folded plate and doubly curved sandwich panels is investigated. Finally, an analytical
model for sandwich panels is proposed which accounts for cracking of prestressed
UHPRC facings with CFRP tendons.
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Nomenclature

In the following list the most relevant units and symbols, which were used within this
thesis, are summarised. Symbols, which are not contained in this list, are explained in
the section where they were used.

Units:

Force: kN, MN
Bending moment:  kNm, MNm
Stresses: MPa, kPa
Strain: %0

Length: mm, cm, m
Cross-sectional area: mm?, cm?, m?
Angle: °, rad
Density: kg/m?
Temperature: °C

Lower-case Latin symbols

a Distance between centroid of top and bottom facing

Qtop/bot Distance between the x-axis and centroid of top/bottom facing
c Concrete cover

dr Diameter of fibres

dp Bending length of pin connector

e Distance between support and point load

fem Mean concrete compression strength

Jetm Mean concrete tensile strength

g Fibre efficiency

h Height of cross-section

he Core height of sandwich panel

i Control variable

k Spring stiffness

A Length of fibres

nF Number of increments of applied load F'

p Uniformly distributed transverse loading; hydrostatic stress; pressure
q Arbitrary transverse loading / deviatoric stress

r Radius

S Spacing of prestressing tendons

t Thickness



Nomenclature

Ip
IR
ttop/bot
Utop/bot

Embedment length of pin-connector

Embedment length of roving (shear grid)
Thickness of top/bottom facing of sandwich panel
Axial displacement of top/bottom facing of sandwich panel
Core compression / displacement

Deflection / crack width of UHPFRC

Ratio of fracture energy Gr and tensile strength feim
Control variable (distance from support)

Height of compressive zone

Height of linear elastic tensile zone

Height of cracked zone of fibre concrete

Fixation depth of pin connector

Capital Latin symbols

A

B

Bs
Biopibot
Ci

D

Dtop/bot
Ec

Gr
Lpin
Ttop/vot
Ly

M

Cross-section / Shear stiffness of core material
Flexural rigidity of sandwich panel

Flexural rigidity from sandwich action
Flexural rigidity of top/bottom facing
Integration constants

Axial stiffness of sandwich panel

Axial stiffness of top/bottom facing

Young’s modulus of core material

Mean Young’s modulus of concrete

Young’s modulus of pin-connector

Young’s modulus of roving in 0°-direction
Axial stiffness

Flexural stiffness

Resulting force of concrete in compression
Resulting force of cracked fibre concrete
Resulting force of prestressing reinforcement
Resulting force of concrete in tension (elastic)
Shear modulus of core material

Fracture energy

Second moment of area of pin-connector
Second moment of area of top/bottom facing
Length of single roving

Bending moment



Nomenclature

M,
Miopot
N
Niop/bot
R

T

V

Vs
Vioproot

Bending moment from composite (sandwich) action
Bending moment of top/bottom facing

Axial force

Axial force in top/bottom facing

Radius

Shear flow

Shear force

Shear force in core material

Shear force in top/bottom facing

Greek symbols

7
Au
Av

&
&ct

&top/bot

LA

vi

Angle

Transverse strain

Shear strain from beam deflection

Relative displacement of concrete facings in axial direction
Relative displacement of concrete facings in transverse direction
Strain

Concrete compression strain

Elastic tensile concrete strain

Axial strain in top/bottom facing / strain at top/bottom of concrete
member

Fibre orientation

Ratios of control variable x and length of the beam
Curvature

Stress

Jacking stress of prestressing reinforcement
Stresses in radial direction

Stresses in circumferential direction

Bond strength

Shear strength of core material



Nomenclature

Subsripts

bot
c

f
m
pin
R
SG
t
top

Symbols

0
I

Bottom

Core / Compression
Fibre

Mean value
Pin-connector
Roving

Shear grid

Tension / Tensile
Top

Diameter
Parallel

vii






1 Introduction

1.1 Background and Motivation

In current building practice, standard load-bearing elements are mostly of rectangular
shape. Exceptions are large shell structures, such as cupolas of domes or cooling towers
of power plants. In contrast, shells made of RC were widely applied for building
construction in the last century. For this purpose, large structures were usually cast in
situ. Additionally, long-span precast elements, with limited width were produced. These
folded plate or doubly curved elements were realised with a thickness of less than 10 cm
and usually prestressed with steel tendons. Concerns regarding the corrosion resistance
might have been a reason that such constructions are not built regularly today.

The development of ultra-high performance fibre reinforced concrete (UHPFRC) and
reinforcement made of fibre reinforced polymer (FRP) are major innovations of
construction materials of the last decades. FRP reinforcement is either applied as bar,
strand, plate or mesh material. Hence, all fields of application from standard RC or PC
members can be covered. The corrosion resistance and high tensile strength of carbon
fibre reinforced polymer (CFRP) makes thin and durable concrete elements possible,
since only bond requirements need to be fulfilled. These developments allow for a new
design flexibility, which leads to the wish of applying UHPFRC and CFRP
reinforcement to shell structures.

A major field of application of high performance concrete in combination with FRP as
mesh reinforcement, so-called textile reinforced concrete (TRC), is the utilisation for
innovative sandwich panels. This construction method combines the advantages of
light-weight sandwich panels with metal facings and load-bearing elements with thick
RC facings. Hence, a new construction method for modern building envelopes is
provided. The most common applications are curtain walls, but first developments of
axially load-bearing wall elements were made in the last years. Nevertheless, in general
sandwich panels are often limited in span without any support constructions.

The main motivation of this thesis is the development of sandwich panels with thin,
spatially shaped cross-sections, which unify advantages of both construction principles.
With this method, light elements with high load-bearing capacities can be established,
which provide effective precast solutions for long-span roof constructions. Furthermore,
sufficient physical properties, such as heat or sound insulation can be fulfilled. To
establish a framework for production processes and analysis procedures, the interaction
of innovative materials and construction methods has to be investigated step by step.
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1.2 Problem Definition

Sandwich panels with concrete facings are generally produced by using prefabricated
slabstock foams. This production method is not suitable for sandwich panels with folded
plate or curved facings, since the prefabricated core materials can only be brought into
shape with high effort. Additionally, standard production methods do not provide high
and reliable bond strength between concrete facings and core material. This is caused
by fine dust from cutting slabstock foam material and air inclusions, which occur during
the setting of the core material into fresh concrete. Even with an elaborate procedure,
the bond quality cannot be controlled and predicted in advance /Shal5b/. For the design
of standard sandwich panels with RC facings, the contribution of sandwich action of the
core material is usually neglected and assumed to be controlled only by shear
connectors.

A new production method, which enhances the bond strength between core material and
concrete, can enable a high load-bearing capacity. Besides the contribution of core
material and bond zone, the load-bearing capacity of facings needs to be predictable.
The application of CFRP reinforcement in UHPFRC is rarely investigated. Especially,
for pre-tensioned concrete structures, the bond behaviour and the interaction of fibre
contribution and strain-controlled CFRP reinforcement is not investigated. This
interaction is essential for an accurate prediction of the contribution of the facings.

So far, sandwich panels with folded plate or curved UHPFRC facings are not
investigated. The additional stiffness of these facings needs to be considered in the
analysis. For the core material, a production method has to be applied, which provides
high and reliable bond strength and is suitable for non-flat sections.

1.3 Objectives and Applied Methodology

This thesis aims at providing the background for the development of long-span sandwich
panels for roof structures (Fig. 1.1). In order to achieve this aim, experimental,
numerical and theoretical investigations are conducted to provide folded plate and
doubly curved sandwich panels with prestressed facings made of UHPFRC and CFRP
reinforcement.

Doubly Curved Sandwich Panels Folded Plate Sandwich Panels

-

Fig. 1.1 Doubly curved and folded plate sandwich panels for roof construction



1.3 Objectives and Applied Methodology

Step-by-step, production methods and material properties are investigated in tests on
small-scale specimens and theoretical approaches are derived. Based on these findings,
folded plate and doubly curved sandwich panels are established and examined.

In particular, the following steps are applied during the development:

Identification of material properties of UHPFRC for theoretical and numerical
models;

Derivation of theoretical moment-curvature relationships of UHPFRC members
with pre-tensioned CFRP reinforcement under combined axial and flexural
loading;

Development of an anchorage system for CFRP reinforcement;

Identification of bond properties, transfer lengths and minimum thicknesses of
UHPFRC elements prestressed with CFRP reinforcement;

Providing a production technique for folded plate and doubly curved concrete
sections, which accounts for UHPFRC wusage and pre-tensioned CFRP
reinforcement;

Development and application of a suitable production technique for spatially
shaped sandwich elements, which provides a reliable and high bond strength of
the interface zone;

Identification of material properties of the core material and the interface zone;

Experimental and numerical investigations on folded plate and doubly curved
sandwich panels with prestressed facings made of UHPFRC and CFRP
reinforcement;

Derivation of a calculative approach for sandwich panels by combining sandwich
theory and theoretically derived moment-curvature relationships of prestressed
UHPFRC with CFRP reinforcement.

This thesis is composed of eight chapters. After a short summary of the state-of-the-
art (chapter 2), the background of experimental and numerical investigations is
described in chapter 3. Therefor the applied materials as well as production methods
of test specimens are summarised and material models for non-linear finite element
simulations described.

In chapter 4, an approach for the determination of the tensile strength of UHPFRC
based on the flexural behaviour is shown. Additionally, a calculative approach to
predict the flexural behaviour of UHPFRC members prestressed with CFRP
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reinforcement is derived. Both approaches are based on theoretical moment-
curvature relationships.

The bond behaviour of pre-tensioned CFRP reinforcement in UHPFRC is closely
investigated in chapter 5. For this purpose, experimental investigations in terms of
pull-out tests and tests on the transfer lengths are presented, to determine the bond
strengths, minimum dimension for a crack-free transmission zone as well as the
transfer lengths. With aid of numerical simulations as well as semi-empirical and
analytical approaches, the bond behaviour is additionally analysed.

In chapter 6, the production technique of the sandwich panels is evaluated in tensile
and shear tests on small-scale specimens. From these tests, input parameters for non-
linear finite element simulations and theoretical models are derived.

Based on the findings of the chapter 2-6, prestressed UHPFRC single layers as well
as sandwich panels with different cross-sections are investigated in chapter 7. With
derived non-linear finite element models and a calculative approach based on the
sandwich theory, the load behaviour of sandwich panels with UHPFRC facings is
analysed closely.

This thesis is summarised in chapter 8.



2 Background and Previous Research

2.1 Preface

In this chapter, the background for the development and investigation of spatially shaped
sandwich panels made of high-performance cementitious composites is shortly
summarised. The basic ideas of sandwich technology and thin-walled structural
members are discussed. Also, the materials to be applied for sandwich facings and core
layer are described.

2.2 Sandwich Technology

Sandwich structures are made of several layers, i.e. materials with different properties.
This structural type can be found in nature in many different assemblies. For example,
bone structures of mammals are composed of hard and soft material to provide a high
tensile and compressive strength with relatively low weight at the same time /Her05/.
Nowadays, sandwich constructions are widely used in different fields, such as
automotive, aviation or building industries (e.g. /Dav01/, /Fai49/, /Her05/, /No096/).

The primary reason for the application of sandwich structures is the combination of low
weight and high stiffness of structural members. To demonstrate the sandwich effect,
the following example is often shown (Fig.2.1), which is based on consideration
conducted by /Zen95/. A beam element made of a homogenous, stiff material of
thickness ¢ is subjected to bending. Weight, flexural rigidity and bending strength of the
homogenous beam element are set to 1 as control values. Dividing the beam of thickness
t into two layers of thickness #/2 and separating them by a light, less stiff core material
leads to only little increase in weight, but to substantial gains in rigidity and strength
(for a linear elastic behaviour of layers and full composite action).

t2Y

37 h.=3 tI ., flexural strengths

bending strenghs

0 1 2 3 hl/t

Fig. 2.1 Ratios of flexural rigidity and bending strength of sandwich cross-
sections in comparison to homogenous layer
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Sandwich panels for the application in building industry are usually made of metal or
concrete facings. The main field of application is for roof or wall elements, including
curtain walls. For sandwich panels with metal facings, either flat or profiled cross-
sections are used. To establish long-span roof elements, usually, a support structure
needs to be provided /Dav01/. Sandwich panels with concrete facings are produced as
flat elements and mostly applied for walls.

2.2.1 Precast Concrete Sandwich Panels (PCSP)

In building industry, sandwich sections with two outer facings made of metal or concrete
are primarily used. The concrete facings are generally reinforced with steel rebars.
Different examples of sandwich panels with prestressed (steel tendon) concrete facings
were investigated (e.g. /Bus94/, /Sal94/, /Pes03/). To provide sufficient concrete
covering to ensure corrosion resistance (e.g. /DIN04/, /ACI05/), thick facings are
necessary. The connection between the concrete facings is usually provided by the
application of shear connectors (Fig. 2.2).

One-way shear connectors
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Non-shear connectors
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Fig. 2.2 Shear connectors according to shear resistance (reproduced from
/Hor10/, in dependence on /See97/ and product descriptions from Aslan

Pacific Ltd, Halfen Group, Peikko)
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These connectors are usually classified by their shear stiffness. Typical pin connectors
are less stiff than continuous shear connectors. Even though, most connectors are made
of steel or stain-less steel, achievements have been made applying FRP to reduce
thermal bridges.

Besides the load-bearing capacity, the thickness of concrete facings is determined by a
minimum concrete cover to provide corrosion protection for steel reinforcement. To
realise light-weight sandwich panels with thin, load-carrying concrete facings,
developments using reinforcement made of fibre reinforced polymers (FRP) were made.
Investigations on sandwich elements using reinforcement made of alkali resistant (AR)
glass fibres (GFRP) and carbon fibres (CFRP) were conducted recently (e.g. /Hor10/,
/Mill5/, /Shal5b/, /Zan13/).

Sandwich elements, either steel or FRP reinforced, are usually produced using pre-
fabricated slabstock foam. Hence, one facing is cast, the pre-fabricated core material is
placed into the fresh concrete and the other facing is concreted on top. In general, two
different production methods are used. For wall elements, usually one thick load-bearing
and one thin facing layer are installed. For the production of precast concrete sandwich
panels, two different methods can be classified. The FACE-DOWN METHOD is applied to
establish a smooth finish of external, visible facings from the formwork. With this
method, the warping due to time-dependent differential shrinkage occurs in addition to
the warping from structurally-dependent differential shrinkage, since the thin layer does
not provide sufficient stiffness. This results in pronounced deformations (Fig. 2.3 a))
and cracking may occur. On the other hand, using the FACE-UP METHOD, the thick load-
bearing layer is concreted first. The thick layer remains nearly flat and warping
deformations of the facing layer are restrained by the thick layer. Hence, cracking on
the concrete surfaces is not likely, since large deformations do not result (Fig. 2.3 b)),
but architectural concrete requirements cannot be fulfilled with standard concrete
mixtures. With these production methods, usually strong and reproducible bond zones
between concrete and core material cannot be obtained. On the one hand, air inclusions
may occur when placing the pre-fabricated slabstock foam and fine dust from cutting
the core material cannot be removed. Either harm the bond strength, which is essential
for load-bearing elements /Shal5a/. Additionally, only planar sandwich sections can be
produced efficiently, since for folded plate or curved elements, aligned core materials
would be necessary.
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FACE-UP METHOD

-~ Facing layer
s Insulation layer
|~ Load-bearing layer

(production) (in place) @

FACE-DOWN METHOD (D+©®)

7~ Load-bearing layer

J— Insulation layer

L~ Facing layer

(production) (in place)

@ Deformation from drying out @ Resulting deformation of layers

@ Deformation from mix separation @ Resulting deformation of sandwich panel with shear
connectors (controlled by the stiffer (load-bearing) layer)

Fig. 2.3 Deformations from shrinkage for FACE-UP METHOD and FACE-DOWN METHOD
SHAMS /Shal5a/, /Shal5b/ applied a method by foaming in pack to produce sandwich

panels with concrete facings. A reaction mixture of polyurethane (PU) is poured
between two hardened concrete layers (Fig. 2.4).

precast concrete facings

connecting devices

T T T PU reaction mixture
I N

Fig. 2.4 Production method for sandwich panels with hardened concrete layers by
foaming in pack of PU mixture (left) and expansion of PU mixture (right)
(photo: BASF) /Sha15al/, /ISha15b/

SHAMS used this method, i.e. simply pouring the liquid mixture, only for small-scale
elements, such as tensile or shear test specimens. For flat sandwich panels with TRC
facings, two methods of PU injection were investigated by SHAMS. On the one hand, in
horizontal position with only provisional bracing of the elements. Hence, the pressure
loads had to be carried mainly by FRP pin-connectors. Due to the high pressure,
cracking occurred in the outer concrete layers. Therefore, a braced steel frame (Fig. 2.5)
was applied to inject the reaction mixture in either horizontal or vertical position
between the hardened concrete layers.
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Fig. 2.5 Strengthening and production method for large-scale sandwich elements

by foaming in pack (reproduced from /Sha15b/)

With this method, sandwich wall elements investigated in /ShalS5b/ were produced with
homogenous foam quality and without cracking of the TRC layers.

2.2.2 Flexural Behaviour of Sandwich Panels

For the composite action of sandwich panels, shear and tensile forces must be
transmitted between the different layers. As for every composite cross-section, the
external forces are divided into internal forces of each composite part. This is dependent
on the stiffness of each part and the bond strength between the parts /Hor10/. The load-
carrying action of sandwich panels with two outer layers and a less stiffness core is
mainly dependent on the ratio of thickness ¢ of the outer layers compared to the thickness
of the core /. and the shear stiffness of the core material. Sandwich elements with thin
outer layers (cp. Table 2.1) mainly carry flexural loads by membrane stresses in the
outer layers. Shear forces can be assumed to be carried by the core material only

(Fig. 2.6 a))).

Table 2.1: Definition of flexural stiffness of outer layers according to /All69/
Designation of condition Shear stiffness of core Flexural stiffness of
thickness material outer layers
very thin alt>100 S=b-a ~0
thin 100 > a/t > 5.77 S=(b- a?lhc ~0
thick alt<5.77 S=(b- a?lhc b -£3/12

Hence, for statically determined systems, the internal forces can be directly determined
from external loading.



2 Background and Previous Research

. . . . Normal stresses Shear stresses
Section with trlnn facings (sandwich action) (sandwich action)
g A R 3--------------- —
t
h|l a|_ —
4 X
M t
I S e —
v |
z Normal stresses Bending stresses Shear stresses Shear stresses
Section with thick facings (sandwich action)  of facings (sandwich action) of facings

N R R
VTC Al a | x + +
M_ i

y

ey S P W ==

v
z

Fig. 2.6 Stress distribution of sandwich elements with thin (top) and thick (bottom)
facings (reproduced from /Aic87/, ISta74/)

For sandwich elements with thick outer layers, a considerable proportion of flexural and
shear forces is carried by the outer layers, additionally to the membrane action from
composite action. Since the three layers are statically indeterminate, internal forces
cannot be calculated directly. Examples are sandwich elements with profiled metal or
planar concrete layers. The calculation procedure and assumptions are summarised in
sections 2.2.3 and 7.4.2.

For sandwich elements with small shear stiffness, the load-carrying action is mainly
dependent on the outer layers. Hence, BERNOULLI hypothesis is not valid. For increasing
shear stiffness, composite action is increased. Depending on the shear strength, the
composite action is classified as NON-COMPOSITE ACTION (NCA), PARTIALLY-
COMPOSITE ACTION (PCA) or FULLY-COMPOSITE ACTION (FCA) /Sal97/, /See97/
(Fig. 2.7).

Non-composite (NCA) Partially-composite (PCA) Fully-composite (FCA)

shear stiffness G >0 shear stiffness 0 <G < © shear stiffness G = @0

Fig. 2.7 Influence of the core stiffness and connecting devices on the sandwich
action /Ber98/, /Sal97/, /ISta74/ (reproduced from /Hor10/)

In building practice, using standard core materials, the NCA or PCA sandwich panels
are most common. However, FCA panels can be obtained by the application of steel
lattice girders as continuous shear connectors /Hor10/.
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2.2.3 Analytical Models for Sandwich Elements

Analytical models for sandwich elements are based on elasticity theory for the elastic-
orthotropic continuum. The arising system of differential equations cannot be solved in
closed form, even though, often only small deformations are assumed /Sta74/. By means
of simplifications, linear sandwich theory and theory of bond slip deliver solutions for
the differential equations.

Linear sandwich theory is based on deflection w and transverse strain y, whereas theory
of bond slip uses deflection w and relative slip o. Either theories are based on the
following assumptions:

a) The resulting deformation of a beam is composed of a flexural and a shear part;

b) Materials of facings and core are linear elastic (homogeneous and isotropic);

c) Small deformations: linear relationships between deflection and transverse
strain/relative slip);

d) Only in-plane stresses in facings (neglecting out-of-plane stresses);

e) Facings are plane and parallel; flexural stiffness of facings has to be taken into
account; axial stresses are uniformly distributed;

Thick facings affect the flexural and shear stiffness of sandwich elements. The
investigated sandwich beams (chapter 7) have thick facings according to /All69/, since
ratios a / t (inner lever arm / thickness of facings) are smaller than 5.77. For thick facings
the following assumptions are made:

f) EA~O for core; hence, shear stresses and shear angle are constant over core height

g) Core height keeps constant;

h) One dimensional beam element; hence, all static parameters are only dependent on
the longitudinal control variable x;

1) Loading is transverse; ordinary differential equations (ODE's) are derived with linear
static analysis; loading is assumed to act on neutral axis;

j) BERNOULLI HYPOTHESIS is valid for each layer, but not for the cross-section of the
sandwich elements.

In contrast to sandwich theory, theory of bond slip assumes a priori rigid facings. Models
using theory of bond slip have been widely applied and developed (e.g. /Stii47/, /Hol65/,
/M6h56/, /Aic87/. Since the investigated construction method of sandwich elements
with UHPFRC facings is assumed to allow excessive cracking in the outer layers, theory
of bond slip is not discussed further.

The sandwich theory has been developed on the basis of /Rei45/, /Hof50/, /Tim51/ and
/Min51/. The basics of sandwich theory can be found in /Pla66/ and /All69/. One of the
most detailed reference dealing with sandwich constructions is the book by STAMM and
WITTE /Sta74/. The derivation of the arising equations is shown in chapter 7 and
appendix E. Due to the versatility, HORSTMANN /Hor10/ and SHAMS /Shal5b/ applied

11
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and extended the approaches by cracking of the concrete facings and additional load
cases.

2.3 Thin-Walled Concrete Structures

Thin-walled concrete members are applied for architectural and structural reasons. A
distinction is usually made between self-supporting and load-bearing elements. The
development of non-corroding FRP reinforcement, either as meshes or bars, makes it
possible to produce concrete elements with thicknesses of only a few centimetres, since
only bond requirements have to be fulfilled. Self-supporting elements, such as facade
cladding made of textile reinforced concrete (TRC), provide a durable and attractive
choice to apply innovative and thin-walled concrete elements for building envelopes.
Besides carrying self-weight, the elements transfer wind loads to structural members. In
contrast, load-bearing thin-walled concrete elements are part of the bearing structure
itself. The most common applications of thin-walled concrete elements are shell
structures. Even though, in combination with FRP reinforcement, nowadays, even small
bridges are built with only a few centimetres thickness of webs and plates (e.g. /Hel16/).
Shell structures carry external loads partly by membrane action. Examples of rotational
symmetric shell structures are cupolas (spherical shells) of halls or cooling towers of
power plants (parabolic hyperboloid). Segments of shells, such as hyperbolic
paraboloids, were built by many architects and structural engineers, e.g. by MULLER,
MUTHER, ISLER and CANDELA, to establish long-span roof elements with low weight
compared to their bearing capacity.

For beam elements made of RC or PC, which are subjected to flexural loading, the cross-
section is basically determined by span and loading. For shell elements, the stiffness and
bearing capacity mainly result from spatial load-carrying action of thin-walled cross-
sections. For the same section height 4, resulting stresses are generally smaller in shell
elements compared to beams due to the spatial load-carrying action.

Long-span curved or folded plate elements are usually produced as precast or semi-
precast elements. Examples of curved structures are cylindrical or butterfly elements or
hyperbolic paraboloids (Fig. 2.8). These elements were produced with spans of up to
50 m and thicknesses of 100 mm (e.g. /R1ih70/). Since these cross-sections usually do
not provide space for a relatively large amount of reinforcement, these elements are
often prestressed to increase load-bearing capacity and reduce deformations from
cracking and shrinkage. For these constructions, prestressing steel tendons and steel
reinforcement meshes were used. Folded plate elements carry loads mainly by in-plane
action to supporting members, such as walls or columns. Besides global in plane load-
carrying action, out-of-plane action occurs, since the loading direction is usually
perpendicular to the elements. Examples are folded plate elements with V, A or VT
shape. Results of investigations on prestressed VT folded plate elements can be found
in /Kiih68/. The thin NSC (normal strength concrete) elements (length: 18 m, width:

12
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2.4 m) were prestressed with steel strands in the bottom flanges and reinforced with steel
wire meshes.

cylidrical shell butterfly shell hyperbolic paraboloid shell
folded plate (V folded plate (A) folded plate (VT)
Fig. 2.8 Examples of curved (top) and folded plate (bottom) cross-sections

(reproduced from /Riih70/).

In the 1960’s and 1970’s, SILBERKUHL and NORMKO (association for standardised
construction and structural engineering calculations) established different design
principles and patents in Germany. For example, standardised doubly curved elements
(hyperbolic paraboloids) with spans up to 25 m and width of about 2.5 m were applied
for roofing elements. Since hyperbolic paraboloids mathematically consist of a family
of straight lines (cp. section 2.4), these doubly curved elements were produced as pre-
tensioned concrete members. In Fig. 2.9, a schematic example of the arrangement of
tendons is shown. For large spans, more than 50 tendons were used. To further increase
the load-bearing capacity, a beam was often placed underneath the doubly curved
elements in longitudinal direction.

> A > B »C
~— Prestressing tendons —
\ (pre-tensioned concrete) —
[ — | ]
" —
" —
" —

> A >B >cC
A-A: B-B

|
(
(2

Fig. 2.9 Arrangement of prestressing tendons in doubly curved concrete elements
(based on /Sta13/)

For the production of elements made of NSC, curved formwork and straight, but skew
prestressing steel tendons were used. Usually, stiff concrete was used and vibrating
beams were applied for compacting. For folded plate elements a foldable formwork
often was employed.
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The analysis procedure for thin, spatially shaped concrete elements is usually based on
shell theory (e.g. /Bil82/, /Mik70/). In the last decades, numerical models are often
applied to predict cracking and failure loads (e.g. /Pol93/).

2.4  Hyperbolic Paraboloid

Mathematically, a hyperbolic paraboloid (HP) represents a differentiable area as a
unification of a family of straight lines. In Fig. 2.10, an example of a HP with
corresponding coordinate system is shown.

Fig. 2.10 Example of a hyperbolic paraboloid shape and mathematic nomenclature

The doubly curved area may be defined by the following expression:

z:y?—x—
a
2.1)
2 L2 (
azg, b=—
z z

The scale factors a@ and b are dependent on the respective lengths and the z-coordinates
(Fig. 2.10). For given scale factors a and b lines within the doubly curved area can be
found. E.g., linear equations are used as follows:

xX=x,+ta-t, y=y,ta-t, z=z,+ta-t, teR (2.2)

By applying equation (2.2) to equation (2.1) and setting parts of #* to zero, one obtains
lines within the doubly curved shape. At the position of these lines, prestressing tendons
or reinforcement can be placed in straight lines (cp. Fig. 2.9).
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2.5 Ultra-High Performance Concrete

ULTRA-HIGH PERFORMANCE CONCRETE (UHPC) was established as further
development of REACTIVE POWDER CONCRETE (RPC), which was designed and
investigated in the late 1980’s (e.g. /Che95/, /Ric95/). The basic idea of RPC was the
minimisation of pores and micro cracks in the concrete matrix. Reactive and chemically
inert additives lead to a dense concrete matrix with low water requirements. The
maximum grain size dg is much smaller than 1.0 mm. Superplasticizers guarantee the
workability of concrete with water-binder-ratios of less than 0.35 (e.g. /Leu08/). Based
on the investigations on RPC, different mixtures, also with coarse grains, were
developed in the 1990’°s. These developments were finally leading to today’s UHPC
mixtures with uniaxial compression strengths of over 150 MPa. For these mixtures
aggregates (quartz or basalt sand or chips), quartz powder, Portland cement or blast
furnace cement, silica fumes, super-plasticizers and water are used. Usually, one
differentiates  between  fine-grained (dz<1.0mm) and  coarse-grained
(1.0<d; < 16.0 mm) UHPC /DAfStb08/. Within the priority programme 1182 of the
German research foundation, different types of fine-grained UHPC (M1Q-M3Q) and
coarse-grained UHPC (B1Q-B5Q) were developed. For details of these mixtures it is
referred to /Feh05/. Due to brittle material behaviour of UHPC, usually short fibres are
added, mainly made of high-strength steel. Steel fibres are rather applied than non-
metallic fibres, since a wide range of investigations and applications exists and only
corrosion of the fibres at the concrete surfaces occurs, which does not affect the
durability of the structure significantly /Sch08/. For standard mixtures of ULTRA-HIGH
PERFORMANCE FIBRE REINFORCED CONCRETE (UHPFRC), mainly flat steel fibres with
lengths between 9 mm and 20 mm are applied. Fibre contents between 0.5 Vol.-% and
2.5 Vol.-% lead to increased ductility. Nevertheless, with short, flat fibres, a pronounced
load increase under tensile loading is usually not achieved after first cracking.

State-of-the-art of UHPC and fibre concrete regarding production, design and durability
1s summarised in different guidelines (e.g. /AFGC13/, /DAfStb08/, /FHWAO6b/,
/FHWAOG6a/). In the last years, different designs and applications of structural elements
for building or bridge constructions using UHPFRC have been made (e.g. /Honl16/,
/Laul4/, /Leel3/, /Vool4/).

Material properties of UHPFRC vary significantly depending on mixture, fibre content
and curing procedure. Usually, uniaxial compressive, tensile and flexural strength are
determined in a similar manner compared to normal strength concrete or fibre-reinforced
normal strength concrete. Depending on the country and code, different dimensions of
test specimens are used. In general, cubes or cylinders are applied to determine the
compression strength and Young’s Modulus. For the determination of tensile strength,
two different approaches are common. On the one hand, the tensile strength is
determined by direct, uniaxial tensile tests. For these tests, often specimen with an a
priori known failure zone, in terms of notching /RILEMO1/ or varying widths over the
specimen length /Feh05/ are used. Since these tests are difficult to conduct and the
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results tend to scatter, on the other hand, often flexural testing on prisms or small beams
is applied. Beams in four-point bending /DAfStb10/,/DBV01/ or notched beams in three
point bending /RILEMO02/ are used to determine flexural strength and crack-mouth
opening displacement (CMOD). With small prisms (e.g. 40x40x160 mm?), usually only
the flexural strength is derived. The tensile strength /¢ can be determined from flexural
tensile strength f..n (e.g. /AFGC13/). UHPFRC usually shows a high tensile strength
already after one day, i.e. a high bond strength, which makes applications to pre-
tensioned concrete members efficient (e.g. /Ber12/).

2.6 Core Materials for Sandwich Sections

The core material plays a key role for the structural performance of sandwich panels.
Without sufficient material characteristics, the load transfer between the different layers
is harmed and sandwich action cannot be developed, especially in case of flexible shear
connectors or without shear connectors. The most important requirements are low
weight, sufficient stiffness and strength as well as physical properties, such as heat or
sound insulation. Especially the stiffness perpendicular to the outer facings as well as
shear stiffness and strength control the load carrying mechanisms. In comparison to the
outer layers made of concrete or steel, core materials show small stiffness and strength.
These stiffnesses and strengths are controlled by the composition of materials used for
the core layer. On the one hand, homogenous foam cores and on the other hand textured
cores, €.g. honeycomb structures, are applied. Since textured cores do not play a key
role for sandwich panels applied in building industry /Horl0/, subsequently, only
homogeneous core material is shortly discussed.

For sandwich panels in building industries, usually synthetic foam (organic) or mineral
rock wool (inorganic) are applied. As synthetic foams, usually polystyrene and
polyurethane (PU) are applied. Polystyrene is either expanded by moulding (EPS) or
extruded (XPS). The density of EPS is usually in the range of 15-30 kg/m? and of XPS
about 25-50 kg/m*. EPS and XPS show a heat transmission value of roughly 0.030-
0.040 W/(m-K). In contrast, PU holds a density in the range of 30-100 kg/m? and a heat
transmission value of 0.024-0.030 W/(m-K) /Pfu07/.

For sandwich panels with concrete facings, usually the FACE-DOWN-METHOD or FACE-
UP-METHOD using pre-fabricated slabstock foams are applied (cp. section 2.2.1). In this
study, the production method was changed to foaming in pack of hardened concrete
layers (cp. sections 2.2.1 and 3.5). For this purpose, polyurethane was applied, since it
can be handled without moulding or extrusion process in a precast plant.

PU usually consist of polyol, isocyanate as well as blowing agent and activators to
control the chemical reaction. Different properties can be achieved by different mixing
ratios of the components. Generally, PU is either produced by moulding, spraying or
pouring. The reaction, i.e. expansion, of the components starts shortly after mixture of
the components. Thick PU elements can heat up to 150°C during the foaming process
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/Dav01/, /Shal5b/ since the chemical reaction is exothermic. Depending on the
production process, the materials show anisotropic material behaviour. PU decomposes
at temperatures of 250°C. To increase the heat resistance of up to 350°C,
polyisocyanurate modified foams (PIR) were developed. The production process is
more complex, since the chemical reaction requires 40-45°C /Shal5b/. The structure of
the hardened foam shows closed cells filled with blowing agent. This leads to excellent
insulation properties /Dav01/.

A detailed summary of production techniques, composition and material behaviour of
PU, EPS, XPS and mineral rock wool can be found for example in /Dav01/, /Pfu07/,
/Hor10/ or /Shal5b/.

2.7 Reinforcement Made of Fibre Reinforced Polymers

In the last decades, FIBRE REINFORCED POLYMER (FRP) has been developed for a wide
range of applications in different fields, such as automotive, aerospace, sports or
structural engineering /Jia08/. FRP consists of either carbon, glass or aramid fibres and
a resin for impregnation. Usually, thermosetting resins, e.g. polyester, epoxy or
vinylester, are used /ACI04/. The properties and characteristics of resins can be
controlled only with little limitation. Hence, a generalisation of properties of FRP is
practically not possible /ACIO4/. CARBON FIBRE REINFORCED POLYMER (CFRP)
provides advantages for many applications compared to other FRP materials. It usually
holds usually higher strength and Young’s modulus as well as better durability
properties compared to FRP using glass or aramid /ACI04/. Subsequently, the basic
characteristics and properties of reinforcement and prestressing tendons made of CFRP
are described.

CFRP reinforcement provides a high uniaxial strength, light weight and is non-
corrosive, among others. It is available as bars, grids, plates or tendons /ACI04/.
Tendons are also made as seven-wire strands, as known from steel prestressing
members.

CFRP reinforcement and tendons have been investigated in terms of material testing,
development of anchorage systems (cp. section 2.8), bond to concrete and structural
performance (e.g. /Lu00/, /Mah99/, /Nan96/, /Riz12/, /Sou97/, /Ter13/). Typical
material properties of the final product are uniaxial tensile strengths of about
2.000-3.500 MPa, corresponding ultimate strain of 15-20 %0, Young’s moduli of
150,000 MPa and density of about 1.5 g/cm?® /ACI04/, /CEBO7/. Usually, the carbon
fibre content is about 65 %. Under tensile loading, CFRP reinforcement shows a linear
elastic material behaviour, without pronounced yielding. The failure is usually rather
abrupt, only signalised by cracking noise. Generally, it can be stated that the application
of CFRP prestressing tendons reduces the transfer length up to 50 % compared to steel
strands due to the relatively rough surface of CFRP (e.g. /Sou97/, /Lu00/, /Ter13/,
/Stal3/). Relaxation loses at room temperature are usually less than 1% (100 h).
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According to /ACIO04/, the jacking stresses should be kept below 65 % of ultimate
strength of the CFRP tendons to avoid creep rupture.

Since the 1990’s, different design guidelines for FRP-reinforced or prestressed concrete
members have been released, e.g. /JSCE97/, /ACI104/, /CEB07/, /CAN12/. In these
guidelines recommendations regarding material selection, testing, flexural and shear
design in ultimate limit state well as requirements in serviceability limit state are
proposed. Since there is no standardisation of production methods and final products,
considerable engineering effort is required /ACI04/. CFRP is not yielding in the well-
known manner of steel reinforcement and thus the design is strain-controlled.

2.8 Anchorage Systems for FRP reinforcement

The high uniaxial tensile strength of CFRP is accompanied by a pronounced sensitivity
to lateral pressure perpendicular to the longitudinal direction. Hence, the goal of
anchorage systems is to reduce the lateral pressure, while providing sufficient anchorage
action. Generally, three different types of anchorage systems are used. For building
practice in a precast plant, the reusability of anchorage systems is relevant. Thus,
systems using resin to provide the anchorage (Fig. 2.11, bottom) are not discussed
further. Other systems use clamping or wedge action (Fig. 2.11, top). Reusable clamping
anchorages are usually difficult to assemble and often do not provide sufficient
counteraction for lateral pressure.

Clamping anchorage Split wedge anchorage
bolts conical socket
FRP rod steel plates f FRP rod wedges
Straight sleeve anchorage (resin) Contoured sleeve anchorage (resin)

sleeve conical socket

fFRP rod f FRP rod

resin resin

Fig. 2.11 Different types of anchorages in dependence on /ACI04/

Wedge anchorages consist of a barrel and two or three wedges. To reduce the lateral
pressure, different approaches can be used. The inner surface of the wedge is usually
rather smooth compared to wedge anchorages for steel tendons. The wedges are often
made of aluminium, which provides less hardness (e.g. BRINELL) compared to steel
wedges. Approaches using different gradients or curvatures for wedges and outer barrels
have been investigated (e.g. /Al01/).
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2.9 Conclusions

Innovations and developments of high performance materials provide the basis for
design flexibility of modern building envelopes. In combination with the well-known
principle of sandwich construction, light cross-sections with thin UHPFRC facings are
possible. The slenderness of constructions is limited by deflection, cracking of the
concrete layers and performance until maximum loading. To increase the stiffness and
load-bearing capacity, it seems reasonable to apply folded plate or doubly curved
elements made of high-performance materials to sandwich panels. These innovative
structural panels can provide efficient precast elements which fulfil several properties at
the same time. Besides high stiffness and bearing capacity, these elements provide heat
and sound insulation. Additionally, large elements can be easily mounted due the
relatively light weight. To provide the background for the development of long-span
sandwich panels, in the following chapters, the materials and interaction of materials
were analysed by experimental and theoretical investigations.
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3 Background of Experimental and Numerical Investigations

3.1 Preface

In the following chapters, experimental and numerical investigations have been
performed to develop and analyse spatially shaped load-bearing sandwich elements. The
experimental studies have been conducted consistently with the same material
combinations and production methods for prestressed sandwich panels (section 3.2-3.5).
In the same manner, numerical simulations have been performed using the same solution
techniques and assumptions for material models (section 3.6) consistently for all
investigations.

3.2 Applied Materials

3.2.1 Concrete

All concrete specimens were fabricated with the same fine-grained mixture of UHPFRC
(in dependence on M3Q, cp. section 2.5), developed within the priority programme
1182 of the German Research Foundation /SPP05/. In Table 3.1 the composition of the
applied UHPFRC mixture is summarised.

Table 3.1: Mixture of UHPFRC

Material Quantity [kg/m?]
Cement Cem | 52,5 R HS-NA 825.0
Silica fume 175.0
Quartz powder W12 200.0
Sand 0.125 - 0.5 mm 975.0
Steel fibres (0.9 Vol.-%) 70.7
Water 175.0
Superplasticizer 27.5

The maximum grain size of this mixture is 0.5 mm, which accounts for pouring of
UHPFRC for thin elements. High strength steel fibres (fy > 2200 MPa) with a length of
9 mm and a diameter of 0.15-0.17 mm (tolerances) were added to the mixture. The steel
fibre ratio was chosen to 0.9 Vol.-% leading to an enhanced ductile behaviour and good
pouring quality. Higher ratios do not necessarily result in significantly better ductility
and bond behaviour of strands /Berl2/, but to ineffective pouring, since local
conglomerations of fibres often take place without proper bond to the concrete matrix.
For the application in sandwich panels, steel fibres were used rather than non-metallic
fibres, since a wide range of experience exists and only corrosion of the concrete surface
occurs, without significant effect of the durability of the structure /Sch08/. For future
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3 Background of Experimental and Numerical Investigations

investigations and applications, the applicability and workability of non-metallic fibres
should be considered.

All specimens were cast without external vibrators. The slump flow /DIN09/, /DIN10b/
of the mixture was about 800-900 mm. Further investigations on the fresh concrete have
not been conducted. The properties of the hardened concrete were determined in
accordance with /DIN00O/ and /DINO5/. The uniaxial compression strength (cube,
150x150x150 mm? was about 170 MPa and the Young’s Modulus (cylinder, @150 mm,
height: 300 mm) was about 45,000 MPa after 28 days. After one day of concrete
hardening, a uniaxial compression strength of about 65 MPa and a Young’s modulus of
about 32,000 MPa were observed. The flexural tensile strength (prism, 40x40x160 mm?)
was approximately 6-7 MPa after one day and 18-20 MPa after 28 days.

3.2.2 Reinforcement and Shear Connectors

The aim to provide thin concrete facings for sandwich panels excluded the usage of steel
reinforcement at this point of the investigations. Due to the high tensile strength and
corrosion resistance, CARBON FIBRE REINFORCED POLYMER (CFRP) was applied in the
investigations for rebars or prestressing tendons as well as for shear connectors between
the outer concrete facings.

A CFRP single bar and a CFRP seven-wire strand were investigated as prestressing
tendons (Fig. 3.1 a) and b), CFCC (carbon fibre composite cable) from Tokyo Rope
Ltd.). In the production process, PAN-based carbon fibres (polyacrylonitrile) and epoxy
resin are used. From multiple pieces of prepeg, i.e. pre-impregnated fibres as semi-
hardened tows, are bundled. Afterwards, these bundles are coated and formed into rods
/ACI04/. For multiple-wire strands, these rods are stranded and formed into a tendon
/ACI04/. In the last step, the bars or multiple-wire strands are heated and cured. The
coating enhances the bond strength to concrete and protects the reinforcement bars and
tendons from UV radiation and mechanical damage /ACI04/.

For the investigated bar and seven-wire strand, the maximum tensile strength and
Young’s moduli were determined by experimental testing. Further investigations on
material properties have not been performed.

The general material properties, given by the manufacturer (Tokyo Rope Ltd.) are listed
in Table 3.2.
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3.2 Applied Materials

Table 3.2: Material properties of CFRP reinforcement given by the manufacturer

Designation Diameter Eff. cross-sectional Guaranteed Young’s Modulus
[-] [mm] area [mm?] capacity [kN] [GPa]
o U 5.00 5.0 15.2 38 167
W 7750 75 31.1 76 155

From guaranteed capacities, calculated stresses are about 2,500 MPa for the bar
(@5 mm) and 2,440 MPa for the seven-wire strand (7.5 mm). In conducted tensile
tests, the CFRP bar and seven-wire strand reached maximum stresses of 3,200 MPa and
2,650 MPa using the developed wedge anchorage (cp. section 3.3). The Young’s moduli
of both types of CFRP were determined to 165 GPa and 150 GPa for bar and strand,
respectively.

The Poisson’s ratio of CFRP usually varies between 0.02 and 0.27 /CEBO07/. The thermal
expansion in transverse direction is about 10 to 40 times higher than in longitudinal
direction /ACI04/, /CEBO7/. Experiments at 100°C (212°F) showed a reduction in
ultimate limit strength of 20 to 40 % /CEBO7/. For the application of CFRP in buildings
or bridges, these facts have to be considered. Relaxation losses from jacking stresses are
about 0.5 to 1.0 % at 102 h for seven-wire strand /ACI04/. This value is about three to
five times smaller compared to steel stands.

Fig. 3.1 a) CFRP bar, b) CFRP strand, c) CFRP shear grid (C-Grid®) cut under 45°,
d) GFRP pin connector (Thermomass®)

In general, shear connectors between concrete facings increase the load-bearing capacity
of sandwich panels. The application of non-metallic shear connectors causes less
thermal bridges in the cross-section than commonly used metal connectors.
Furthermore, the connectors can be used for different purposes. The main reason for an
application is to bear shear loads, induced by shrinkage of the facings, thermal
expansions or bending of the elements. SHAMS /Shal5b/ used shear connectors also as
spacers between the inner and outer concrete facings before the panels were foamed
with PU mixture (cp. section 3.5). These connectors can partly carry tensile forces
during the foaming process /Shal5b/. In the current investigations, mainly continuous
shear connectors were applied. Testing of the material characteristics of shear
connectors was not carried out, since a wide range of experiences exists (e.g. /Hor10/,
/Shal5b/).
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3 Background of Experimental and Numerical Investigations

For the application in small-scale test specimen and flexural tests on flat elements, an
epoxy coated mesh-like textile was cut under 45° to sustain shear loads (Fig. 3.1, ¢)).
The grid spacing is 45 mm in 0°-direction and 40°mm in 90°-direction. The
corresponding cross-sectional areas are 40.4 mm?*m and 45.4 mm?m. The Young’s
modulus is about 200 GPa with a tensile strength of about 2,300 MPa to 2,600 MPa, in
0°-direction and 90°-direction, respectively. Glass-fibre reinforced polymer (GFRP)
pin-connectors (Fig. 3.1, d)) were applied for test purposes in small-scale specimen.
These connectors have a tensile strength of 950 MPa and elastic modulus of about
40 GPa under tensile loading and 30 GPa under flexural loading. The cross-sectional
area in the anchorage zone is about 25 mm?.

3.2.3 Core Material

The PU core used in the experimental studies is a mixture of two components, which
exhibits a density of about 90 kg/m?. The mechanical properties of the PU foam were
determined by tensile, compressive, and shear tests, according to /DIN13b/, /DIN13c/,
/DIN13d/ (Fig. 3.2).

Tensile test Compression test Shear test
Positioner,
o Fo_ v F Steel i F
Load-distributing Pin-joint K
platens \ E 45 4k
Test Tw T Tw T
specimen o ] /,/ o
15> I 159 T~ Test A4 « 20, ™
: . specimen G i
B L
Adhesive (! =
[cm]
F
Specimen depth = 15 Specimen depth = 15 Specimen depth =5
Fig. 3.2 Tests on PU to determine material characteristics

The compressive strength was approximately 950 kPa with a Young’s modulus of
32,000 kPa. The tensile strength was measured to 580 kPa with a Young’s modulus of
42,000 kPa. Under shear load, the strength was determined to 570 kPa with a shear
modulus of 11,500 kPa. All material properties had relatively low standard deviations
of less than 15 %.

3.3  Developed Anchorage for CFRP Reinforcement

In section 2.8, examples of anchorages for CFRP reinforcement were exemplarily
presented. Based on these findings, a reusable anchor technique was developed to
provide an easy way of pre-tensioning CFRP reinforcement in the laboratory. Since a
bar and a seven-wire strand were applied, a solution was preferable, which fulfilled the
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3.4 Prestressing and Casting of Thin UHPFRC Facings

demands of both shapes. The CFRP bar has a relatively smooth surface with a circular
cross-section, whereas the seven-wire strand shows a geometrically non-smooth surface.

For simplicity of preparation, a wedge anchor was used rather than clamping anchor,
consisting of three aluminium wedges in a steel barrel. To increase friction between the
CFRP tendons and the aluminium wedges and to provide a circular and smooth cross-
section, especially for the seven-wire strand, a resin was applied on the CFRP
reinforcement. The resin consisting of two components (polymerisation catalyst: methyl
methacrylate and monomer: methyl acrylic ester) was cured, i.e. hardened, before
placing the wedges. The finals design is depicted in Fig. 3.3. The only difference in the
anchorages for bar and seven-wire strand were the inner diameters of the steel barrels.
The outer diameter of the barrel was 35 mm.

barrel
wedges
CFRP
N~
o
N~
1 S
Y 80.0 , resin
. 90.0 100, ]
Fig. 3.3 Developed wedge anchor

With the developed anchors, stresses of 3,200 MPa and 2,650 MPa could be applied in
tensile tests on CFRP bars and seven-wire strands, respectively.

3.4  Prestressing and Casting of Thin UHPFRC Facings

For all UHPFRC members with CFRP reinforcement orientated parallel to the
longitudinal axis of the members, i.e. tests on the transfer length (cp. chapter 5) and flat
as well as folded plate facings (cp. chapter 7), the standard configuration of prestressing
bed in the laboratory was used in combination with developed anchorages
(cp. section 3.3) and adjustment screws. In section 2.4 it was discussed that for given
hyperbolic paraboloid shapes, straight lines can be found. These lines are straight, but
skew to each other. Hence, for investigated doubly curved elements the standard
prestressing bed could not be used. Instead, a stiff frame was set up to allow for skew,
but linear configuration of reinforcement (Fig. 3.4). Hollow piston cylinders were
applied for jacking at each CFRP tendon. Additionally, adjusting screws were used to
ensure correct positions of tendons. The tendons were placed about half the diameter up
for one diagonal direction and down for the other diagonal direction. With this method
it was ensured that the tendons did not bend at the crossing points. In case of elements
without prestressing, wedge anchors and adjusting screws were applied for straight
alignment of the coiled CFRP rebars.
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3 Background of Experimental and Numerical Investigations

Fig. 3.4 Developed prestressing frame for doubly curved elements: lllustration of
frame with prestressing tendons (top), details of skew, but straight
tendons (bottom left) and inclination of hollow piston cylinders (bottom
right)

For all elements with area by area straight edges, the formwork was placed in a standard
way. Folded plate elements were cast from top flange in a closed formwork. For doubly
curved elements, a closed formwork was set up using the principle of straight but skew
lines. A thin medium density fibreboard (MDF) was placed in strips of 50 mm width on
wooden frames (Fig. 3.5, left). These frames were shaped like the corresponding top or
bottom surface at the particular position. Afterwards, a filler was applied on top of the
MDF to provide a smooth surface (Fig. 3.5, right), which is impermeable to water. The
elements were cast upside down to avoid discontinuities from casting at midspan
(highest position) of the elements. Therefore, at both ends openings were provided to
cast in the UHPFRC. Thus, the resulting discontinuities were placed close to the
supports, which did not negatively affect structural performance. The UHPFRC mixture
was cast from only one side until the formwork was filled up. Hence, ventilation was
guaranteed and smooth surfaces with only small air inclusions were producible.

26



3.5 Production Method for Sandwich Elements

During construction Finished part of formwork

openings for
_ casting of UHPFRC

filler

Fig. 3.5 Formwork for doubly curved elements

After one day of concrete hardening and stripping of the top side of the formwork, the
prestressing forces were released. Afterwards, the elements were turned into final
position.

3.5 Production Method for Sandwich Elements

The production method of sandwich sections has a remarkable influence on the quality
of the bond zone and consequently on the load-carrying behaviour. Commonly, for
sandwich sections with rigid layers, such as concrete facings, multistage processes are
applied. In general, one concrete layer is cast and a prefabricated slabstock foam is
pressed into the fresh concrete. Afterwards, the second layer is concreted on top. Besides
deformations from shrinkage of the concrete layers under different drying conditions, a
repeatable high bond quality cannot be achieved and curved or folded plate cross-
sections are only to be enabled with high effort (cp. chapter 2).

In order to address these issues, a new production method based on investigations
conducted in /Shal5b/ and /Shal5a/ was applied for all test specimens. Adapted from
steel sandwich sections, a polyurethane (PU) mixture was foamed in pack between two
hardened concrete layers. With this method, various shapes of cross-sections can be
generated and a repeatable high bond quality was aimed.

The production process was carried out in the following steps (Fig. 3.6):
a) Casting of UHPFRC for prestressed or reinforced (CFRP) facings;

b) Stripping formwork and fixing of hardened concrete facings in a special wooden
formwork (covered with foil);

¢) Mixing of PU components and pouring between both UHPFRC facings;

d) Closing the wooden formwork; the mixture expands within a few seconds.
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3 Background of Experimental and Numerical Investigations
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Fig. 3.6 Schematic illustration of the production procedure of sandwich elements

Afterwards, the formwork can be removed.

In contrast to investigations conducted in /Shal5b/ (cp. Fig. 2.4 and Fig. 2.5), the
mixture was also poured in for large-scale elements. In Fig. 3.7, the production
procedure for doubly curved sandwich panels is exemplarily shown. After weighing the
two components for the reaction mixture of PU and preparing of formwork with
hardened UHPFRC facings, the PU mixture was poured in. The braced wooden
formwork was closed and a counterweight was applied to withstand the pressure from
expansion of the PU mixture.

PU reaction mixture Prepared formwork Pouring of PU Closed formwork

FErem swem gy
=

Fig. 3.7 Production procedure for large-scale sandwich elements

For the production of the elements, no special treatment of the UHPFRC surfaces was
applied.

3.6 Finite Element Modelling

3.6.1 Preface

Non-linear numerical investigations were performed during the development of
sandwich panels with UHPFRC facings. The numerical investigations have been
performed with the finite element environment ABAQUS /Abal4/ using non-linear
models for materials. For each investigation step, the test specimens have been modelled
and the results of the calculations were validated with experimental data to evaluate the
applicability of the provided material laws for the materials.
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3.6.2 Modelling

The numerical investigations were performed using 3D models. When applicable,
symmetry of geometry and loading was utilised, i.e. only half or a quarter of the test
specimen was modelled using appropriate support conditions. In all cases, 8-node
volume elements with reduced integration were applied for concrete, loading plates and
PU foam. The reinforcement was idealised as truss members with rigid bond to the
surrounding concrete. Only in case of bond investigations, the reinforcement was
modelled discretely using volume elements.

All models were simulated using the implicit solution technique of NEWTON RAPHSON
procedure. The element size was adapted in dependence on the size of investigated
member. General solution controls were set for brittle material behaviour, 1.e. Ry* = 0.01
(residual control), Cy,* = 1.0 (solution correction control) and /o = 8 as well as Ir = 10
(discontinuous analysis).

For load applications and supports, linear elastic steel plates were modelled for flat test
specimens and adjusted elastic UHPFRC elements were assembled continuously over
the width for the folded plate and curved elements. The single UHPFRC facings of the
were prestressed in a separate simulation and the resulting stresses were imported in a
second simulation to investigate the flexural behaviour.

3.6.3 Material Model for Concrete

3.6.3.1 Damage Plasticity Model

Concrete shows a non-linear behaviour under tensile and compressive loading
conditions. Different approaches to account for the non-linear material behaviour are
widely used. Especially for bending stress states, the DAMAGE PLASTICITY MODEL fulfils
the demands to predict the material behaviour of concrete members /Abal4/. Within the
model, a smeared cracking approach in combination with scalar damage is used. This
model is incorporated in the non-linear finite element software ABAQUS /Abal4/.

The model uses uniaxial stress-strain relationship for tensile and compressive behaviour
(Fig. 3.8). Exceeding the linear-elastic capacity, strain softening occurs under tensile
loading, while under compression at first strain hardening can be observed, followed by
strain softening. Releasing the load results in different stiffness, i.e. Young’s Modulus,
which is covered by scalar damage parameters d; and d.
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Fig. 3.8 Schematic stress-strain relationships: tensile (a) and compressive (b)

stress with strain softening and hardening (reproduced from /Aba14/)

Linear and plastic behaviour is described by the yield criterion /Lub89/, /Lee98/, which
represents an area in the principal coordinate system. This area is dependent on the ratio
of biaxial and uniaxial compressive strength fio/fco and the shape factor K., which
describes the deviator plane (Fig. 3.9 (a)). After reaching the maximum tensile strength,
the yield surface is reduced due to softening. Under compressive loads, strain hardening
increases the yield surface, which is followed by a reduction of the yield surface at high
stresses. The damage parameters control the equivalent plastic strains and hence, the
change in yield surface. The direction of the strain vector is described by the yield
criterion (Fig. 3.9 (b)). The incorporated damage model uses non-associated plastic
flow, i.e. the flow potential is independent of the yield criterion. This results in a non-
symmetric material stiffness matrix. The direction of strain increments is perpendicular
to the surface of the flow potential. The invariants p and ¢ describe the direction of
hydrostatic and deviator stresses (Fig. 3.9 (c)). The eccentricity ¢ characterises the
convergence of the potential function to the asymptote in the vicinity of low hydrostatic
pressure. In case the eccentricity tends to zero, the potential function correlates to a
straight line with the gradient ¥, as for the typical DRUCKER-PRAGER function. At high
hydrostatic pressures, the potential function approaches a straight line with gradient ¥.
In general, the dilatancy (shear thickening) describes the increase in volume under shear
loads.
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Fig. 3.9 Yield surface (a) in deviator plane corresponding to different values of K.,

(b) in plane stress and (c) potential function in meridional plane (in
dependence on /Aba14/ and /Kue15/)

3.6.3.2 Determination of Parameters for Damage Plasticity Model

The input values for uniaxial tensile and compressive behaviour were determined by
theoretical approaches considering the material properties. For tensile behaviour a
stress-displacement (crack-width) relationship was used rather than a stress-strain
relationship, since validated theoretical approaches exist and mesh-size dependencies
are decreased /Abal4/. Approaches by HILLERBORG /Hil76/, BEHLOUL /Beh96b/ and
LEUTBECHER /Leu08/ have been examined for the applied UHPFRC mixture with
0.9 Vol.-% steel fibres. Since only flexural material testing on UHPFRC was carried
out, further investigations were performed to determine the uniaxial tensile strength and
fracture energy (cp.chapter 4). From this, the approach by HILLERBORG with
exponential softening was used (Fig. 3.10, cp. chapter 4). The uniaxial tensile strength
was determined to fo=5.0 MPa and fracture energy Gr=2.5 N/mm. The damage
parameter di was derived as the normalised reciprocal relationship of the tensile stress-
displacement relationship (Fig. 3.10).
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Fig. 3.10 Tensile stress and tensile damage parameter over the crack width
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Theoretical relationships for the uniaxial compressive stress-strain relationship of
concrete are often based on /Sar71/. The formula is simplified in /CEB90/
(equation (3.1)), with the ductility parameter set to zero.

0= f T

¢ 1+ (k=-2)-n
= L 3.1
n . (3.1)
k= EL;(, 8(1

According to /Feh05/, it is proposed to apply &1 =4.0 %o and n = 1.0 to account for the
different material behaviour of UHPRC compared to NSC or HSC. Other models can
be found in literature (e.g. in /Maj03/ or /Bal97/) and are not discussed further.

The applied compression stress-strain relationship is shown in Fig. 3.11 and was
determined according to /Sar71/ with modification by /Feh05/ (cp. equation (3.1)). The
compressive strength fc .y and Young’s modulus E: were derived from material testing
to fccyt = 150 MPa and E. = 45,000 MPa. Poisson ratio was set to v=10.2.
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Fig. 3.11 Compression stress-strain relationships

Tests on UHPFRC cubes under multiaxial compression and tension have been
conducted by SPECK /Spe07/. It was shown that the average ratios of biaxial to uniaxial
compressive strength owo/owo are about 1.0 (coarse-grained) to 1.08 (fine-grained). In
contrast, for NSC usually 1.16 is taken into account.

In Table3.3 the applied parameters of the DAMAGE PLASTICITY MODEL
(cp. chapter 3.6.3.1) used for fine-grained UHPFRC (M3Q) are shown.
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Table 3.3: Parameters for the Damage Plasticity Model

Dilatation v  Eccentricity ¢  ovo/oco Ke
[°1 [-] [-] [-]
30 0.10 1.08 0.67

In /Kuel5/ the applicability of a DAMAGE PLASTICITY MODEL for UHPFRC material
samples was shown for different stress states, i.e. tensile, bi-axial compressive and
flexural loading.

3.6.4 Material Model for CFRP

Pre-tensioned bars and strands as well as rovings of the shear grid are mainly subjected
to pure tension. To minimise the complexity of numerical models, the anisotropic
material behaviour of all CFRP components was neglected. In accordance with
HORSTMANN /Hor10/, an isotropic linear-elastic material behaviour with failure at
maximum tensile strength was assumed. For the bar, strand and shear grid, the maximum
strength and Young’s moduli were applied in accordance with information given in
section 3.2.2. Poisson’s ratio was set constantly to 0.2 /ACI04/, /CEBO7/.

3.6.5 Material Model for PU-foam

The bearing behaviour of sandwich panels is greatly affected by the core material. The
anisotropic material behaviour of foam, such as polyurethane (PU), cannot be neglected
in general. Within the finite element environment Abaqus /Abal4/ this material
behaviour can be simplified by the material law CRUSHABLE FOAM in combination with
an isotropic and elastic material behaviour. In /Hor10/ it was shown, that results using
this approach were in agreement with test results from flexural tests on sandwich
sections with TRC-facings.

The elastic part follows the general assumption of HOOKE’s law, i.e. the shear modulus
can be determined from Young’s Modulus and Poisson’s ratio, even though Poisson’s
ratio of foam materials is sometimes outside the range of 0 < v< 0.5 /Hor10/. In the case
of PU in /Hor10/ values of v in the range of 0.33 up to 2.0 were shown, depending on
the density of the core material. For the own investigations, Poisson’s ratio was set to
0.41 to account for the relationship of Young’s modulus and shear modulus. For the
plastic state the CRUSHABLE FOAM material law was applied. The volumetric hardening
approach presumes that the yield stress is mainly dependent on compressive stresses.
The plastic behaviour is represented by a MISES-circle and an ellipse in meridian
direction (Fig. 3.12). Key parameters are the yield points under uniaxial compression
stress, hydrostatic compression stress and hydrostatic tensile stress. For the applied PU
foam, no test results under hydrostatic stresses exist. Hence, the recommendations from
HORSTMANN /Hor10/ were applied, using a compression yield stress ratio of 2.0 and the
hydrostatic stress ratio of 1.0.
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Fig. 3.12 Yield surface and flow potential of CRUSHABLE FOAM material law

(reproduced from /Aba14/)

The stress-strain relationship of yield stress under compression was derived from
material testing (cp. section 6.4).

HORSTMANN additionally applied the material model SHEAR DAMAGE to further account
for a shear failure of the core material. For this model the fracture strain, shear stress
rate and strain rate, which is a time-dependent variable, have to be provided. For time-
independent analysis, the criterion reduces to the shear stress rate, which is the ratio of
Mises-stress ¢ and maximum shear stress zmax. In the investigations conducted by
HORSTMANN, the approach led to a premature compressive failure of the core in the
vicinity of the supports. In the own investigations, the core material showed a relatively
high density, compared to foams investigated by HORSTMANN. For the own
investigations in this thesis, the criterion was applied for test purposes and did not have
any influence on the results.

3.6.6 Modelling of Interface UHPFRC-PU

The quality of the interface between facing and core material mainly controls the bearing
behaviour of sandwich sections, especially for cases without any additional shear
connectors. Hence, an appropriate modelling of the interface zone between UHPFRC
and PU core material is a necessary condition. Generally, approaches using springs,
cohesive interface or rigid bond are available to model the bond zone.

Rigid bond assumptions usually result in an overestimation of the maximum load and
an underestimation of the deflection, since the load-deflection response is only governed
by cracking of concrete, failure of reinforcement and deformation or failure of the core
material. Spring models are usually a basic approach to model a yielding bond zone.
However, extensive calibration is necessary, since non-linear spring stiffnesses cannot
directly be determined from small-scale tests. By means of a cohesive interface, the
complex delamination process of the interface zone can be modelled. This approach was
successfully used in /Hor10/ to characterise the interface of sandwich elements with
TRC layers.
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Since the non-linear finite element simulations were intended to model the load-
deflection response of prestressed sandwich panels, a cohesive interface was applied to
account for possible failure of the bond zone. For this purpose a traction-separation
relationship was used, which is shown schematically in Fig. 3.13. The nominal traction
stresses t are dependent on the separation 6.

traction ¢

2
A WY [
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Fig. 3.13 Traction-separation relationship (left) and quadratic failure criterion
(right) (reproduced from /Aba14/ and /Hor10/)

The failure criterion was assumed as a quadratic relationship (sphere) of bond strengths
#: in different directions (n: normal, s and ¢: shear). The failure criterion is defined in
equation (3.2) and Fig. 3.13. The MACAULAY bracket indicates, that compressive
stresses do not contribute to the damage criterion.

<t > 2 2 2

t t

tn,O ts,O tt,O
The stiffness reductions after exceeding maximum bond strengths was modelled by
“damage evolution”. After failure of elements, it is possible to provide a friction law for

the transmission of bond stresses. The bond strengths were derived from tests on small-
scale specimens under tensile and shear loading (compare chapter 6.3).
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4 Development of Simplified Approaches for UHPFRC
Members under Flexural Loading

4.1 Preface

The maximum flexural capacity of conventional RC members is usually determined by
neglecting concrete tensile stresses and assuming a stress block over the height of the
compression zone. Generally, yielding of steel reinforcement is assumed and from
equilibrium of axial forces, the height of the compression zone and thus the flexural
capacity are determined. For fibre reinforced concrete, often a stress block over the
height of the tension zone is additionally introduced as an estimate to account for crack-
bridging effects of fibres (e.g. /DAfStb10/). This smeared approach of fibre contribution
is usually sufficiently accurate in the ultimate limit state. Nevertheless, all of these
assumptions result in insufficient accuracy when it comes to the determination of
moment-curvature or load-deflection relationships. In case of ultra-high performance
fibre reinforced concrete (UHPFRC), even short fibres lead to a pronounced post-peak
behaviour, which varies over the height of a member for increasing load.

In this chapter, based on existing, theoretical approaches for concrete under tensile
loading, general solutions for UHPFRC under flexural loading are derived in terms of
moment-curvature and load-deflection relationships. With the aid of these solutions, the
tensile strength and the fracture energy of UHPFRC were determined from material
samples under flexural loading. Additionally, solutions for moment-curvature
relationships of UHPFRC members with pre-tensioned CFRP reinforcement are
presented.

4.2 Approaches for Concrete under Tensile Loading

For theoretical and numerical investigations on concrete members, knowledge about the
material behaviour is essential. Especially for UHPFRC, the behaviour under tensile
loading has to be described accurately since even short fibres lead to crack-bridging
effects. Hence, tensile stresses can still be carried even for crack widths of a few
millimetres.

Theoretical relationships for the uniaxial tensile behaviour or determination of fracture
energy of concrete have been introduced by different researchers, e.g. HILLERBORG
/Hil76/, BEHLOUL /Beh96a/, /Beh96b/, FEENSTRA /Fee96/, WANG /Wan0Ol/ and
LEUTBECHER /LEU12/, or can be found in guidelines, e.g. MODEL CODE 1990 /CEB90/
or MODEL CODE 2010 /CEB12/. These models vary in complexity, accuracy and
easiness of application. The most convenient way is to describe the tensile stresses as a
function of crack widths in a smeared cracking approach. Subsequently, two models are
shown in particular.
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4 Development of Simplified Approaches for UHPFRC Members under Flexural Loading

In 1976, HILLERBORG proposed the fictitious crack model /Hil76/, a fracture model for
concrete using fracture energy. He distinguishes two crack regions. On the one hand the
physical crack region, where cracking process is completed, hence, stresses cannot be
propagated anymore. In this region, crack opening displacement (COD) is high, but
constant, and stress and displacement show discontinuities. On the other hand, the
fracture process zone (FPZ), which is located in the physical crack region, where cracks
are initiated and propagating. The peak stress at crack tip corresponds to the uniaxial
tensile strength. Stresses are continuous and displacements are discontinuous. The
cracks are propagated in FPZ in case stresses reach the uniaxial tensile strength. While
propagating, the stresses do not become zero. Hence, stress at any point can be
calculated.

The model assumes a linear elastic material behaviour until maximum tensile strength
1s reached. In case the deformations are related to the widths of the FPZ, the tensile
behaviour can be expressed by a stress-displacement relationship. The deformations are
represented by the crack width of a fictional crack /Hil76/. The relationship of tensile
stress ot and crack width w is controlled by the tensile strength of concrete fcm and
fracture energy Gy, which is the integral of the ow-w relationship. Hence, Gris the energy
needed for a complete separation of a structural member. HILLERBORG proposed
different tensile stress-displacement relationships /Hil76/. For these approaches the
tensile strength fcim has to be known a priori. A common assumption is an exponential
relationship, similarly shown by /Fee96/:

o

o T fctm ' e*W/Wl (41)

The constant parameter w) is always the ratio of fracture energy Gr and tensile strength
Jfetm as shown in equation (4.2).

o0 00

Gf = _[Gct (W)dW = fclmJ' e_W/Wl dw = fctm "W
0 0
) 4.2)
=5 W=

S

For normal strength concrete (NSC), fracture energy Gr is usually determined in
dependence on maximum grain size and compression strength fem, €.g. according to
MODEL CODE 1990 /CEB90/.

0.7
6 o)
£ 770 10MPa (4.3)
G,y = 0.025 - 0.058 Nmm/mm?(NSC)
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4.2 Approaches for Concrete under Tensile Loading

For example, for concrete class C30 with maximum grain size dmax of 8 mm,
equation (4.3) yields G¢=0.065 Nmm/mm?> and for dmax of 32mm
Gr=0.095 Nmm/mm?. For class C80 fracture energy is roughly doubled for either grain
sizes. In MODEL CODE 2010 /CEB12/, fracture energy Gr is simplified to
Gr= 73" (fem)*'8, which leads to roughly 80 to 110 % higher values compared to fracture
energy determined according to equation (4.3).

In /Feh05/, fracture energy of cured (90°C for three days) UHPFRC with 2.5 Vol.-%
fibres was determined from direct tensile tests to about 17 Nmm/mm?. On the other
hand, fracture energy determined in splitting tests by MA /Ma09/ on coarse- and fine-
grained UHPC without fibres was observed smaller than for NSC. Besides tensile
strength, fracture energy is dependent on the maximum grain size /Leu08/, /Ma09/. For
coarse grain UHPC (d; = 5 mm) without fibres, MA determined the fracture energy to
90 Nmm/mm?, whereas for fine grained UHPC, values of about 60 Nmm/mm? were
investigated. MA explained this behaviour by a smaller fracture process zone of UHPC
without fibres compared to NSC.

In UHPC, usually short flat steel fibres are applied. These short fibres usually pull-out
of the concrete, rather than rupture after cracking of concrete. BORNEMANN and FABER
/Bor(04/ investigated the bond behaviour of flat steel fibres (0: 0.15 mm) in fine-grained
UHPFRC (mixture M1Q). Bond length of 10 mm and 15 mm resulted in a rupture of
the fibres at 2200 — 2700 MPa fibre stress. In contrast, with bond length of 5 mm, the
fibres pulled out at 8.7-13.6 MPa (mean value 11 MPa) bond strength. BEHLOUL
observed similar bond stresses of 11.5 MPa for the mixture BPR (DUCTAL®)
/Beh96b/. VOO and FOSTER /Vo0o03/ conducted a study on the pull-out behaviour of
single fibres from NSC and HSC and derived relationships in dependence on the tensile
strength (Table 4.1). For the mixture M1Q LEUTBECHER /Leu08/ reports a uniaxial
tensile strength of 9-10 MPa, which leads to a bond strength of 9-10 MPa for straight
fibres. This calculated values are in good accordance with results observed by
BORNEMANN and FABER /Bor04/.

Table 4.1: Relationship between bond strength and tensile strength of the fibre
concrete matrix according to /Voo03/

Fibre Type Matrix Bond Strength n
Concrete 2.5-fct
End-hooked
Mortar 2.0-fet
. Concrete 1.2-fat
Straight
Mortar 1.0 fet

The maximum stress in fibre concrete oo is mainly dependent on fibre geometry (Iength
lr and diameter dr), bond strength 7z of fibres in concrete, fibre ratio pr and fibre
orientation 7.
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In case, all fibres are exclusively orientated perpendicular to the crack, oco can be
derived as follows /Beh96a/, /Beh96b/, /Pfy03/, /Leu08/:

[
oo =y 7y (44)
f

In equation (4.4) the embedment length varies between zero and /#/2. When the fibre is
fully activated over the length of /¢/2, o is reached. The crack width wo, at which the
fibre pull-out regime begins, can be derived as follows:

2
W = Tl
: E,-d;

(4.5)
The fibre orientation is strongly dependent on the casting process, since fibres orientate
in flow direction. Hence, a coefficient of fibre orientation is usually introduced.
Different approaches can be found to determine a geometric parameter (e.g. /Lin96/,
/Mar06, /Pfy03/). Amongst others, LIN /Lin96/ used a ratio of fibre length projected in
tensile direction and the true fibre length as a mean value.

1 N
=—-) cosa,
= le ;

(4.6)
N Number of fibres in a considered area

o Angle between fibres

If all fibres are perpendicular to the crack, i.e. a one-dimensional fibre orientation, 7
equals 1.0. For two- and three dimensional orientated fibres, one can determine the
coefficient of fibre orientation analytically. A perfect two-dimensional orientation yields
1p = 2/m, whereas a three-dimensional orientation adds up to 773p = 0.5. Due to the flow
direction of fresh concrete and influences of formwork, varying coefficients of fibre
orientations can be observed. Therefore, simplified approaches have been introduced to
account for different orientations. Usually, these approaches account for fibres in the
vicinity of the formwork with a two-dimensional fibre orientation (e.g. /AFGC13/,
/Beh96b/) or empirically found mean values of homogeneous three-dimensional
orientation /Voo03/. MARKOVIC /Mar(06/ investigated the fibre orientation in beam
elements and hourglass-shaped cylinders by counting and an optical (photogrammetric)
measurement technique. For flat steel fibres, coefficients of fibre orientation of 0.596 to
0.927 were found, depending on the length and diameter of the fibres. Since for each
mixture, fibres of two lengths were used, fibres may have influenced each other. Usually
short fibres are less influenced by formwork and flow direction than long fibres /Leu08/,
/Mar06/.
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4.2 Approaches for Concrete under Tensile Loading

Equation (4.4) can be extended by coefficients of fibre orientation 7 and fibre efficiency
g as follows:

I
Ocpo =18 Py Ty 7

i (4.7)

Fibres, which are inclined to a crack, experience an additional deviation force, which
can either lead to fibre rupture, flanking of surrounding concrete or even to an
enhancement in pull-out force due to friction /Leu08/, /Leul2/. To keep the coefficient
of fibre orientation in the same manner as shown before, a coefficient of fibre efficiency
g was introduced (e.g. /Beh96b/, /Leu08/, /Mar06/). Depending on the type of concrete,
values of g vary greatly. For UHPC (BPR from DUCTAL®) Behloul /Beh96a/ reports
values between 1.0 and 1.2. In contrast FOSTER /Fos01/ proposed to neglect the
enhanced fibre contribution for fibres inclined more than 60° to the tensile direction.
Based on this idea, JUNGWIRTH /Jun06/ derived coefficients of fibre efficiency to
20 ="(0.75) and gsp=0.75. PFYL /Pfy03/ assumes no influence of the inclination
angle, i.e. g = 1.0. Due to this discrepancy, LEUTBECHER /Leu(08/ performed tensile tests
on UHPFRC specimens with varying fibre geometry and content. Assuming all
parameters of equation (4.7) are known besides g, LEUTBECHER /Leu08/ calculated
values of g from experimental results for the two cases of three and two-dimensional
orientation. Table 4.2 shows the results for fibre lengths of 9 mm and 17 mm for
different fibre ratios pr. It was found that the shorter the fibre and the smaller the fibre
ratio, the higher the fibre efficiency.

Table 4.2: Calculated coefficients of fibre orientation 7 and fibre efficiency g for flat
fibre @0.15 mm and bond strength z =11 MPa /Leu08/

Fibre length ff [mm] 9 17
Fibre ratio o [Vol.-%] 0.9 2.5 0.9 1.45 2.0
n-g 1.23 0.78 0.84 0.56 0.52
73D 0.5 0.5 0.5 0.5 0.5

Ideal 3D

g3p 2.46 1.56 1.68 1.12 1.06
Predominant 772D 0.72 0.72 0.79 0.79 0.79
2D g2pn 1.71 1.08 1.06 0.71 0.66

Based on the differential equation of bond-slip, stress-crack opening relationships can
be derived /Beh96a/, /Pfy03/, /Jun06/, /Leu08/. For simplicity, the contribution to the
deformation of concrete matrix as well as fibre stress at the fibre’s end are often
neglected /Pfy03/. In doing so, the stress-crack opening relationships can be formulated
for the fibre activation regime (equation (4.8)) and the fibre pull-out regime
(equation (4.9)) /Leu08/, /Pfy03/.
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U(W):[z.\/wzo_w_w;j‘gcfo (48)

o(w)= (1 2. } O (4.9)

l,-n

Equation (4.9) is often simplified to a linear function (e.g. /Leu08/). Based on equations
(4.1), (4.7) and (4.9), two different relationships of tensile strengths and crack widths
were investigated. The maximum crack width is limited to (/s - 7) / 2. As, for example,
LEUTBECHER /Leu08/ showed, the formwork influences the fibre orientation
significantly, which results mainly in a two-dimensional alignment. Hence, following
the assumptions made above, the mean fibre orientation 7 reaches values of about 0.72
to 0.79. LEUTBECHER /Leu08/ experimentally determined the values g greater than 1.2
for a fine-grained UHPC M2Q with 0.9 Vol.-% short steel fibres (length: 9 mm,
@: 0.15 mm) as shown in Table 4.2 leading to the top curve in Fig. 4.1. Standard values
of n and g /Beh96a/, /Beh96b/, /Leu08/ would lead to 7=0.5 to 0.72 and g=1.2.
Fig. 4.1 shows the clear influence of the fibre efficiency g and fibre orientation 7, since
all other parameters of equation (4.7) are assumed to be sufficiently determined. Hence,
it seems problematic to determine the tensile strength only from geometric and material
parameters in the manner of equation (4.7). Besides the tensile strength, the fracture
energy is influenced greatly.

8 | |
E n=0.72,g=17
=6 \
[7)]
84 AN In=072,9=12] |
2 \<\
2
@9 S n=05g=12 "
2
0 T
0 1 2 3 4
Crack Width [mm)]
Fig. 4.1 Tensile stress over crack width for different fibre orientations 7 and

efficiencies g according to equations (4.7) and (4.9)

By integrating o(w) (equation (4.9)), the fracture energy Gr can be determined as
follows:
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Wi

/max 2
G, = IG(W)dw: J. (1—2-1 Wﬂ] " O o dW

0 0

3 max
:_l.[f.,]. 1-2.- % oyl Wmax:lf'77 (4.10)
6 - l,-n

1

:g'lf'”"’cfo

Applying 7=0.72 and g = 1.2 to equation (4.7) leads to Gr= 5.5 Nmm/mm?, which is
about 34 to 80 times higher than for NSC (fem = 50 MPa) according to equation (4.3).
Depending on the fibre length and content, the quadratic approach may result in an
overestimation of fracture energy, since the typical softening behaviour of UHPFRC
with short steel fibres may be overestimated.

4.3 Derivation of the Tensile Strength from Flexural Testing

The tensile strength of concrete or UHPFRC in particular can generally be determined
by experimental testing. Usually, tensile tests on notched prisms /RILEMO1/ or hour-
glass shaped specimen /Feh05/ are conducted. However, tensile tests are complex and
the results tend to scatter. Hence, often flexural testing on small prisms /AFGC13/ or
small beams (notched in three-point bending /RILEM02/ or un-notched in four-point
bending /DBVO01/, /DAfStb10/) is applied. The flexural strength has to be transformed
into a uniaxial tensile strength. For this purpose, usually an empirical relationship is
applied accounting for size effects (height of specimen: /). For UHPFRC,
equation (4.11) is often applied (e.g. /AFGC13/ and /DAfStb08/).

h 0.7
2.
0
h 0.7
1+2-] —
)
From material testing on the applied UHPC mixture M3Q with 0.9 Vol.-% steel fibres
(cp. Table 3.1), mean values of flexural strength were determined to 18-20 MPa with

prisms (40x40x160 mm?®) and 9 MPa with beams in four-point bending
(150x150x600 mm?) /DAfStb10, DBVO1/ (Fig. 4.2).

Som = Jap- , hy =100mm (4.11)
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Four-point bending /DBV01/, DAfStb10/ Three-point bending /DIN0S/
L3 LB L3 50 = 50
A A A 1 2 X F/2 *_’_I
Fl2y | FP2 VF
! L - 1501 @\IWA (] 4[]
A — A
! L =600 150 4,30 100 39 14—01
Fig. 4.2 Test setups of four-point bending test on beams /DAfStb10, DBV01/,

IDAfStb10, DBV01/ and three point bending tests on small prisms /DIN05/

Depending on the test specimen, equation (4.11) delivers a tensile strength of about
10.3 MPa (small prisms) or 6.5 MPa (beams).

Equation (4.11) is based on findings summarised in /CEB93/. The original relationship
was presented in the following form:

= | (4.12)

Again, ho is the control height and set to 100 mm. a is a non-dimensional coefficient,
which was determined empirically by finite element simulations /CEB93/ as follows:

5

=08+ ———1—
aﬂ (lch /lcho )LS

(4.13)

lcho 18 a control length of 100 mm. The characteristic length /cn (equation (4.14)) is an
indicator of the brittleness of a particular concrete. With increasing characteristic length
a particular concrete becomes more brittle.

_E, -G,

Iy = e (4.14)
In Model Code 1990 /CEB90/ a.n was determined to 1.5, hence assuming /c, = 375 mm
for normal strength concrete with maximum grain size of 32 mm. Even though, for

on = 1.15 with corresponding /.n = 600 mm, a better agreement with test results was
obtained (cp. Fig. 4.3) /CEB93/.

Obviously, the ratio of flexural strength f.n and tensile strength fom is not constant.
Neither for constant height of the test specimen, as assumed in equation (4.11), nor for
different types of concrete, since it strongly depends on the characteristic length /ch. In
Fig. 4.3, results of flexural and tensile testing on NSC specimen with a maximum
aggregate size of 32 mm and varying depths of the specimens are shown.

44



4.3 Derivation of the Tensile Strength from Flexural Testing

— 3.0
e

H\U

< 254

w3 ° I, =600 mm

£ 20 % - |

ey . 5 |

2 ¢ I, = 400 mm

S 15 e o

-— . ~]

g }\3&\0\_:
@ 1.011, =200 mm >

g test results

@ 05 o four-point bending 1
2 e three-point bending

2 ]

o T T T

F.; 0 200 400 600 800 1000

depth of the beam h, [mm]

I
«Q
I
w

Experimental results /DAfStb76/ and effect of beam depth on relative
flexural strength according to equations (4.12)-(4.14) (reproduced from
ICEB93/)

The effects of varying depths of the test specimens and the influence of characteristic
lengths make a general conversion from flexural to tensile strength for UHPFRC
difficult, especially without tensile testing. Then, values of the fracture energy Gr and
the tensile strength fcm can only be assumed to determine the characteristic length /e or
profound investigations have to be carried out.

Another approach can be found in Eurocode 2 including German annex /DIN04/. A
relationship for HSC (up to class C100/115) is provided to determine the uniaxial tensile
strength from the uniaxial compression strength only (equation (4.15)). Even though
UHPFRC is not regulated in Eurocode 2 /DIN04/, BERTRAM /Berl2/ applied
equation (4.15) to determine tensile strength of UHPFRC. Since, increasing fibre
content leads to increasing tensile strength, but not necessarily to increasing
compressive strength, the same average values for tensile strength are determined
applying equation (4.15). Nevertheless, these values were in better agreement with
results of direct tension tests by BERTRAM /Berl2/ as determined values from
equation (4.11) using tests results from prisms (40x40x160 mm?) under three-point
bending.

fom =2.12-In(1+ £,,,/10) (4.15)

From material testing on the applied UHPFRC mixture M3Q with 0.9 Vol.-% steel fibres
(cp. Table 3.1), a uniaxial compression strength fcm2sa of about 150 MPa was
determined, which yields a tensile strength of about 5.9 MPa.
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Both approaches result in unsatisfying values of the tensile strength since they are either
strongly dependent on the specimen size and special material characteristics have to be
known in advance or they do not account for different fibre contents.

Consequently, a simplified approach was derived to determine the uniaxial tensile
strength from beam tests according to /DBVO01/, /DAfStb10/ under flexural loading.
Therefore, the theoretical relationships of stress-displacement relationships summarised
in chapter 4.2 were considered. With equation (4.7) the theoretical tensile strength can
be determined from mainly geometric properties only. However, for the applied
UHPFRC mixture, this equation can only lead to appropriate values by assuming high
values of fibre efficiencies g. The same issues were observed by LEUTBECHER (cp.
Table 4.2). In contrast, for equation (4.1) the uniaxial tensile strength fcm has to be
determined from experimental testing or assumed. Additionally, the fracture energy Gr
controls the decreasing tensile stresses for increasing crack widths. BEHLOUL and
LEUTBECHER used equation (4.9) to describe the off-peak behaviour of tensile stresses
for increasing crack width. Since equation (4.9) is a quadratic function, a priori, a very
ductile behaviour is assumed, which fits well for high fibre ratios, e.g. 2.5 Vol.-%.
Mathematically, equation (4.9) shows a minimum at maximum crack widths. Hence, for
an integration case, distinctions have to be made for parts in cross-sections, where the
maximum crack width is reached and no stresses can be carried. The same issue results
for linear or bi-linear approaches for stress-crack widths relationships. A linear softening
approach could be used for the applied UHPFRC, by decreasing maximum crack width
and hence fracture energy. To find a closed solution, the exponential approach
(equation (4.1)) was applied for the following examinations on rectangular cross-
sections.

Fig. 4.4 shows a free body cut of a beam under flexural loading. The corresponding
strain distribution (BERNOULLI hypothesis) may lead to the depicted stress distribution
after first cracking. The compressive zone (xo) is assumed to result in a linear stress
distribution. The same applies to the tensile zone, which remains un-cracked (x1). For
the cracked zone (x2) the tensile stresses are assumed to decrease exponentially
according to equation (4.1).

Stop Gc

M h X [ /é
1 Ll T/E,  f —> £,

) z zc,fI
& @ 5(2) —>F
) ) Sbot
Fig. 4.4 Stress and strain distribution for a cracked UHPFRC beam element
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4.3 Derivation of the Tensile Strength from Flexural Testing

By applying the strain ¢ rather than crack width w to equation (4.1) according to
/AFGC13/, one obtains the stress-strain relationship for concrete under tensile loading
as follows:

1 (4.16)
:a@=ﬂem@—@mf%¢ﬂ

W

Besides the strain ¢, the stress is dependent on wy (ratio of fracture energy Grand tensile
strength f.), Young’s modulus Ecm and a length /. The length /. is often called
characteristic length /AFGC13/ but must not be confused with the characteristic length
len according to equation (4.14). [ is the length of an influence zone in the vicinity of
cracks. In /AFGC13/, it is proposed that the characteristic length /. can be approximated
by 2/3 h (h: height of cross-section) for rectangular cross-sections to convert stress-
displacement relationships. Nevertheless, /c is dependent on the cracking behaviour of a
concrete member which is influenced by different parameters such as height of the
specimen, fibre content or reinforcement ratio. Hence, the parameter /c has to be chosen
carefully for larger heights. For the investigations in this section, /. was approximated
by 2/3 h since the heights of the specimens were rather small. Since the stress varies
over the height, the strain is introduced as a function of the control variable z (cp.
Fig. 4.4) (theorem of intersecting lines).

E(Z)Z E ot 'i+8

ct

. (4.17)
= )= /o] - - Ele ]
w, )

(4.18)
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It needs to be checked that the concrete compression strain remains smaller than 4.0 %o.
The corresponding heights of resulting forces are directly related to the strains:

x_() _ gtop
h gtop + gbot
X &
1 ct
e (4.19)

Xo X _ Epy T €4

Z2 20 21

h h Eiop T Epor

From horizontal equilibrium (equation (4.20)), one can determine the upper strain &op
as a function of &t

(4.20)

For the exponential stress distribution of cracked concrete, the lever arm is determined
as follows:

z,, =— |b-z-0(z)dz
! Ff.([ )
b fl K gbnt lc
= ¢ -—— <.z
1 '([Z exp[ w X, Z] )

f
2
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Ff gbot'lc Wl Wl
|l

Hence, the equilibrium of moments leads to an acting moment M:

M=Fc'(§x0+x1J_F;'%+F/‘"ZC,f (4.22)

The curvature xis calculated from resulting strain distribution (BERNOULLI hypothesis).
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K__gtop+gbat__ d*w/ ds* ~_dzw_ M

h Ni—(awiasp  a  EI 4.23)

Since, the curvature x can be approximated by the second derivative of the deflection w
(equation (4.23)), the deflection is estimated by integration (equation (4.24)). For small
deflections, the chord s is assumed to be of same length as control variable x. Hence, the
parts due to kinematic considerations of forming cracks were neglected. The constants
can be determined by boundary conditions, in the case of a simply supported beam by
zero deflection at the supports.

w(x):—g-)c2+C1-)c+C2

Simply supported beam : w(0) = 0, w(L) =0
(4.24)

:w(x):—g-x2+§-[4-x

2
:>W(L/2)=K'%

In Fig. 4.5, moment-curvature and load-deflection relationships are exemplarily shown
for a beam under four-point loading according to /DBVO01/, /DAfStb10/ (cp. Fig. 4.2).
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Curvature x [1/m] Midspan Deflection [mm]
Fig. 4.5 Example of theoretical moment-curvature (left) and load-deflection (right)

relationships for .t = 7.0 MPa and w; = 0.5

For experimentally determined load-deflection responses, the tensile strength fem and
parameter wi (ratio of fracture energy Gr and uniaxial tensile strengths fum) can be
iteratively altered until maximum load and residual loads at 4 mm deflection coincide.

For validation, an issue observed by BERTRAM /Berl2/ was investigated closely.
Amongst others, BERTRAM /Ber12/ tested coarse-grained UHPFRC with small fibre
content of 0.9 Vol.-% in four-point bending tests according to /DBVO01/, /DAfStb10/
and under direct tensile load according to /RILEMO1/. The mixture was based on B4Q
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/Feh05/, /Spe07/. The direct tension tests were performed on saw-cuts (prisms,
50 x web thickness x 150 mm?) from beams under shear loading. Afterwards, the prisms
were notched to provide a residual cross-section of about 20 cm?. Due to this procedure,
the tensile tests were conducted approximately 60 days after casting, whereas flexural
beam tests were performed after 28 days. Comparing the results of tension tests and
calculated values of tensile strength from flexural testing, BERTRAM /Ber12/ observed
differences. The material properties determined by BERTRAM are shown in Table 4.3. In
Fig. 4.6 representative experimental results of flexural tests under four-point loading are
shown.

100
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zZ
= 60 -
T
3
- 40
20
\
0
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Midspan Deflection [mm]
Fig. 4.6 Comparison of representative results from flexural beam tests (grey) and

calculated load-deflection relationship (black) for coarse-grained
UHPFRC with 0.9 Vol.-% (17.5 mm, ©0.15 mm)

To determine tensile strength fum and fracture energy Gr of the applied UHPFRC
mixture, the maximum load and corresponding load at 4 mm deflection from
experimental testing according to /DAfStb10/ were iteratively compared to theoretically
determined values using equations (4.22) to (4.24). The parameter /. was assumed to be
2/3-h =100 mm. In Table 4.3, the values of tensile strength fctdet and Graer are shown.
The tensile strength fcidet corresponds well to the experimentally determined tensile
strength fciexp for UHPFRC (0.9 Vol.-%). For comparison, the calculated load-deflection
response is shown in Fig. 4.6.

Table 4.3: Material properties from experimental testing /Ber12/ and derived tensile
strength and fracture energy using the simplified approach

pf fcm,cube,100 Ecm fct,exp fct,flex fct, eq. (4.11) fct, eq. (4.15) fct,det Gf,det
[Vol.-%]  [MPa] [GPa] [MPa] [MPa] [MPa] [MPa] [MPa]  [N/mm]
0.9 ~180 ~50 ~6.5 ~25 ~12.7 ~6.3 7.7 2.9

For the UHPFRC (M3Q, pr= 0.9 Vol.-%) used for the development of sandwich panels
(cp. following chapters), the approach was applied in the same manner since direct
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4 4 Flexural Behaviour of UHPFRC with CFRP Reinforcement

tension tests were not conducted. In Fig. 4.7, representative test results (grey) of flexural
testing on small beams /DAfStb10/ are shown. The theoretically determined load-
deflection relationship (black) is shown for comparison. Again, /. was assumed to
100 mm which corresponds to 2/3-A.

~
o

Load [kN]
= N W b OO O
o O O O O o o

0 1 2 3 4
Midspan Deflection [mm]
Fig. 4.7 Comparison of representative results from flexural beam tests (grey) and

calculated load-deflection relationship (black)

A tensile strength fum of 5.0 MPa and corresponding fracture energy Gt of
2.5 Nmm/mm? were determined. Tests on small prisms in three-point bending according
to /DINOS5/ (Fig. 4.2) showed a mean flexural strength of 20 MPa with corresponding
maximum load of about 9.5 kN. Since only maximum load is measured in these tests,
fracture energy cannot be derived. Nevertheless, assuming the same value of wi = 0.5,
results in a tensile strength of 4.8 MPa which is in accordance with results from four-
point bending tests on beams. The mean values after one day, where determined to
fetrm = 2.5 MPa and Gr= 1.25 Nmm/mm?. Since beam tests were not conducted parallel
to each experimental investigation, the mean values were taken into account. Based on
these values (fem =5.0 MPa, Gr=2.5 Nmm/mm?), all further investigations were
conducted, unless stated otherwise. The values of tensile strength and fracture energy
were used to establish the exponential stress-displacement relationship according to
equation (4.1) as basis for further considerations in terms of numerical and theoretical
investigations.

4.4 Flexural Behaviour of UHPFRC with CFRP Reinforcement

For theoretical investigations on sandwich panels with UHPFRC facings subjected to
flexural loading (cp. chapter 7), the residual strength of cracked UHPFRC layers has to
be determined in dependence on applied loading. The cross-sections of investigated
sandwich sections were either reinforced or prestressed with CFRP rebars or seven-wire
strands, respectively. Hence, the bearing ratios of fibres and reinforcement have to be
determined. In Fig. 4.8, a rectangular cross-section of a fibre reinforced concrete
member prestressed with CFRP reinforcement as well as corresponding strain
(BERNOULLI hypothesis) and stress distributions is shown. This strain and stress
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4 Development of Simplified Approaches for UHPFRC Members under Flexural Loading

distributions are only valid for predominant flexural loading. For predominant axial
force N (tension or compression), the strain and stress distributions have to be altered in
the well-known manner as for standard design of RC.

Stop c5(:

S ? <« F,

Xo
M s
44 d X, /é | E
N - f
SCt ZI zc,fI
A X, (@, Gf(Z))E —> F
=

= > F,

t

Sbot

Fig. 4.8 Strain and stress distribution of a cross-section made of fibre reinforced
concrete subjected to flexural loading

The same assumptions as in the previous section were made for UHPFRC under
compression and tension (cp. equation (4.18)). In this procedure, the assumption of
critical length /. = 2/3-h has to be verified, since this approximation is established for
conversion of stress-displacement and stress-strain relationships. The crack distances
are strongly dependent on the reinforcement ratio. According to /CEBI12/, the
characteristic length /. can be determined as minimum value of the distance between
cracks s:m and the distance from the neutral axis to the extreme tensile fibre zex:.

Ic = min{srm’zext} (425)

The mean distance between cracks can be approximated by the following empirical
equation according to /CNRO7/:

s, :5-[50+0.25~k1-k2-,ﬂ

. average distance of cracks [mm]
y distance of neutral axis to exterme tensile fibre [mm]
& non - dimensional parameter :

&=1forl, [/d, <50

=50 df/lf for 50 < lf/df <100

&=0.5fr I,/d, >100 (4.26)

d, diamater of fibres [mm]

I, length of fibres [mm]

k, 0.8 for high bond bars, 1.6 for smooth bars
k, 0.5 for pure bending, 1.0 for pure tension
@ diamater of reinforcing bars [mm]

P geomtric reinforcement ratio
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4 4 Flexural Behaviour of UHPFRC with CFRP Reinforcement

In case of the applied UHPFRC mixture using short steel fibres (dr=0.15-0.17 mm,
lr=9 mm), & equals 1.0. For a plane layer (height: 60 mm, width: 300 mm) and four
CFRP single wires (4x15.2 mm?), as applied for flat sandwich sections in chapter 7, a
mean distance of cracks of approximately s:m =42 mm is obtained. In this case, high
bonded bars and pure-bending were assumed. Since the distance of the neutral axis to
the extreme tensile fibre y is 30 mm, /. equals 30 mm.

For CFRP reinforcement, a linear elastic material behaviour without yielding was
assumed. Hence, it is constrained by the linear strain distribution. The resulting force in
the pre-tensioned CFRP reinforcement £}, and the corresponding strain from the strain
distribution are calculated as follows. In case of non-prestressed members, &y vanishes.
d—x,

(Agp + ng)' E,- Ap; Agp = x “Eiop (4.27)
0

F

P

From horizontal equilibrium, one can determine the upper strain &op as a function of &t
for a rectangular cross-section (equation (4.29)) applying equations (4.16) to (4.19).

ZHzO:
> F,-F-F,-F,+N=0
1 1

= Egmp 'Ecm 'b'xo—gé'ct -FE

w—b-f, - ld - X, -(l—exp(—MD—...
gb()t 'lc Wl

el l+—EP.AP -(l—ij - (4.28)
“°\2 E_-b-h h
d

bex, —..

cm

For clarity, the solution of the quadratic function (equation (4.28)) is presented as
follows. By inserting A, B and C, &op is calculated as a function of &y similar to
equation (4.20).
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E -4
2 E_b-h h

E -4
B=—"r7 2 “Epoy T E, ~ Epyy N
E. bh E, -4
1 [ -
C=—-¢,+¢&,-" AN (6, —€.,) (1 - exp(— ‘—g””’D + .
2 Lo~ &p 2 (4.29)
E - A4 N
2
-t EC: b ph ( gbnt + gp ' gb()t E Ap ' gb()t]

As mentioned before, &op is supposed to be smaller than the maximum concrete
compressive strain at peak. The moment equilibrium is established as follows:

X 2 h
M=—FC-?°+F, -(§x1+x0j+F/-(zc’f+xo+x1)+Fp-d—N-5 (4.30)

Equations (4.22) and (4.23) were applied in the same manner as before to determine
curvatures and deflections.

For cross-sections with varying width, e.g. I- or T-beams, equation (4.29) needs to be
modified by case-by-case analysis accounting for different widths over xo, x1 and x».
Depending on the complexity of the cross-section, a varying width results in
cumbersome equations, which can only be solved numerically since linear, quadratic
and exponential terms of &op arise in one equation. Hence, the approach was modified.
This can either be done by simplifying the stress-displacement relationship or by
accounting for different widths in other ways. Since for linear or quadratic stress-
displacement approaches also case-by-case analysis would have to be conducted, and
due to the aforementioned disadvantages for UHPFRC with low fibre content, these
approaches were not applied. To account for varying widths in the tensile zone, a
resulting, constant tensile force based on equation (4.16) was assumed. This approach
is discussed below for an upside down T-beam.

In Fig. 4.9, an upside down T-beam with pre-tensioned CFRP reinforcement subjected
to axial and flexural loading is shown. The CFRP reinforcement is assumed to be placed
at the centre line of the bottom flange. The bottom flange is idealised as two parts of
width ba/2, left and right of the web, under pure tension. The web height is reduced by
half the thickness of the bottom flange. Hence, the strain &0t at bottom side of the cross-
section coincides with the average strain in the bottom flange and CFRP reinforcement.
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Fig. 4.9 Applied approach for UHPFRC T-beams: Strain and stress distribution as

well as resulting section forces

The resulting forces F¢, Fi, Frw and F}, were determined in the same manner as shown
above. For clarity, the equations are recapitulated with changed nomenclature.
Additionally, the resulting tensile force in the bottom flange Ft 1 is specified.

th _%nghEcm bw xl
F,, =b, 'fcz , W1 [1 _ exp[ uD (4.31)
W
f;‘t exp[ 8[70! : c 8ct : Zc )J
F, = (Ag +e,)E, A, =(g,m+g)Ep-Ap

The heights of the compressive zone, linear elastic tensile zone and cracked tensile zone
remain the same:

X __ Cwop

h gtop + Epot

X1 &

ct
= (4.32)
h gtop * Epor
% _ X XN _ Ehor—Eu
h h h Erop T Epor

Equilibrium of axial forces results in the relationship below:
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Again, for clarity, the solution of the quadratic function is presented as follows. By
inserting 4, B and C, &qp 1s calculated as a function of &yot.

by ( )1 (4.34)
S S Epot — €t .
+ & & .| exp| -
bot ct bw hw { p( Wl jj
E -4
+ p &2 te -5, N .
E, b, h, r 4
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4.5 Conclusions

As mentioned before, &0t 1s supposed to be smaller than maximum concrete compressive
strain at peak. The moment equilibrium is established as follows:

M=-F .2 .F 2 |+ F )
=— c'?-i- P x0+§X1 + o Zc,f +XO +x1 +... (435)

wH(F,  +F )b, ~N-z,

I

Validations of the proposed model are presented in chapter 7. Additionally, with the aid
of these findings, in chapter 7, it was accounted for cracking of outer sandwich layers
made of CFRP reinforced UHPFRC under flexural loading.

4.5 Conclusions

In this chapter, a simplified approach was shown to determine tensile strength fcum and
fracture energy Grof UHPFRC from test results under flexural loading. Therefore, based
on tensile stress-displacement relationships, theoretical moment-curvature and load-
displacement relationships were derived by equilibrium of forces and moments. By
comparison with results from flexural testing, feom and Gr were determined. Additionally,
an approach was derived to determine moment-curvature and load-displacement
relationships for CFRP reinforced or prestressed UHPFRC members under combined
axial and flexural loading. Based on these findings, further theoretical and numerical
investigations were conducted in the following chapters.
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5 Bond Behaviour of CFRP Reinforcement in UHPFRC

5.1 Preface

For a safe design of reinforced concrete members, the bond behaviour of reinforcement
needs to be investigated. For prestressing tendons, an a priori determination of the
transfer length is essential. The minimum thickness for a crack-free transmission zone
has to be determined for thin concrete elements. Since a new material combination of
CFRP reinforcement and UHPFRC was applied to sandwich panels, the bond behaviour
was investigated experimentally and theoretically. By means of pull-out tests, local bond
strengths were determined for different release states of pre-tensioning forces (lateral
extension of the reinforcement). Tests on small-scale beams were conducted to
determine the transfer length and minimum dimensions of thin UHPFRC elements for
different types of CFRP prestressing tendons. By means of numerical and theoretical
models, the bond behaviour was further investigated. Major results of experimental
testing in this chapter are based on published work (e.g. /Stal3/ and /Stal6c/).

5.2 Pull-Out Testing

5.2.1 Test Set-up and Procedure

Pull-out tests were conducted to determine the local bond strength of CFRP
reinforcement in UHPFRC for different release steps of the prestressing force. In these
tests, the influence of the wedge effect (Hoyer effect) on the bond stress-slip
relationships was identified.

Test specimens were chosen in dependence on /RILEM73/ (Fig. 5.1). According to
/RILEM73/, the bond length should be 5-d,. Since a high bond strength was expected,
the bond length was decreased to 2-d, to avoid significant differences in reinforcement
stress over the bond length and to allow for pull-out failure. The constant edge length of
150 mm lead to concrete cover ratios from c/d, = 7.6 up to c¢/d, = 14.5 depending on the
type of prestressing member. Small ratios of ¢/d, = 2.5 were investigated to identify the
influence of a small concrete cover, as they were expected in UHPFRC facings in
sandwich panels.

One batch of tests comprised nine single tests (3x3), as depicted in Fig. 5.1. After three
bars or strands were pre-tensioned in a stiff rig, nine samples were concreted, three on
each bar or strand. After a specified time interval, in general one day, the pull-out tests
were performed. On each tendon, three tests were carried out with the same release of
prestressing force, i.e. lateral extension.

The first three tests on one bar or strand were done without any change in prestressing
force (0 %). After releasing roughly 50 % of the prestressing, the next three tests were
conducted on the second bar or strand. The last three tests were carried out with nearly
100 % release. While releasing the prestressing force, half of the estimated pull-out force
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5 Bond Behaviour of CFRP Reinforcement in UHPFRC

should remain in the strand or bar to ensure that the lateral extension of bar or strand
remains roughly constant. With this method, the bond conditions along the transfer
length can be represented (e.g. /Nit01/, /Ber12/). A release of 100 % equals the end of a
concrete member, 50 % release corresponds to roughly the mid of the transfer length
and 0 % release corresponds to the end of the transfer length (compare Fig. 5.12).

< Fi2
1 # F
<4 FI2
150 mm | 75 mm
e centric eccentric
pull-out direction g e @ Cre
— reinforcement c

Fig. 5.1 Test setup of pull-out tests

All tests were carried out with 80 N/s. Prestressing force, pull-out force and relative slip
were measured continuously. The bond stress was calculated using the nominal diameter
of the tendons, as suggested in /DINO4/. Detailed parameter variations are shown in
appendix A.

5.2.2 Experimental Results

In this section, only key results are discussed. Further results can be found in appendix A
and /Stal3/. The derived tensile strength f.m (cp. chapter 4) was about 2.5 MPa for all
specimens. The influence of the cross-sectional shape on the bond stress distributions of
centrically placed tendons is depicted in Fig. 5.2. For comparison, tests results on 3/8”
steel strands are shown. For clarity, only one out of three results is depicted.
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Fig. 5.2 Influence of material, cross-sectional shape and lateral extension due to

release in pre-tensioning force (opmo = 1,350 MPa)
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5.3 Tests on the Transfer Length

The different concrete cover ratios c/d, are comparable, since the concrete cubes
remained uncracked. Without release of prestressing force, a maximum bond strength
of about 15 MPa (basic and slip-dependent parts, cp. Fig. 5.12) was observed for both
types of CFRP tendons. Only half the bond strength was identified for the investigated
steel strand since the surface of CFRP reinforcement shows a rather rough surface.
Generally, the CFRP strand showed a less pronounced slip-dependent part, i.e. reaching
the maximum bond strength at less than 0.2 mm slip. Due to the release of prestressing
force, the reinforcement extends laterally and the HOYER (wedge) effect is activated.
Steel strands showed a pronounced HOYER effect, which increased linearly for both
releases of prestressing force, reaching 17 MPa for 100 % release. For either CFRP
reinforcement, only little increase in bond strength could be observed for 50 % release.
Only for a full release, a pronounced increase in bond strength was identified. 23 MPa
were reached for both types of CFRP tendons.

Tests with little concrete cover ratios of 2.5 ¢/d, showed no decrease in bond strength
for all stress states. Tests on strands with doubled concrete compression strength (curing
of three days) indicated only little increase in bond strength since the bond strength
increases disproportionately compared to the compressive strength. The same effect was
observed by /Nit01/, /Heg10/, /Ber12/.

5.3 Tests on the Transfer Length

5.3.1 Test Set-up and Procedure

Tests on the transfer length were carried out to determine minimum concrete cover and
spacing between bars and strands for a crack-free transmission zone as well as the
transfer lengths. The test setup comprises small beams with two centrically placed CFRP
prestressing tendons. Since the test results were used to determine minimum dimensions
of thin UHPFRC elements, only two bars or strands were applied. Similar to pull-out
testing, the reinforcement was pre-tensioned in a stiff rig. The prestressing force was
released after one day of concrete hardening in steps of 20 %. At each step, the concrete
compression strains were determined from extensometer measurement at mid height.
The end slip of prestressing tendons was continuously identified by displacement
transducers. Additionally, the pre-tensioning force was measured with load cells.
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Fig. 5.3 Test setup of tests on the transfer length (reproduced from /Sta13/)

The detailed parameter variations are shown in appendix A.

5.3.2 Experimental Results

In this section, only key results are discussed. Further results can be found in appendix A
and /Stal3/. The derived tensile strength f.m (cp. chapter 4) was about 2.5 MPa for all
specimens.

During the tests, attention was mainly turned on crack-free minimum dimensions to
provide preferably thin UHPFRC elements. Besides visual examination, cracking can
be identified by disproportionate increase in end slip since the crack width of fibre
reinforced concrete is often limited to some hundredth of a millimetre. Fig. 5.4
exemplarily shows the influence of cracking on the end slip for beams prestressed with
CFRP strands (op = 1,350 MPa).
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Fig. 5.4 End slip of intact and cracked transmission zones (seven-wire strand,
Opm0 = 1350 MPa)

For intact cross-sections, the end slip increases almost proportionate to the induced
prestressing force. The prestressing force was released in five steps and at each step, a
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5.4 Numerical Investigations

small increase in end slip was observed. This may have been caused by bond creep.
When concrete cover was not sufficient to remain un-cracked, a disproportional increase
in end slip was observed at a particular release step. Beams prestressed with CFRP bars
showed a similar behaviour, even though the small increases in end slip at release step
were not observed.

The concrete compression strains were derived from extensometer measurements.
According to /DIBt80/ the transfer length is determined by multiplying the length,
needed for 80 % maximum strain by 1.35. Even though the guideline was established
for steel strands, it seems reasonable for CFRP reinforcement due to the similar
behaviour. For each release of 20 % prestressing force, the compression strains
increased by an approximately constant value.

Tests with intact transmission zone showed a transfer length of less than 150 mm for
CFRP bars and strands (ompo = 1350 MPa). Reducing the prestressing force by 50 %,
the transfer lengths decreased about 10-15 % (cp appendix A). In tests on steel strands
in UHPFRC conducted by BERTRAM /Ber12/, a transfer length of 200 mm was measured
for a prestressing of 1350 MPa, even though the uniaxial compression strength was
about 120 MPa (three days of concrete curing before release).
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Fig. 5.5 Concrete compression strains and transfer lengths for pre-tensioned

(1,350 MPa) CFRP bars and CFRP strands

Variation of spacing s/d, had no important influence on the transfer length.
5.4  Numerical Investigations

In this section, the release of prestressing force is investigated numerically. For this
purpose, the reinforcement was discretely modelled using continuum elements
(cp. section 3.6). A friction law was applied for contact between CFRP reinforcement
and surrounding UHPFRC. CFRP bars and CFRP strands were idealised as circular
cross-sections. The diameter of CFRP strands was derived from the cross-sectional area
of 31.1 mm? For UHPFRC and CFRP tendons, the material properties and approaches
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5 Bond Behaviour of CFRP Reinforcement in UHPFRC

summarised in chapters 3 and 4 were used. For UHPFRC, after one day of hardening, a
tensile strength f; of 2.5 MPa and fracture energy Gr of 1.25 N/mm were obtained by
the derived conversion approach (cp. chapter 4.3). Compression strength and Young’s
modulus were used from results of material testing (cp. section 3.2.1). The modelling
techniques are described in chapter 3.

The model is exemplarily depicted in Fig. 5.6. The mesh sensitivity was tested. It was
found that for a mesh size of less than 10 mm no variations could be observed. Using
doubly-symmetry, one quarter was modelled to reduce the computational effort.

Numerical Model Cross-section: FE mesh

u=EREmEE

concrete beam
concrete beam

tendon [

tendon

Fig. 5.6 Numerical model of tests on the transfer length

In the first step, tests TL-6 with CFRP bars and TL-16 using CFRP strands were
modelled. For both test specimens, the CFRP reinforcement was pre-tensioned to
1,350 MPa and the specimens remained un-cracked at the outer surface. By applying an
initial longitudinal stress to the tendons, the pre-tensioning stress was applied. A
parameter study was carried out to determine the transfer lengths for different friction
coefficients x. In Fig. 5.7, the influence of the friction coefficient on the transfer length
for a CFRP bar and strand are shown.
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Fig. 5.7 Influence of different friction coefficients x4 on the transfer length L; for

pre-tensioned (1,350 MPa) CFRP bars (left) and CFRP strands (right)

The comparison with test results shows a good agreement for z = 0.8 for CFRP bars and
1= 1.4 for CFRP strands. In Fig. 5.8, the numerically determined concrete compression
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strains are shown in comparison to experimental results. The numerical results were
found to be almost congruent with the test results.
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Fig. 5.8 Concrete compression strains at the free end of beams with pre-tensioned

(1,350 MPa) CFRP bars (top) and CFRP strands (bottom): Numerical (left)
and experimental (right) results

Since the compression strains were predicted in accordance with test results, the
obtained maximum values of end slip were compared in the next step. The numerical
results for beams prestressed with CFRP bars (1,350 MPa) seem to overestimate the end
slip (Fig. 5.9). Even though, the experimentally determined end slip does not increase
for induced prestressing forces over 80 %. This may be caused by deflection of the
CFRP bar at full release. However, the gradient of slip was predicted in good agreement
for two of four measuring points. For beams, prestressed with CFRP strands
(1,350 MPa), the end slip was predicted almost congruent to the test results. Since the
friction coefficient i was determined about 75 % higher for strands, it seems plausible
that a higher end slip was determined for CFRP bars, even though this was not observed
during testing.
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Fig. 5.9 Comparison of experimental and numerical determined end slip

distribution: CFRP bars (left) and CFRP strand (right)

In Fig. 5.10, the longitudinal stress distributions of tendons are depicted. The stresses
increase approximately linear to 1,000 MPa. For both tendon types, a stress of roughly
1,300 MPa was sustained.

1,400 — 1.400
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Fig. 5.10 Tendon stress for pre-tensioned (1,350 MPa) CFRP bars (left) and CFRP
strands (right)

Even though no splitting cracks were observed during testing of these specimens, with
the aid of the numerical models, cracking in the vicinity of the tendons was determined.
In Fig. 5.11, the distribution of plastic strains at the free end of a beam prestressed with
CFRP bars (1,350 MPa) is exemplarily shown. The distribution of plastic strains shows
a maximum close to the free end and decreases over the transfer length.
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Fig. 5.11 Example of the distribution of plastic concrete strains over the transfer
length for CFRP bars (o, = 1,350 MPa)

Cracking in the vicinity of tendons was further investigated in section 5.5.3.
5.5  Theoretical Approaches

5.5.1 Preface

The accurate determination of transfer lengths for prestressed concrete members can be
of major interest, especially for load transfer in the vicinity of supports. For each
material combination of tendon and concrete, different interface conditions result in
different transfer lengths. Since excessive experimental testing is costly in terms of time
and labour, theoretical models need to be derived. Especially for further investigations
on stress and strain distributions in the transmission zone, standard models (e.g. /ACI04/
or /DIN04/) to determine the transfer length are not suitable.

In the next sections, two different approaches are applied to determine the transfer length
of CFRP bars and strands in UHPFRC. On the one hand, an empirical approach was
derived from experimental results and on the other hand, a thick-walled cylinder model
(TWCM) was applied to derive bond properties.

5.5.2 Empirical Approach

In /Ber12/, /Biil08/, /Emp95/, /Nit01/ an empirical approach was used to determine the
bond-stress slip relationship for steel strands in NSC, HPC and UHPC. The bond stress-
slip relationships were experimentally identified from pull-out tests. In Fig. 5.12 a free
end of a prestressed concrete member is depicted. Due to the release of prestressing
force, the tendon expands laterally and induces a pressure at the interface to the
surrounding concrete. This hoop stresses result from bond stresses. The distance from
the free end of the beam to the cross-section, where the prestressing force is fully
transmitted to the concrete, i.e. no lateral expansion of the tendon takes place, is equal
to the transfer length L.
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Fig. 5.12 Schematic bond-stress distribution along the transfer length (reproduced
from /Ber12/)

In/Ber12/,/Biil08/, /Emp95/, /Nit01/, bond-stress slip relationships at different positions
((a), (b) and (c)) were derived from experimental pull-out testing. The end of the beam
represents the situation of a 100 % release of pre-tensioning force. The end of the
transfer length, i.e. where only minimal slip occurs, can be represented by a 0 % release
state and a position in between corresponds to a 50 % release state. According to
/Ber12/, /Biil08/, /Emp95/, /Nit01/, the bond stress can be subdivided in three different
parts. On the one hand, a base value and on the other hand, a part dependent on lateral
pressure, i.e. release of pre-tensioning force, the so-called HOYER-effect and a slip
dependent part, due to the lack of fit.

7= basic part + stress-dependent part + slip dependent part
r=(A4(B-80, P+ Cos(x } f o 5.1)

A,B,C,b,c  material-related coefficiens

Ao, changein pre - tensioning (positive for releasing

s(x) slip at position x

The circumference of the reinforcement was assumed to U, = 7 -d, /Berl12/, /DINO04/.
Subsequently, the empirical approach is exemplarily explained and applied for the
CFRP seven-wire strand.

Without any release in prestressing force, the basic part can be determined to
A =45/ fernex = 0.45. With the same bond stress-slip relationship, the coefficient of the
slip-dependent part was identified. The maximum bond stress of 9 MPa was reached at
approximately 0.16 mm slip. The non-linear part can be expressed by ¢ = 0.35, leading
to C=9.0/ (fenex - 0.16%3%) = 1.7. Since the stress-dependent part was found to increase
non-linearly for the different release steps, the exponent b is unequal to 1.0. For 50 %
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release of the prestressing force, feufiex-B-600° = 2.0 was obtained and for full release
feufexB-1200° = 10.0. Hence, b=2.3 and B=7.0-10" were determined. Since no
decrease in bond strength was determined with the lowest tested concrete cover, no
reduction ratio was introduced. Even though, for an estimate of transfer length for
concrete covers smaller than the tested ratios, one has to bear in mind that splitting
cracks may occur and transfer lengths may be underestimated.

To determine the transfer length L, the bond differential equation was applied. This
differential equation (ODE) is derived by equilibrium at a differential element with the
length dx. This element is composed of two parts, such as a tendon in surrounding
concrete (Fig. 5.13).

I dX y
A A¢ A A_A..
l\ A
N B el s ] —>N+dN ‘\ c
Ap
4,
u, A
c, —» o, + do,
Y= 0 5 — — ¢
y —> —> G
o, l—» o, + do,
SL
u, > .
p e
c, —» «—— 0, + do,
- . . . =
Fig. 5.13 Equilibrium of rebar surrounded by concrete under tensile loading

Considering equilibrium yields the relationship between bond stress and tendon stress.

AN (5.2)

In the same manner, the relationship between bond stress and concrete stress can be
established.

C=—r.—L (5.3)

The slip s is the relative displacement between the rebar and the concrete element.

sp(x)zup—uc (5.4)
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Differentiating equation (5.4) and applying HOOKE’S LAW leads to the relationship
between the change in slip and strains in concrete and rebar.

dsp(x)

9

017 c
e E, (5.5)

c

b

Differentiating and rearranging equation (5.5) yields the well-known differential
equation.

2
%=Eip(r<sp;op).i—:’}(l+ap~pp) (5.6)
Sp () slip at position x
X distance from end of beam
op () stress of reinforcement at position x
E, Young's Moduls of pre - tensioned reinforcement
E, Young's Moduls of concrete
T bond stress relationship
U, circumference of reinforcement
4, cross - sectionional area of reinforcement
a,=E,/E; ratioof Young's Moduli
pp =4,/ A, reinforcement ratio

The right-hand side of equation (5.6) comprises the bond stress 7. The relationships of
7 found empirically from pull-out testing by applying equation (5.1) were used to
determine the transfer lengths for un-cracked specimens prestressed with CFRP bars and
strands by stepwise integration. For this purpose, the transmission zone is divided in a
finite number of elements (Fig. 5.14). The end slip is iteratively increased until the full
prestressing force is transmitted. At each element 7, equilibrium has to be satisfied.

boundary conditions at M
end of beam (x = 0)
-0 strain-dependent lateral pressure
equilibrium of element i Ge,i=0~ V|| T
e e s., = end slip [E
Oc,i f—» le—|<] OciTACGi+1= Ociv1 1 strand
—] ) lt— |~ p.i=0
e [P e L y.d transfer length
= o H IE Op,it AGy it~ Opint £
— — bond stress distribution t(x)
— ©(X) | t— |
| pEm (M finite element ' ‘
R T D concrete straine,(X)
‘ i) 5100 * 850 Tui®) ‘ slip s(x) CFRP strain g,(x)
3
Fig. 5.14 Finite element method and equilibrium conditions (reproduced from

/Ber12/)
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In Fig. 5.15, the procedure to calculate the transfer length is exemplarily shown for test
TL-16. First, stress and slip over the length of the beam were determined (Fig. 5.15,
bottom). The corresponding experimental results of pull-out tests are depicted on the top
left of Fig. 5.15. The calculated bond stress is shown in Fig. 5.15 on the top right side.
Based on the calculated stresses and slip, one can identify the local bond strength for
each release step (designated by points). These local bond strengths are not necessarily
the maximum values of the experimental results, they have to be determined in
dependence on slip /Ber12/.
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Empirically determined transfer length of test TL-16

The comparison of the experimental and calculated values of the transfer length shows
a good agreement. The transfer length of test TL-16 was determined experimentally to
Lptexp = 14.5cm (end slip sexp =0.5) and calculated to Lpicac = 12.5 cm (end slip
Sexp = 0.41).

Nevertheless, this approach can only be used for exactly the same material combinations
tested experimentally in pull-out tests. Additionally, transfer lengths for specimen with
relatively small concrete covers cannot be predicted since it is not possible to safely
predict the performance of cracked specimens. During pull-out testing, no reduction in
bond stress was observed, even for c/d, ratios of 2.5, but cracks were observed in the
transmission zone in tests on the transfer length for the same ratio which indicates issues
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with this procedure. Additionally, exponents 4 and ¢ in equation (5.1) result in
inconsistent units. For further investigations, a mechanically based approach was
applied in the next section.

5.5.3 Application of a Thick-walled Cylinder Model

Mechanical or analytical approaches to determine the transfer length are often based on
THICK-WALLED CYLINDER MODELS. Besides the transfer length, tendon stress, bond
stress and resulting pressure perpendicular to the axial direction of the tendon can be
analysed. The THICK-WALLED CYLINDER MODEL has been widely applied, modified and
further developed for steel rebars or steel prestressing tendons (e.g. /Tep79/, /Oh06/,
/Han16/). The model can be used for bond investigations in RC or PC since rebars or
prestressing tendons confined by surrounding concrete represent the situation of a
hollow concrete cylinder subjected to internal pressure. The equilibrium equations are
usually derived for a ring element of size dz at a distance z. The corresponding stresses
are shown in Fig. 5.16.

do

aTzr dZ G, + aizz 'dZ

Tor + az

Fig. 5.16 Free-body cut of thick-walled cylinder with corresponding stresses (left)
(reproduced from /Oh06/) and simplified detail (right)

The derivation of the equations was shown by different researchers (e.g. /Tep79/,
/Oh06/, /Han16/) or can be found in lecture notes. For the sake of clarity, the derivation
of the equations is shown again. Equilibrium of forces in radial direction leads to the
following equation by assuming all variables to be independent of z-direction and
neglecting body forces:

>F. =0:
= (o, +do, \r+dr)dédL — c,rd@dL — 20 ydrdLsin(d6/2) = 0
. e (5.7
o, . normalstressin radial direction

oy : hoopstressin circumferential direction
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Assuming small angles and neglecting higher order terms, equation (5.7) reduces:

do,
o, +—L-r—oy=0 (5.8)
dr

In Fig. 5.17, a schematic cross-section of a solid cylinder is depicted, representing a
rebar or prestressing tendon in a hollow cylinder, representing the surrounding concrete.

r: interface radius
R:: initial radius of tendon
R: decreased radius of tendon after pre-tensioning

. displacement of tendon due to release of pre-tensioning force

u;: displacement of conrete due to internal pressure

Fig. 5.17 Stressed cylinder in thick-walled concrete hollow cylinder: Relative radial
displacements (reproduced from /Oh06/, /[Han16/)

The prestressing tendon with initial radius R; is pre-tensioned, resulting in radius R; due
to the lateral deformation. After casting concrete and releasing the prestressing force,
the tendon expands laterally, leading to a final displacement ;. The surrounded concrete
deforms by u;. Since compatibility of displacements must be fulfilled, the following
relationship arises:

From the THEORY OF ELASTICITY, the stress-strain relationships can be expressed in a
cylindrical coordinate system as follows:

o = Ez(gr+v.ge)+v(1+_V20z

1-v 1-v (5.10)
o= (¢, +v-e )+M '
O T 2

The strains in radial and circumferential directions are expressed in dependence on the
radial direction only:
27(r +u)-27

u
En = = — .
f) Y. . (5.11)

du
g =—,
dr
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Applying o and op from equations (5.10) in equation (5.8) and considering
relationships of strains (equation (5.11)) results in an ordinary differential equation
(ODE) of radial displacement (equation (5.12)). For this second order ODE, a typical
solution is given by equation (5.13) with two integration constants ¢1 and c.

d*u du u
r?‘f‘g_;:o (512)

uzclr+c—2 (5.13)
p

Hence, the stresses or and op can be expressed as follows:

C C V-O
o, =E——-—2— |+ —= 5.14
1-v (1+v)r2 1-v ( )

e e 1l Ei: (5.15)
I-v  (+v)?| 1-v

O'QZE

In the next step, the constants c1 and c2 can be determined separately for the boundary
conditions of a solid cylinder (prestressing tendon) and hollow cylinder (surrounding
concrete).

For the solid cylinder, the displacement is zero (u = 0) at » = 0. Hence, the constant c>
must be zero. Thus, the radial and circumferential stresses are equal, and independent of
r. At r = R; (radius of the cylinder), the radial and circumferential stresses are set to a
radial stress p. The longitudinal stress o is treated as the stress in the tendon f;, at a
distance z from the free beam end. Elastic modulus and Poisson’s ratio of the
prestressing tendon are expressed by E, and v, respectively. Hence, the displacement u;
of the tendon is given as:

0= _p(l_vp)_vp S pz R

i i
EP

(5.16)

For the hollow cylinder, the radial stress equals p at » = R; and zero at » = C. Thus the
expressions for or and oy are obtained as follows:

R (feaims e
TP R
1/c? +1/r? G-17)

O'9=—P'm
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The resulting displacement u; at the inner surface of the concrete cylinder is summarised
in equation (5.18). fp- is the axial stress in the concrete member at a distance z from the
free end. Elastic modulus and Poisson’s ratio of concrete are expressed by Ec and v,
respectively.

—p-R. 1— 1+ Vv - -R.
u, = P Ve e | Vele R (5.18)

El/c?-1R?) ¢* R E,

Applying equation (5.9) gives the solution of the interface pressure p (equation (5.19)).
Ri(l_vp'fpz/Ep)_Rj(l_vc'fcz/Ec)

e 2 e ey L

p= (5.19)

The reduced radius R; due to jacking stress fp is usually simply calculated using
Poisson’s ratio v} as follows:

Rj:[ _%VpJ'Ri (5.20)
P
For the above mentioned equations, a linear elastic material behaviour is assumed.
Considering an example similar to the tested specimen without cracking of the outer
surface (cp. section 5.3.2), the stress distributions in radial and circumferential direction
can be determined with equations (5.17). The material and geometric properties are
shown in Fig. 5.18. The same approach was applied for steel tendons in NSC by /Oh06/.

In Fig. 5.18, a CFRP strand (7.5 mm) with corresponding stress distributions of o; and
ov in a hollow concrete section at the free end of the beam element are depicted.

540 ] Reinforcement:
230 - concrete surface CFRP seven-wire strand @7.5
® 50 | Circumferential E, = 150,000 MPa, » =0.2
¢ Stress o, fo = 1350 MPa
® 10 1
@7.5mm f
0 —————— —
0 20 o Radial Concrete:
tendon -10 1 ;] Distance r [mm)] UHPFRC
20 A "' Radial Stress o, C=30mm
304 | Ecm 10 = 32,000 MPa
" fe = 2.5 MPa
-40 A
Fig. 5.18 Isotropic, elastic analysis of radial and circumferential stresses of a pre-

tensioned CFRP strand in UHPFRC (illustration in dependence on /Oh06/)
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The calculated stresses in the vicinity of the tendon are about 15 times greater than the
tensile strength f.: of the concrete. The stresses decrease over the radial distance r and
are smaller than fi at roughly 15 mm. Hence, radial cracks around the tendon are
predicted, whereas the outer surface of the concrete element remains un-cracked. The
same phenomena was observed by OH /Oh06/ for steel tendons in NSC. The cracking
tendency of concrete in the vicinity of the tendon can be checked by calculating the
circumferential strain &s(R;) from the radial displacement u; with equation (5.18). In case
&(R;) exceeds the cracking strain of concrete &= fut/ Ecm, cracking occurs. For the
example shown in Fig. 5.18, & is about 0.08 %o. The circumferential strain gs(R;) was
determined to 1.6 %o, which clearly exceeds &:.

In case of cracked sections, different approaches have to be applied. Amongst others, in
/Oh06/ and /Hanl6/, the thick-walled cylinder model was modified to account for
cracking of concrete. Generally, three different states of concrete behaviour are
assumed. This can be a linear elastic behaviour, as described above, and a partly cracked
or a fully cracked concrete element.

Subsequent, the approach suggested in /Han16/ to account for cracking of NSC sections
with pre-tensioned steel strands by application of a modified THICK-WALLED CYLINDER
MODEL 1is shown and applied for CFRP tendons in UHPFRC. The state of a partly
cracked specimen, observed in Fig. 5.18, is depicted in Fig. 5.19. The variables R;, R, ui
and uj remain the same as before. To evaluate the length of the cracks, the variable R. is
introduced.

un-cracked cylinder fully cracked cylinder
partly cracked cylinder

Fig. 5.19 Cracking in a thick-walled cylinder (left), equilibrium of forces in a partly
(mid) and fully (right) cracked cross-section in (reproduced from /Han16/)

HAN ET AL /Han14/, /Han16/ proposed to assume a linear elastic displacement field of
the hollow concrete cylinder. From equations (5.14) and (5.15), the radial and
circumferential stresses or and ow, respectively, are determined by applying op = fct at
r=Rcand oz =0atr=C:
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e

o, (r)= 1 VR (5.21)
_ 1+’

oolr)=fu VR (5.22)

The radial displacement u(r) and tangential strain gy(7) are derived from equations (5.21)
and (5.22) as follows:

S V1
u(r)—Ecm r 1/C2+1/R3 (5.23)
2 2
so(r)= L yCo vy (5.24)

E., 1/C?+1/R2

If the circumferential strain &(R;) at the interface between tendon and concrete derived
from equation (5.18) exceeds the cracking strain &, the cross-section is partly cracked.
In this case, HAN ET AL /Han16/ suggested to derive the cracking length R. by comparing
equation (5.18) with equation (5.23) at » = R;.

e ~ £ R 1/C? +1/R?
p ; !1 v, 1+VC}_chcz J _ fct .R.. / / J (525)

i /R)| R E.  E, ' 1/ct+1/R?

After the cracking length R. is determined, the circumferential strain distribution &o(r)
can be calculated with equation (5.22) in dependence on the distance ». To account for
cracking of concrete, a tension softening curve has to be applied. HAN ET AL /Han16/
used the bilinear softening curve according to /CEB12/. Since mainly the ability to reach
a cracked state should be accounted for and to avoid case-by-case analysis, a linear
softening was assumed in this study (Fig. 5.20). Hence, the following three cases have
to be analysed.

GG(F):Ecm"C"H(r)’ 59(”)35cr
O_e(r):fct'gu__—ge(r)ﬂ Eer <89(l")§8u (526)
ag(r)=0, g9(r)> &,

The cracking strain was calculated by tensile strength f.i (~2.5 MPa) and Young’s
modulus Ecm (~32,000 MPa) after one day of concrete hardening. The ultimate strain &
was derived from the findings in chapter 4. For the own investigations a linear softening
approach was applied. To avoid an overestimation of ductility, the gradient of the linear
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softening relationship was derived in the manner that fracture energy was equal to that
of the exponential softening relationship used in chapter 4 (Fig. 5.20).

c, A

f

ct

linear softening

E fracture energy G,
" exponential softening
8cr Su 89'
Fig. 5.20 Stress-strain relationship to account for tension softening of concrete

In case of a partly cracked concrete cylinder (cp. Fig. 5.19), equilibrium of pressure p
from expansion of the tendon, stresses pc at the crack tip and residual stresses ow(r)
provide the following relationship:

C

R
PR, =p.-R.+ [og(r)dr (5.27)
R;

The stresses p. at the crack tip, i.e. op(Rc), can be assumed to be identical with the tensile
concrete strength f.. Hence, equation (5.21) delivers pc as follows:

1/C?-1/R?

o (R.)=-p. = fu m
C

(5.28)

In case of a fully cracked concrete cylinder, the pressure p. vanishes and R. becomes C
(cp. Fig. 5.19). Hence, HAN ET AL calculated the displacement and corresponding
circumferential strain from equations (5.23) and (5.24) as follows:

Lyt

u(r)= e, 5 (5.29)
2 2
£o(r) = €a w (5.30)

The variable &pc 1s the circumferential strain at the outer concrete surface, which is
determined by combining equations (5.23) and (5.29):

1/C* +1/R?
g&.Rj.&
E 2

c

(5.31)

B p ) R.f l_Vc + 1+Vc _ VC.fCZ ) R.f _
E(/c*-1/R?)| C? R’
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Hence, on(r) according to equation (5.26) can be calculated by applying equation (5.30).
Again the pressure p due to expansion of the tendon is determined by equation (5.27),
whereas p. equals zero.

The bond stress 7in the interface zone between tendon and concrete is calculated using
COULOMB FRICTION (equation (5.32)).

T=p-cota (5.32)

cota represents a coefficient of friction. For applications of steel tendons in NSC, values
of 0.4 to 1.4 are reported (e.g. /Tep79/, /Lal88/, /Wan04/). In /Nan92/, a numerically
determined value of 2.1 for FRP tendons in NSC was proposed. HAN ET AL /Han16/
used a friction coefficient of 0.5 for steel tendons in NSC. The value of cota was
investigated closer by the aid of finite element modelling (cp. section 5.4) and
determination of transfer lengths for the applied material combination of CFRP and
UHPFRC.

For the determination of the transfer length a beam member is subdivided in » elements
of a small length Az each (cp. section 5.5.2). The stress in the prestressing tendon is
calculated from bond stress 7in each element Az (cp. equation (5.2)) as follows:

N I
= (5.33)
p

Since the stress in the tendon at the beam end is zero, the stress in the tendon at the n™

element fy,n is the sum of increments Af,, (equation (5.34)).

Fron= 3 A, (5.34)
k=0

Additionally, the corresponding strain change A &p,qat the n' element is determined as
follows:

Aty =y =2 (5.35)

The concrete strain at the n™ element is calculated from tendon stress fyzn.

fpz n' Ap 1 e
£  F —_ 4 —
T a2 (5.36)

C

For centrically placed tendons, the eccentricity e vanishes.
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The transfer length L is determined at the element where the strain change in the
prestressing tendon A&p,q is equal to the concrete strain &, /Hanl16/. The analysis is
conducted with an initial value of f,,,» = 0 (free beam end).

Usually multiple tendons are applied in a specimen for tests of the transfer length. HAN
ET AL /Hanl6/ applied the approach of DEN UL /Den98/ to determine a effective
concrete cover thickness by accounting for the influence of strand spacing as follows:

2:C,+15:(n, -1)s

p
2, (5.37)

Ceﬁ’ =

Cesr 1s the clear concrete cover thickness, n, the number and s, the spacing of tendons.

HAN ET AL /Hanl6/ determined the transfer lengths of about 56 test specimen using
centrically and eccentrically placed steel strands with different diameters in NSC beams
of different dimensions. For a friction coefficient of 0.5, the mean value of the ratio of
Lical and Ly exp was about 1.03 with a corresponding COV of 0.225.

The proposed model by /Hanl6/ was applied and validated with test results
(section 5.3.2) of specimens made of UHPFRC and pre-tensioned CFRP. Therefore, the
beams of 1640 mm length were subdivided in elements of 0.5 mm length. According to
/Han16/ the calculation procedure can be summarised as follows:

Table 5.1: Procedure to determine the transfer length L; according to /Han16/

Determination of reduced radius R; due to jacking stress f,i (equation (5.20))
Start with fozn = 0 (free beam end)

Calculation of f;z based on prestressing force and eccentricity of tendons
Calculation of interface pressure p (equation (5.19))

Calculation of concrete displacement u;j (equation (5.18)); check, if 6 (Rj) 2 &
If step 5 is fulfilled, determine Rc (equation (5.25) and go to step 7; otherwise, go to step 11
Calculation of pc (equation (5.28)) and of p (equation (5.27));

Check, if Re2 C

If step 8 is fulfilled, go to step 10 and set R. = C; otherwise, go to step 11
Calculation of &c (equation (5.31)) and p (equation (5.27), pc = 0)

Calculation of z(equation (5.32))

Calculation of Afy; (equation (5.33)) and fozn (equation (5.34))

Calculation of A¢pz (equation (5.35)) and &z, (equation (5.36)

Check, if Agpz = &zn

If step 14 is fulfilled, determine Lt; otherwise, go to step 3

RPN A OO NOOO A WN S

The material properties of CFRP and UHPFRC were used in accordance with chapters 3
and 4, besides parameter variations.

One key factor of this approach is the determination of the friction coefficient u to
calculate the bond stress 7 from pressure p. In Fig. 5.21, the influence of varying friction
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coefficients u are exemplarily shown for a CFRP bar @5 mm and CFRP strand
7.5 mm. The tensile strength fc; is set to 2.5 MPa and one centrically placed tendon
with a pre-tensioning stress of 1,350 MPa is assumed. The cross-sections were adopted
from test specimens which did not crack at the surface during the prestressing process.
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Fig. 5.21 Influence of different friction coefficients x4 on the transfer length L;

For the evaluation of experimental results (cp. section 5.3.2), the transfer length was
determined according to /DIBt80/. With this method, the maximum strains determined
from testing do not necessarily occur at the end of the transfer length. This is due to
small imperfections and measurement inaccuracy. Hence, for the determination of the
friction coefficient, the positions of maximum strain Le—const Were used. For the CFRP
strand, the value of Le—const coincides with the transfer length L ,whereas for the CFRP
bar, the Lg—const 1S about 25 % higher than the determined L;. With this approach, a
friction coefficient of 0.8 was determined for CFRP bars and 1.4 for CFRP strands by
comparing the transfer length with test results (TL-6, TL-16; without splitting cracks at
the concrete surface). For both cases, cracking occurred only in the vicinity of the tendon
and did not proceed to the outer concrete surface. These results are in accordance with
numerical simulations.

In Fig. 5.22, results of tests on the transfer length are compared with calculated concrete
compression strains for a CFRP bar @5 mm and a strand CFRP strand ©7.5 mm pre-
tensioned with 1,350 MPa. In the tests as well as in the calculations, no cracks proceeded
to the outer concrete surface. Even though, the model predicted cracking in the vicinity
of the tendons. For both tendons, the model according to /Han16/ predicted the transfer
length in very good agreement with test results.
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Fig. 5.22 Transfer length L; over the distance from the free beam end for tests TL-6

(left) and TL-16 (right): Experimental results (grey) and calculated
relationships (black)

In Fig. 5.23 (left), the distribution of tendon stress over the transfer length is exemplarily
shown for a partly cracked specimen. The tendon stress increases over the transfer length
and reaches the maximum of about 1,290 MPa at the end of the transfer length. The
maximum stress and the distribution over the transfer length coincides with the
numerical results.

The bond stress (Fig. 5.23 (right)) results from the lateral extension of the tendon
(HoYER-effect) and the slip between tendon and concrete. Since the slip decreases over
the transfer length, the bond stress decreases until the prestressing force is transferred to
the concrete member. The corresponding distribution of radial stresses can be obtained
by dividing the bond stress by the friction coefficient. The maximum radial pressure at
the free end was about 17 MPa, leading to a maximum bond stress of 25 MPa. This
magnitude was also determined in pull-out tests (cp. section 5.2.2).
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Fig. 5.23 Prestressing stress f;,; (left) and corresponding bond stress z (right) over

the distance from the end of the beam for a partly cracked specimen
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Hereafter, the influence of parameter variations on the transfer lengths is exemplarily
analysed. For these investigations, the friction coefficient  was consistently set to 0.8
for CFRP bars and 1.4 for CFRP strands. First, the influence of varying concrete covers
C are investigated for a CFRP bar @5 mm and CFRP strand @7.5 mm (Fig. 5.24). The
pre-tensioning stress f,j was set to 1,350 MPa. The concrete tensile strength
fee = 2.5 MPa was adopted from testing after one day. For the analysis, a quadratic cross-
section of 200x200 mm? was used. The varying concrete cover C results in different
eccentricities e.
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Fig. 5.24 Transfer length L; over the distance from the free beam end dependent on

the concrete cover C for CFRP bars @5mm (left) and CFRP strands
@7.5 mm (right)

In both cases, a concrete cover of twice the tendon diameter led to excessive cracking.
As expected, the transfer lengths decreased for increasing concrete covers. For concrete
cover ratios of c¢/d, > 3.5 for CFRP bars and c/d, > 3.0 for CFRP strands, the transfer
lengths remained constant. These results are in accordance with test results. During
testing, cracking only proceeded to the concrete surface for smaller ratios.

In Fig. 5.25, the influences of tensile strength f.: and pre-tensioning stress f,j on the
transfer length are depicted. The cross-section in either cases was set to 105x60 mm?.
Hence, a clear concrete cover of 26.25 mm is confining the concrete. For the analysis of
the tensile strength f, a CFRP strand ©@7.5 mm with jacking stress of 1,350 MPa was
assumed. Since the Young’s modulus varies with concrete strength, it was adjusted for
different tensile strengths. Since hardly any information can be found in literature about
values of Young’s moduli dependent on the tensile strength of green UHPFRC, for this
analysis, Young’s moduli were interpolated from test values of one and three days as
well as 28 days of concrete hardening. For the investigations on the influence of jacking
stresses fpj, the tensile strength f.c was set to 2.5 MPa. As shown in Fig. 5.25 (left), the
determined transfer length L decreases from roughly 300 mm for fec = 1 MPa to 100 mm
for fee=5 MPa, which corresponds to the tensile strength after 28 days. During
experimental testing, the prestressing forces were released after one day of concrete
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5 Bond Behaviour of CFRP Reinforcement in UHPFRC

hardening which complies with the tensile strength of 2.5 MPa. For a tensile strength of
less than 1.5 MPa, excessive cracking was predicted from the model.
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Fig. 5.25 Transfer length L; over the distance from the free beam end dependent on

concrete tensile strength £ (left) and pre-tensioning stress f,; (right) for
CFRP strands ©7.5 mm

Fig. 5.25 (right) shows that the transfer length increases linearly with increasing pre-
tensioning stress. For this cross-section, cracks did not proceed to the outer concrete
surface. Nevertheless, to provide sufficient capacity in tensile strength of CFRP,
prestressing of over 1,500 MPa is not favourable.

5.6 Conclusions

In this chapter, the bond behaviour of CFRP prestressing tendons in UHPFRC was
investigated. Based on experimental testing, maximum bond stresses, minimum
concrete covers and transfer lengths were determined. Bond strength of up to 25 MPa
(op = 1,350 MPa) were reached for CFRP bars and seven-wire strands. The high bond
stresses resulted in a transfer length of less than 150 mm for the same pre-tensioning
stress. In numerical investigations using non-linear material behaviour, friction
coefficients for CFRP bars and strands were derived to 0.8 and 1.4, respectively. For
these friction coefficients, compression strains and slip of tendons were found in good
agreement with the test results. Two different models were applied to determine the
transfer length theoretically. Based on results from pull-out testing, bond stress
distributions were empirically derived. With the aid of the bond differential equation,
the transfer length was determined in good accordance with the test results. Since this
empirical model uses test results, it is only suitable for parameter variations by further
testing. Additionally, a THICK-WALLED CYLINDER MODEL proposed by HAN ET AL
/Han16/ was applied and further investigations on CFRP tendons in UHPFRC were
conducted. Besides the determination of friction coefficients, which were in agreement
with numerical results, transfer lengths have been determined. The model was found in
very good agreement with test results.
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6 Sandwich Sections under Tensile and Shear Loading

6.1 Preface

The load-bearing capacity of sandwich panels is strongly controlled by the interface
zone between core material and outer layers. To investigate the quality of the production
method of foaming in pack of polyurethane (cp. section 3.5) tensile and shear tests were
conducted on small-scale specimens. The test results of tensile and shear strength as
well as stiffness, served as basis for numerical models and theoretical approaches. Major
experimental results presented in this chapter have also been published in /Shal3/ and
/Shal5a/ together with investigations on sandwich sections with TRC facings conducted
by SHAMS.

6.2 Tensile Tests

6.2.1 Test Set-up and Procedure

Tensile testing was carried out on small-scale quadratic specimen (Fig. 6.1) based on
the setup applied by HORSTMANN /Hor10/ and SHAMS /Shal5b/. The load was induced
by cast-in channels since high bond strength was expected. Hence, the thickness of
UHPFRC layers was chosen to 80 mm in order to anchor the cast-in channels.
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Fig. 6.1 Experimental set-ups of tensile tests

In all tests, the thickness of the core foam was chosen to 200 mm. Tests without
connector elements between the outer layers served for the verification of bond strength
compared to the tensile strength of the core material only. The application of a CFRP
shear grid was exemplarily investigated with an embedment length of 30 mm. The load
was induced displacement controlled with 1.0 mm/min. Besides the load, LVDT’s were
used to measure the relative displacement Av of the UHPFRC layers.
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6 Sandwich Sections under Tensile and Shear Loading

6.2.2 Experimental Results: Tensile Loading

The adhesive strength between UHFRPC and PU foam was determined in tests without
connecting devices. The load-displacement response was mainly linear elastic until
failure. The production method of foaming in pack resulted in a high and reproducible
bond strength. Due to the high bond strength of foamed PU, the application of a CFRP
shear grid did not lead to an increase in maximum tensile load, but to a pronounced post-
peak behaviour. After reaching the bond strength of the PU foam, the CFRP shear grid
failed by rupture of one roving after the other. In Fig. 6.2, representative test results are
shown. The embedment length of 30 mm was sufficient to prevent the shear grid from
pulling out. Smaller embedment lengths were not investigated, since thicknesses of
UHPFRC facings of beam elements (cp. chapter 7) were determined to 60 mm. The
maximum tensile stresses were about 0.22 MPa.
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Fig. 6.2 Representative test results of tensile tests on sandwich sections

The bond strength between UHPFRC and PU is about 40 % of the uniaxial tensile
strength of PU (cp. section 3.2.3). The results show similar maximum loads and load-
displacement relationships as observed by SHAMS in tests with TRC layers and PU foam
of roughly the same density, even though in /Shal5b/ the surfaces of the TRC layers
were pre-treated to enhance the bond quality. Tests conducted by HORSTMANN /Hor10/,
/Shal4/ using slabstock foams and TRC facings, showed only about 50 % of the bond
strength for PU with similar density compared to the presented tests.

6.3 Shear Tests

6.3.1 Test Set-up and Procedure

Generally, different set-ups of shear or push-out tests on sandwich elements are
available to determine shear strength and shear modulus. For this purpose usually small-
scale specimen are used (e.g. /Foe89/, /Riz09/, /Hor10/, /Pah11/, /Zan13/, /Shal5b/),
since for large, full-scale specimen additional influences may be observed. Different set-
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6.3 Shear Tests

ups do not lead to the same results and vary in complexity and costs. Below, two
different types of test specimen are briefly discussed.

A doubly symmetric set-up (Fig. 6.3, left)) was chosen by HORSTMANN /Hor10/. A stiff
frame reduced the influence of load eccentricities. Nevertheless, bending effects due to
misalignments could not be avoided /Horl0/. The production of doubly symmetric
sandwich elements and the test procedure were cost-intensive and complex. SHAMS
/Shal3/,/Shal5b/ used a set-up with only two concrete layers and a stiff frame (Fig. 6.3,
right)) to provide an easy way to test sandwich panels under shear loading. The lever
arm (core height and thickness of the concrete layer) induces a bending moment, which
results in tensile stresses at the top of the specimen and compressive stresses at the
bottom.

Shear test according to HORSTMANN: Shear test according to SHAMS:
three concrete layers two concrete layers
lF
] ] ] T T F steel roller
—> “ l ./
|<_‘ 5( I~
AV
Q| ©
Te) (o]
3
_€ Av Av ®
+—q 9—>< AL [em] Hl ] AL [em]
x IAU x EAU
Fig. 6.3 Set-ups of shear tests by HORSTMANN /Hor10/ (left) and SHAMS /SHA13/,
/ISha15b/ (right)

For the conducted study, the test set-up used by SHAMS /Shal5b/ (Fig. 6.3, right)) for
flat test specimens was adopted to investigate the influences of core heights and shear
connectors in flat specimens. Negative effects due to bending were accepted at first.
Subsequently, the test set-up was modified to be applicable to folded plate cross-
sections. The analysed cross-sections are shown in Fig. 6.4. The test load F' as well as
vertical and horizontal relative displacements Au and Av, respectively, were
continuously measured. Test specimens were loaded displacement controlled with
1.0 mm/min.
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Fig. 6.4 Set-up for shear tests on flat and folded plate elements in dependence on
/Sha15b/

Besides the identification of influences on the load-deformation response due to
parameter variation, shear tests were performed to obtain the shear strength of the
interface between UHPFRC and PU. Due to bending effects using standard test setups,
the direct determination of bond strength and shear modulus from these tests seemed
problematic. To reduce influences from bending effects, a cylindrical test specimen was
introduced. With this test set-up only circumferential bending moments occur, which do
not lead to direct tension and compression at top and bottom, respectively, as for
standard test set-ups. The cylindrical test specimen consists of a standard concrete
cylinder for material testing (@: 150 mm, height: 300 mm) in combination with a
concrete cuboid with a block out (Fig. 6.5). The volume between cylinder and
surrounding concrete was foamed in pack. Within these tests, the core height was altered
but no shear connectors were applied. The test load F and vertical relative displacement
Au were continuously measured. The test specimens were loaded displacement
controlled with 1.0 mm/min.

cyldric shear testing
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Fig. 6.5 Cylindrical set-up for shear tests
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6.3.2 Experimental Results: Shear Loading

The influences of core height and application of shear connectors were determined with
the test set-up using flat elements. As expected, the core height has a major influence on
shear stiffness of sandwich sections (Fig. 6.6 a)). Tests on sections without shear
connectors with a core height of 200 mm resisted roughly 25 % less test load at the same
relative displacement Au compared to sections with a core height of 100 mm. The
application of a CFRP shear grid (cp. Fig. 3.1) generally resulted in a stiffer behaviour
and a pronounced post-failure state (Fig. 6.6 b)). For the applied CFRP shear grid a
sufficient amount of remaining load-bearing capacity (=80 % of maximum test load)
was observed, leading to an increase of over 100 % in relative displacement Au. This
behaviour was observed for 100 mm and 200 mm core heights as well as for one or two
applied shear grids (cp. Appendix B). CFRP shear grids with embedment length of
30 mm in the UHPFRC facings, failed within the free length between the facings. Hence,
the short embedment length was sufficient. GFRP pin connectors (cp. Fig. 3.1) with
embedment length of 30 mm failed at maximum load and did not lead to remaining load-
bearing capacity. For core heights of 100 mm and 200 mm, the maximum shear stresses
were derived to 0.38 MPa and 0.27 MPa, respectively. The load-displacement behaviour
until maximum load showed no significant difference compared to tests on specimens
without connectors (cp. Appendix B). The elements failed due to diagonal cracks in the
core material or by debonding. As mentioned before, the induced bending moment
resulted in tensile forces at top and compression forces at bottom of the specimen. The
acting bending moment, led to slight tilting of the specimens. Hence, a proper support
of the specimen in horizontal direction could not be achieved.
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Fig. 6.6 Representative results of shear tests on planar sandwich sections:

Influence of core height h., (left) and CFRP shear grid (right)

The investigated folded plate cross-section with a core height of 200 mm showed an
about 50 % higher stiffness compared to flat sections with the same core height
(Fig. 6.7). For this comparison, the applied load was normalised by the bond area.
Again, slight tilting of the specimen could not be avoided. The elements failed due to
shear cracks in the core material and partially from debonding at the top part of the

89



6 Sandwich Sections under Tensile and Shear Loading

specimens. In chapter 7, the influence of non-flat cross-sections was further
investigated.
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Fig. 6.7 Representative results of shear tests on sandwich sections with core
height of h. = 200 mm: Influence of the cross-section

As mentioned before, specimens tested with the set-ups in dependence on /Shal5b/ or
/Hor10/ experience relatively high bending moments, i.e. tensile and compressive forces
at top and bottom, respectively, and not mainly shear forces. Even though, these test set-
ups seemed adequate to evaluate different configurations and material combinations.
The derivation of input parameters for theoretical approaches and especially numerical
models directly from these test results seemed problematic. The proposed set-up of a
doubly symmetric cylindrically shaped push-out specimen (Fig. 6.5) showed only little
influence on the load-deflection behaviour because of circular bending moments.
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Fig. 6.8 Representative results of shear tests on circular sandwich sections:

Influence of the core-height

For either core-thicknesses, the maximum stress in the bond zone was about 0.4 MPa.
In contrast to the flat test set-up, the maximum stress was about 35 % higher and
corresponding relative displacement about 70 % smaller. The evaluation of shear
modulus G. shows a significant influence of the test set-up. The shear modulus was
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determined according to /DIN13b/ (equation (6.1)). Load Fe and relative displacement
Auer were to be determined from linear-elastic behaviour.

h.-F,
G — C e
= Amu, (6.1)

From material testing (cp. section 3.2.3), Gc was about 11.5 MPa. Results from flat shear
tests showed a resulting shear modulus of about 6.5 MPa, whereas for the folded plate
specimen, G. was determined to 10 MPa. In these tests, tilting of the specimens due to
acting bending moment may have resulted in this reduction. By developing the
circumference of the cylindrical specimen into a planar width, the shear modulus from
cylindrical shear tests was determined in the range of 10.5 MPa for a thickness of 50 mm
and about 12 MPa for a thickness of 200 mm. For investigations on large-scale elements,
a value of 11.5 MPa was taken into account, since the results of material testing are
standardised. In chapter 7 the influence of the shear modulus on the structural
performance of sandwich panels under flexural loading was further investigated.

6.4 Calibration and Validation of Numerical Models

The load transfer of sandwich sections under tensile and shear loading is greatly
influenced by the strength of the bond zone and the material performance of the core. In
the first step, the applicability of the crushable foam material law (cp. chapter 3) for the
applied polyurethane core was verified. Material samples under compressive, tensile and
shear loading according to /DIN13b, DIN13¢, DIN13d/ (cp. Fig. 3.2) were modelled
using the techniques described in chapter 3.6. The parameters of the core material (PU)
were determined from material testing. The foam hardening part was derived from tests
under compression. Hence, plastic deformations were assumed to start at a stress of
0.53 MPa (about 21 KN in the compression test). Further input parameters are
summarised in section 3.6.5. The mesh size was set to 10 mm for the investigations of
PU material properties. In Fig. 6.9, numerical and experimental results for compressive,
tensile and shear loading are shown. For shear loading, the resultant forces of one half
of the specimen (cp. section 3.2.3) are shown.
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Fig. 6.9 Comparison of numerical (black) and test (grey) results of PU-foam under

a) compressive, b) tensile and c) shear loading
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6 Sandwich Sections under Tensile and Shear Loading

For all loading cases, the predicted load-deformation response was in good agreement
with the test results. Only for shear loading on specimens with a thickness of 50 mm,
failure was predicted inaccurately after 80 % of maximum load was reached. Since the
thickness of 50 mm was not further applied during testing on sandwich panels, the
phenomenon was not investigated closely.

In the next step, sandwich sections under tensile and shear loading were modelled. The
interface between UHPFRC and core material was modelled with a layer (thickness:
1.0 mm) of cohesive elements (compare chapter 3.6.6). Since no cracking of UHPFRC
was expected, a linear elastic behaviour was assumed for the simulations of tensile and
shear tests. The same results are achieved using the damage plasticity model for
UHPFRC, but with more computational effort.

For the normal direction, a strength #,0 of 0.22 MPa was derived from tensile tests
(cp. section 6.2.2). In shear tests a strength of 0.4 MPa was observed. Since values for
both shear directions need to be provided, for #s0 and #,o the same strengths were
assumed. The numerical models were set up to provide the same conditions as in
experimental testing. For tensile loading, the load was applied only at the positions of
cast-in channels (cp. Fig. 6.1). During shear testing, small tilting effects were observed
for flat and folded plate specimens (cp. section 6.3). For the finite element simulations,
horizontal springs as boundary conditions were not modelled, because the amount of
horizontal displacement from tilting and bond zone could not be distinguished properly.
Hence, the ideal situation of a fixed support facing and horizontal boundary condition
at the load facings (cp. Fig. 6.4) were assumed in the model.

In Fig. 6.10 (left) the comparison of experimental results and numerical simulations for
tests under tensile loading are shown. Since the tensile behaviour was derived directly
from test results, the predictions of stiffness and maximum load were found in very good
agreement. For shear tests, the input parameters were derived from results on cylindrical
specimens. In Fig. 6.10 (right) the numerically determined load-displacement response
is shown in comparison to test results. As mentioned before, the horizontal boundary
condition of the simulation represents an infinite stiff support, which does not represent
the conditions during testing. As expected, a slightly stiffer behaviour was determined
in the simulation compared to the test result. Even though, the maximum load was in
good agreement. A mixed mode failure of plastic deformations and debonding was
predicted. During the experimental investigations, the sandwich sections failed either in
the interface between UHPFRC facings and core material at the top of the specimens or
by diagonal cracks in the core material.
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Fig. 6.10 Comparison of representative experimental test results and numerical
simulations on sandwich sections under tensile (left) and shear (right)

loading

Besides influences of the test setup, the model was capable to predict the load-
deformation response of flat sandwich sections under shear loading. In the next step, the
approaches were applied on a spatially shaped cross-section. The shear test on a folded
plate cross-section was modelled according to the set-up shown in Fig. 6.4. Again, the
rollers were assumed as horizontal boundary conditions. In Fig. 6.11, the load-
displacement relationships of tests on folded plate elements are compared to the
numerically determined response. Since tilting could not be fully avoided, like described
before, the numerical results showed a slightly stiffer response. As for the flat section,
the maximum loads were found in good agreement with the test results. In the numerical
simulation, the elements failed due to plastic deformations of the core and a partially
bond failure at the top of the specimens. In the tests, shear cracks and debonding at the
top of the specimens were observed, similarly to flat panels.
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Fig. 6.11 Folded plate sandwich section under shear loading: Comparison of

experimental results and numerical simulation

The numerical results show a good agreement with the test results of small-scale
sandwich sections under tensile and shear loading. Therefore, the models seemed
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6 Sandwich Sections under Tensile and Shear Loading

adequate to be applied for further investigations on large-scale sandwich panels under
flexural loading (cp. chapter 7).

6.5 Spring model for shear stiffness of core and shear connectors

The bearing behaviour of sandwich panels under shear load can be estimated with spring
models /Hor10/. For this purpose, HORSTMANN /Hor10/ used parallel connected elastic
springs to idealise the bearing mechanisms of core material and shear connectors. In
Fig. 6.12 the spring model is depicted.

Test model Equivalent spring model

§ )

o = Po e
F a Part
> | Il kse,u/kTM,u K
5 \ °
Al
o
AU MI ¢ AUx »i J
Fig. 6.12 Spring models for shear loading of sandwich sections (reproduced from
/Hor10/ and /Sha15b/)

The shear stiffness is composed of single stiffnesses of core material (C) and shear
connectors (SG: shear grid, P: Pin connector), which act as parallel springs. The
resulting forces are obtained by multiplication of the corresponding deformation
(equation (6.2)).

Fy = Fe )+ Fsg + Fpin) = (ke + ks |+ pin,)) - Au (6.2)

The shear stiffness of the core material kc is determined from shear Modulus Gc and
the geometric parameters of bond zone AL-b and core height /¢ (Fig. 6.13).

b-Al

ke =Gc- he

(6.3)
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Fig. 6.13 Derivation of shear load capacity of core and shear grid (reproduced from

/Hor10/ and /Sha15b/)

The final equations, which were derived by HORSTMANN /Hor10/, are summarised in
/Shal5b/. For a better understanding of the procedure, the equations are shortly
summarised again.

The shear stiffness ksg,| of the shear grid is composed of the axial stiffness of one roving
ksgr (kc,), the number of rovings in 0°-direction o and « is the angle of the rovings.

ks, = ksc,r(kc,c) - nge -cos” a (6.4)

The axial stiffness of one roving ksgr (kc,) is determined from strain stiffness ksgr of
the roving and compressive rigidity of the core material kc.. The equations can be
summarised as follows:

tan ¢
kSG,R (kC,c) = kSG,R | 1= K )
[ Ce + tan a}
Ny kg p sSina-cosa
L | (6.5)
SG,R —
L, 2
+
ER,O" 'AR,0° ksup,a
E..-b-AL
koo =———

c
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6 Sandwich Sections under Tensile and Shear Loading

h, +2-t
L= =
cos o
ALt (g — ey
tan @ cosa
Ny Number of rovings in 0° direction
wpa Averagesstiffness of support in concrete
(12.5kN/mm for ¢, = 40 mm) (6.0)
Ep Young's Modulus of shear grid in 0° direction
Ag e Cross - section of rovings in 0° direction
thla Embedment length /embedment angle
L, Span of rovings (clampingat ¢, / 2)
AL Effective length

For the shear stiffness of pin connectors (cp. Fig. 3.1) a beam, which is clamped at both
supports, was assumed in /Hor10/. The resulting stiffness kpin|| was derived as follows:
3
dp

k (6.7)

pin,|| =

Epin and Iyin are the pin’s elastic modulus and moment of inertia, respectively. The
bending length d,, is composed of the core height /. and the embedment length x. in both
facings (equation (6.8)).

1 t
d =h +2-x,  x,=[1l-—— |2
p=hoA2x. ( mp/hj ! (6:8)

For validation of the approaches to determine the resulting spring stiffness, the linear
elastic stiffness of experimental results was derived based on load F and corresponding
relative displacement Au. Due to the acting bending moment, the shear tests on flat
panels showed a less stiff behaviour. As mentioned before, shear modulus derived from
material testing was determined to 11.5 MPa, whereas the values of shear modulus
directly derived from shear tests on sandwich sections, gives about 6.5 MPa, due to the
induced bending moment (cp. section 6.3.2). To show the effect of parallel acting
springs, i.e. the interaction of core material and shear grid or pin-connector, the shear
modulus, which was derived from testing on flat sandwich panels was adopted. For
further investigations on sandwich panels under flexural loading, the value of 11.5 MPa
was applied, since these negative bending effects do not occur. In Fig. 6.14 ratios of the
experimental and theoretical shear stiffness for load levels of 50 % and 75 % are
depicted.
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Fig. 6.14 Ratios of experimental and theoretical shear stiffness (based on spring
model)

Since the mean shear modulus was derived from these tests at this stage, the predicted
stiffnesses for sandwich sections without shear connectors show a good agreement for
investigated core thicknesses of 200 mm and 100 mm. In shear tests with shear
connectors, a high increase in stiffness compared to section without shear connectors
was not observed. For these test configurations, the calculated stiffness was slightly
overestimated. This may be caused, by the high bond strength between core and facings,
which resulted in high test loads at failure of the bond zone. This load was close to the
maximum load of the shear grid. Further investigations on the application of shear grids
were conducted in chapter 7.

6.6 Conclusions

In this chapter, the chosen production technique of sandwich panels by foaming in pack
was validated. The test results showed high bond strengths under tensile and shear
loading. Based on the test results, numerical models were validated. These models serve
as basis for further investigations on sandwich panels under flexural loading (chapter 7).
The determination of the shear stiffness of sandwich cross-sections is a key factor for
the prediction of maximum loads. To establish the background for an analytical
approach (chapter 7), the theoretical stiffnesses of shear connectors were determined.
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7 Investigations on Sandwich Panels under Flexural Loading

7.1 Preface

In this chapter, the results of investigations on small-scale specimens were used to set
up sandwich panels with spatially shaped facings. In total, three different cross-sections
were investigated. For the validation of the production method on large-scale specimen,
elements with flat facings were produced and tested according to findings from
HORSTMANN /Hor10/ and SHAMS /Shal5b/. For elements with non-flat facings, a folded
plate cross-section and doubly curved configuration were analysed. The cross-sectional
shapes of these sandwich sections were inspired by RC and PC elements as they were
built in the 1960°s and 1970’s (cp. section 2.3). The cross-sections were modified in
order to account for increased material properties and to achieve a good producibility as
well as dimensions, which can easily be tested in the laboratory. At first, single folded
plate and doubly curved UHPFRC elements were investigated. With the aid of these
findings, the sandwich elements were produced and analysed.

Experimental testing with realistic loading cases, such as wind and snow induced surface
loads or temperature loads requires high effort. Instead, flexural tests under three-point
or four-point bending are usually conducted. Realistic loading cases are often covered
by theoretical approaches /DIN13a/, /Hor10/, /Sta74/. Large-scale tests under flexural
loading are necessary to verify whether homogenous bond between UHPFRC layers and
core material is achievable. The transferability of PU material properties from small-
scale tests to large-scale elements needs to be investigated. Test results presented in this
chapter have partly been published in /Stal 6a/, /Stal6b/ and together with results of tests
on sandwich panels with TRC facings conducted by SHAMS in /Shal5a/.

7.2 Experimental Investigations

7.2.1 Test Set-up and Procedure

The flexural behaviour of prestressed sandwich panels was investigated on simply
supported beam elements. Flat and folded plate elements were tested with 2.4 m span
under three-point loading. The span was increased to 4.0 m and four-point loading for
doubly curved elements. All test specimens were loaded displacement controlled with
1.0 mm/min. Besides the test load, deflections and deformations were measured
continuously with LVDTs. The test setups of sandwich beams are depicted in Fig. 7.1.
For evaluation of the sandwich effect, single folded plate and doubly curved elements
were investigated. The test setups are shown in appendix C. Folded plate and doubly
curved elements were supported and loaded continuously over their width to provide
support conditions with practical relevance. Due to the complexity in production, at this
stage shear connectors were only assembled for the flat elements.
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7 Investigations on Sandwich Panels under Flexural Loading

Besides the cross-sectional shape, the influence of prestressing (pre-tensioned CFRP
reinforcement) was investigated. For flat elements, four bars or four seven-wire strands
were applied in mid-height. The CFRP reinforcement in folded plate elements was
placed in the bottom flanges of the UHPFRC layers. In doubly curved elements, the
reinforcement was placed diagonal as straight, but skew lines (cp. sections 2.3, 2.4, 3.4).
Prestressing forces were released in the same manner as shown in chapter 5.3 for small
beams. Concrete compression strains and end slip of the CFRP reinforcement were
measured. All results are summarised in appendices C and D.
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Fig. 7.1 Test setups of bending tests on sandwich panels

A detailed overview of all test parameters is given in appendices C and D.

7.2.2 Experimental Results

In this section, representative test results are exemplarily shown. For further
information, detailed results can be found in appendices C and D. Additionally, for
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7.2 Experimental Investigations

comparison with numerical and theoretical results, further experimental results are
presented in sections 7.3 and 7.5.

Flexural tests on flat sandwich sections showed a satisfying reproducibility of bond zone
quality and material properties of the PU core. Nevertheless, depending on the
production procedure, the valley side of facings was in the later bond zone in some cases.
The rough surface seemed to harm the bond quality. Since this was only the case for flat
elements (folded plate and doubly curved elements were cast with closed formwork),
this issue was not further investigated. In case of application of four CFRP bars or pre-
tensioned strands, the UHPFRC facings showed maximum crack widths of about 2 mm
at maximum load, i.e. the steel fibres still bridged the crack and the layers carried load.
The application of a CFRP shear grid (cp. Fig. 3.1) enhanced the load capacity, since
the relative slip of UHPFRC layers was decreased. Prestressing of the facings resulted
in less deflection and cracking of the panels. Depending on the parameter variation,
deflections of L/60 were reached at maximum load. The most common failure mode
was multiple shear cracks in the core material. Only for test specimen without CFRP
reinforcement (bars or strands), without CFRP shear grid or with reduced core height
failed in the bond zone (cp. appendix D).

Subsequently, two tests are discussed closely. In Fig. 7.2, the load-deflection response
of tests SB 3 (CFRP shear grid, bars without pre-tensioning) and SB 6 (CFRP shear grid,
strands with pre-tensioning) are depicted. Both tests showed roughly the same maximum
load, but about 25 % less deflection in test SB 6.
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Fig. 7.2 Comparison of planar sandwich beams SB 3 (shear grid, bars without pre-

tensioning) and SB6 (shear grid, strand with pre-tensioning
opmo = 675 MPa): Load-deflection behaviour (left) and corresponding crack
patterns after testing (right)

Failure of the test without prestressing (SB 3) was indicated by multiple cracking with
small crack width and spacing (Fig. 7.2, right)). At maximum load, test SB 6 (with
prestressing) showed considerably less cracks. Both tests failed due to shear cracking of
the PU core in combination with cracking of the UHPFRC facings.
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7 Investigations on Sandwich Panels under Flexural Loading

The structural performance of flat sandwich beams showed a positive effect of the
chosen production method of foaming in pack. Even though, the elements should be cast
in a way that the valley side of facings is not placed in the later bond zone for future
studies. In sandwich beams with shear connectors (CFRP shear grid), delamination was
not observed. One tested beam without CFRP bars or strands in the top facing failed in
flexure of the top layer and crack widths exceeded 4 mm (cp. appendix D). UHPFRC
facings in combination with CFRP reinforcement showed a relatively ductile material
behaviour. Prestressing of the flat UHPFRC facings led to considerably less cracks and
deflections, but to no increase in test load.

In the following section, the structural performance of folded plate cross-sections is
discussed. At first, single folded plate elements were tested to investigate the influence
of different prestressing forces and reinforcement arrangements. Afterwards, different
arrangements of reinforcement and prestressing force were applied to folded plate
sandwich beams. The test results of single folded plate elements were additionally used
as reference to evaluate the sandwich action. In Fig. 7.3 (left) the load-deflection
responses of prestressed and non-prestressed single folded plate elements and folded
plate sandwich elements are exemplarily compared. For sandwich elements with equal
prestressing and arrangement of reinforcement, the maximum load was 2.5 to 3 times
higher compared to single folded plate elements. The corresponding maximum
deflection of sandwich elements was about the same as for single folded plate elements.
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Fig. 7.3 Single folded plate elements and folded plate sandwich elements with

different prestressing forces (FP-1, FP-6 (Appendix C) and SFP-4, SFP-6
(Appendix D)): Load-deflection behaviour (left), crack patterns after
testing (bottom view) of prestressed elements (right)

Crack widths remained less than 2.5 mm until 80 % of maximum load for single folded
plate beams and sandwich elements. In Fig. 7.3 (right), the crack patterns of prestressed
elements are shown. For clarification, only the bottom views of the crack patterns are
depicted. For single elements and sandwich panels, flexural cracks first developed at
mid span in the bottom flanges at roughly 30-40 % of the maximum load. Increasing
test loads resulted in further cracks in the bottom flanges. After the bottom flanges were
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7.2 Experimental Investigations

cracked at several positions, the flexural cracks proceeded into the webs at an angle up
to 45°. This could either be caused due to shear stresses or due to the inclination of the
webs. However, no relative displacement of the crack edges was observed during
testing. The single folded plate elements with high prestressing finally failed due to a
longitudinal cracks, which started growing at one support. Defects from manufacturing
were not detected. The diagonal cracks and cracking at the support were further
investigated by numerical investigations in section 7.3.1. All other tested elements did
not show this failure type. The sandwich panels were subjected to an additional axial
loading from sandwich action, which resulted in more uniformly spaced cracks. For the
investigated single folded plate elements, no deformations in transverse direction were
observed, i.e. the stiffness of the folded plate elements was sufficient. Tests on single
folded plate elements without any CFRP reinforcement indicated a relatively brittle
flexural failure by one major crack (Appendix C). Prestressing of the elements led to
increased loads with less deflections. Nevertheless, folded plate elements, which were
reinforced with CFRP bars without pre-tensioning, showed a ductile load-deflection
response. The folded plate sandwich elements failed either due to cracking in the core
material or from a combined failure of the UHPFRC facings and core material. Again,
the shear failure of the core material demonstrates a high bond strength, even without
connecting devices. Further results of tests on folded plate elements are shown in
sections 7.3 and 7.5.

In Fig. 7.4 (left) the load-deflection behaviour of doubly curved single and sandwich
elements with different prestressing forces (six bars or strands) under four-point flexural
loading is depicted. As observed for folded plate elements, the crack widths for single
and sandwich elements remained less than 2.5 mm. However, for single doubly curved
elements a compression failure was observed (Fig. 7.4 (right)). The failure was induced
in the vicinity of the load application at deflection ratios of L/60 to L/40, depending on
the prestressing. This failure mode was further analysed by numerical models
(cp. section 7.3.1). The results of flexural tests on sandwich sections showed no increase
in test load due to prestressing, but less deflection. In contrast to folded plate elements,
doubly curved sandwich sections failed at considerably less deflection, but at four to
five times the maximum load compared to single doubly curved elements. The failure
of sandwich elements was induced by shear cracks in the core material due to relative
slip of the outer UHPFRC layers. Compression failure, as observed for single doubly
curved elements, did not occur in tests on sandwich elements. Deformations in
transverse direction of the elements due to loading were not observed.
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Fig.7.4 Single doubly curved elements and doubly curved sandwich elements
with different prestressing forces (HP-1, HP-5 (Appendix C) and SHP-1,
SFP-5 (Appendix D)): Load-deflection behaviour (left), crack patterns after
testing for elements without prestressing of facings (right)

Since prestressing of the UHPFRC facings of doubly curved sandwich elements did no
lead to an increase in maximum load but to considerably less deflection, the influence
of prestressing on internal displacements was further investigated. In Fig. 7.5 the
deflection, the relative displacement of UHPFRC facings as well as the core
compressions at the centre line and outer edge of the cross-section are depicted over the
length of the sandwich panels. The results are shown in 20 % load steps. In Fig. 7.5 the
results for a non-prestressed (left) and for a prestressed (top and bottom facing)
sandwich panel are shown. The positions of LVDTs are indicated in each diagram. The
sandwich panels without prestressing showed considerable greater deflections for all
load steps compared to the element with prestressed facings. In case of non-prestressed
facings, maximum deflections of L/80 were reached, whereas the prestressing of the
facings led to maximum deflections of L/100. The relative displacements of the
UHPFRC facings showed roughly the same values independently of prestressing. This
was either caused by variations in the material properties or by a different load transfer
due to prestressing of the facings. The core compressions at the outer edges of the cross-
sections were about the same over the length of the panels. Only at midspan, the panel
with prestressed facings showed considerable less compression strains of the core
material. At the centre line, in the core material, tensile strains were determined at
midspan. Hence, over the length and the width at midspan the load transfer changed
from compression to tension. Further test results with variations of prestressing strands,
length or core heights are summarised in appendix D. For comparison of numerical and
theoretical models, further results are additionally shown in sections 7.3 and 7.5.
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doubly curved sandwich panels: non-prestressed (top and bottom:
@5 mm, cpmo = 0 MPa; test SHP-1) (left) and prestressed (top and bottom:
@7.5 mm, opmo = 675 MPa; test SHP-3) (right)

A reasonable comparison of the load behaviour of flat, folded plate and doubly curved
sandwich elements from test results is not possible, since cross-sections (moment of
inertia and area of bond zone) and effective depth had to be altered within the tests.
Setting the cross-sections to the same moment of inertia, the area of bond zone and
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7 Investigations on Sandwich Panels under Flexural Loading

effective depth would differ and vice versa. Hence, standard methods to compare beams
with different length, width or effective depths were not applied.

7.3 Validation of Numerical Models

7.3.1 UHPFRC Facings

In this section, numerical models using the DAMAGE PLASTICITY MODEL for UHPFRC
in combination with previously derived parameters (cp. chapters 3 and 4) were validated
by test data. For this purpose, the flexural performance of CFRP prestressed and non-
prestressed folded plate and doubly curved elements was investigated. The numerical
models were assembled, loaded and supported in the same way as the experimental
investigations. All parts were modelled as continuum elements, besides reinforcement,
which was assumed as fully embedded truss elements. The mesh of folded plate
elements was generated within the finite elements programme, whereas the elements of
doubly curved elements were created with aid of a source code, since extrusion or
revolution techniques could not be applied for the doubly curved shape. Within this
programme code, the number of elements and direction of reinforcement were
determined on the basis of length, width, height and thickness of the doubly curved
cross-section. The determined mesh of each part was imported into the finite element
software.

In Fig. 7.6, the numerical models of folded plate and doubly curved elements are shown.
Since both models are doubly-symmetric, modelling of a quarter with appropriate
boundary conditions can reduce computing time. Nevertheless, for doubly curved
elements, this procedure was not applied since restrictions in the number of elements
and element size of reinforcement and concrete would have been arisen, while meshing
the parts with the aid of a programme code. A mesh size of 25 mm in longitudinal
direction was applied for folded plate sections and for doubly curved sections.

Folded Plate Element Doubly Curved Element

Fig. 7.6 Numerical models of folded plate (left) and doubly curved (right) elements
(illustration not to scale)

In Fig. 7.7 (left) representative results of the load-deflection responses of folded plate
elements with and without prestressing are depicted. The stiffnesses in the un-cracked
and cracked state as well as cracking loads were determined in very good agreement
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7.3 Validation of Numerical Models

with the test results. The failure loads and corresponding deflections were also described
satisfactorily. For the folded plate elements without (test FP-6, Appendix C) and with
medium prestressing (test FP-5, Appendix C), excessive cracking of UHPFRC was
determined by the numerical model, as it was observed in the test. The CFRP bar without
prestressing and the CFRP strand with medium prestressing were found close to
maximum tensile strength at failure of the elements. The folded plate element, which
was prestressed with CFRP strands and a jacking stress of 1,350 MPa (test FP-1,
Appendix C), failed due to cracking of the top flange close to the support in the test (cp.
Appendix C). Manufacturing defects of the test specimen were not observed.
Nevertheless, the numerical model predicted a failure from excessive cracking of
UHPFRC at midspan and rupture of the prestressing tendons.
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Fig. 7.7 Numerical and experimental results of flexural tests on folded plate (left)
and doubly curved (right) elements: load-deflection behaviour

The overall response of doubly curved elements was also in satisfying agreement
(Fig. 7.7, right). Applying the tensile strength and fracture energy according to results
obtained in chapter 4, led to a good prediction of cracking loads, but to less increase of
load in the cracked state (dashed lines). Material samples did not show a significant
variation of tensile strength compared to other tests. This may be explained by the
production process of doubly curved elements (cp. chapter 3), which has a significant
difference in casting the UHPFRC. For folded plate elements, it was cast longitudinally
over the length from the top opening of the formwork. Hence, the flow direction of
UHPFRC was from top to bottom and the fibres distributed mainly uniformly, only
influenced by the formwork. Hence, basically the same condition were reached as for
the material samples, from which the tensile strength and fracture energy were derived.
In contrast, for doubly curved elements, it was necessary to choose a different process,
which made smooth surfaces without significant air inclusions possible. At each end of
the closed formwork of doubly curved elements, an opening was arranged
(cp. chapter 3). It was cast from one side, until the UHPFRC reached the other opening.
Hence, ventilation was possible and only small air inclusion occurred. The longitudinal
flow direction influenced the fibre orientation. Hence, more fibres were aligned in
longitudinal direction compared to casting of folded plate elements. Longitudinally

107



7 Investigations on Sandwich Panels under Flexural Loading

aligned fibres act perpendicular to flexural cracks. Since small fibres usually do not
contribute to a pronounced increase in tensile strength after cracking of the matrix, but
to a ductile post-peak behaviour, only the fracture energy increases. Therefore, the
fracture energy was estimated to have increased to 5.0 Nmm/mm? in the numerical
model (continuous line). This value would be obtained in a beam test according to
/DAfStb10/, /DBVO1/ (cp. chapter 4) for a residual load of 35 kN at 4 mm deflection.
The application of an increased fracture energy led to a good agreement of the load
deflection responses for element with and without prestressing. Only for doubly curved
elements without prestressing (test HP-2, Appendix C), the maximum deflection was
considerably overestimated. The doubly curved elements were predicted to fail from
cracking of UHPFRC. The corresponding tensile stresses in the tendons and bars at
failure were found less than 1,500 MPa.

Additionally, the crack patterns of the tested elements were compared to plastic strains
obtained by the smeared cracking approach of the numerical model (Fig. 7.8). The
maximum plastic strains are depicted in black and graded continuously to white. It can
be seen that the distributions of plastic strains resemble the crack patterns. Even though,
the compression failure of doubly curved elements (cp. section 7.2.2) was not observed
in the simulations, compression strains were determined to be about 4.0 %o, which
indicates a multiaxial stress state at the loading position.
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Folded plate: 4 bars (5, = 0 MPa)
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Fig. 7.8 Comparison of numerical and test results of flexural tests on folded plate

(left) and doubly curved (right) elements (not to scale): crack patterns and
plastic strains

Besides the load-deflection response and smeared crack patterns, the damage plasticity
model was validated regarding strains in the tensile zone. For this purpose the strains
(engineering strains, averaged over length of 500 mm) were investigated. Bottom strains
determined numerically and experimentally are exemplarily shown in Fig. 7.9 for a non-
prestressed folded plate element and for a prestressed doubly curved element. The
comparison of test results and simulation showed a satisfying agreement.
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Fig. 7.9 Comparison of representative strains from numerical and experimental

results of tests FP-6 and HP-4 (Appendix C)

In section 7.2 the inclination of cracks in folded plate elements as well as the
compression failure of doubly curved elements was mentioned. These phenomena were
investigated closer by inspection of principal stresses. In Fig. 7.10, the principal stresses
in folded plate elements for different load steps are shown.

Maximum (tensile) stresses Minimum (compressive) stresses

F=60kN F=60kN

g centre line
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Fig. 7.10 Direction of maximum (left) and minimum (right) principal stresses in
prestressed (4 strands, o, = 1350 MPa) folded plate element (test FP-1) for
different load steps

For a load of 60 kN (~40 % Fmax) maximum and minimum principal stresses are

distributed in axial direction at midspan, i.e. loading point. For increased loading
(130 kN, ~90 % Fmax) compressive and tensile stresses are inclined. The directions of
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7 Investigations on Sandwich Panels under Flexural Loading

tensile stresses are corresponding to the crack angles in the webs. Additionally, tensile
stresses at the top of the elements in the support region were determined. The direction
of tensile stresses was found perpendicular to the major crack observed for the folded
plate element with four strand pre-tensioned to 1,350 MPa. Nevertheless, at this position
a failure was not observed in the numerical model.

The experimentally tested doubly curved elements failed due to concrete crushing in the
compression zone, whereas distributed cracking was observed in the tensile zone. In
Fig. 7.11, the maximum and minimum principal stresses of a doubly curved element
with six CFRP bars are shown for different loading steps. For a deflection of 1 mm, the
stresses are distributed in axial direction between loading points and arching between
supports and loading point. For increased load, maximum and minimum stresses start
arching between the loading points. At a deflection of 100 mm arching increases and
starts building a strut at the outer edges between the loading points. This phenomena
was also observed over the width at each support. Even though, the numerical model
did not fail at this point, high compression strains of 4.0 %o were observed at maximum
load. Hence, this strains were close to exceed the maximum strains before failure.

Maximum (tensile) stresses (top view) Minimum (compressive) stresses (top view)

1mm=~F=5kN load 1mm=~F=5kN

Fig. 7.11 Direction of maximum (left) and minimum (right) principal stresses in
doubly curved element with-out prestressing (6 bars, o, =0 MPa) for
different load steps (test HP-6)

It was shown that the load-deflection response of single facings can be numerically
determined in good agreement with test results, especially until 80 % of maximum load.
In the next section, the models were applied for folded plate and doubly curved sandwich
panels.

7.3.2 Sandwich Sections

In this section, the load behaviour of prestressed sandwich beams was investigated by
means of numerical modelling. The material models were based on characterisations for
PU, bond zone, CFRP and UHPFRC from chapters 3.6 and 6.4. At first, the flat
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7.3 Validation of Numerical Models

sandwich beams were investigated to evaluate the material models, which were tested
on small-scale tests. The mesh size was set to 15 mm. Generally, the mesh size needed
to be small enough to predict the load behaviour accurately, but with adequate time
effort for calculation. Even though, during testing of sandwich beam under flexural
loading, only in certain cases a major failure of bond zone was observed, for further
studies, it was necessary to allow for a possible failure. In section 6.4, it was shown that
bond failure can be described by a layer of cohesive elements. This procedure was
applied for the numerically investigated sandwich panels in this section. The Young’s
modulus of the core material was set to 32 MPa, which was determined from material
testing (compressive behaviour). Poisson’s ratio was applied as 0.41 (cp. chapter 3),
which is in accordance with a shear modulus of 11.5 MPa, which was derived from
material testing. In case of an applied shear grid, only the tensile trusses were modelled
to avoid numerical instabilities from buckling of the compressive trusses. This
procedure was also successfully applied in investigations conducted in /Hor10/.

In Fig. 7.12 the numerically determined load-deflection responses at midspan (w1) and
quarter points (w2) for sandwich beams without and with CFRP shear grid is shown. As
mentioned before, the production procedure of elements without shear grid led to a
rough concrete surface (valley side). This obviously resulted in a reduction of the bond
strength. Hence, the maximum load was overestimated by the numerical model. For
elements with CFRP shear grids a continuous bond zone was achieved. For this
configuration, the load-deflection response was determined in very good agreement with
test results. The model predicted a mixed mode failure of concrete cracking and plastic
deformations of the core material. Even though, shear cracks as obtained in the tests
were not developed. As in the tests, the CFRP tendons did not fail in the simulation, but
were stressed up to 2,500 MPa at maximum, depending on the initial prestressing.

100 100 ]
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g 75 e g 75 4[7/—7% £
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Deflection [mm] Deflection [mm)]
Fig. 7.12 Numerical and experimental results of flexural tests on planar sandwich

beams: Without pre-tensioning and without CFRP shear grid (left, test
SB-2) and with pre-tensioned strands and CFRP shear grid (right, test
SB-6)
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7 Investigations on Sandwich Panels under Flexural Loading

For further conclusions the results for different measuring points were compared. In
Fig. 7.13 representative results of concrete tensile strains at bottom (s1,b0t) and relative
displacement between top and bottom facing at support (U1) are shown. Concrete strains
were found in very good agreement with test results. However, the relative displacement
was underestimated. Since the bond zone parameters were validated by results of small-
scale testing, there can be issues in the transferability. But, the correct prediction of that
parameter is very challenging, since small variations in bond quality can result in
relatively pronounced deviations in relative displacement.

100 100 -
U1
test v test
g 75 g‘ 75 / /] -
s s |/
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2 25 b 225 - o, =675 MPal{- | -
< o8, < .
0 0
0 25 5 7.5 10 0 25 5 7.5 10
Strain [%d] Relative Displacement [mm]
Fig. 7.13 Numerical and experimental results of flexural test on planar sandwich

beam with pre-tensioned strands and CFRP shear grid (test SB-6): Strain
at midspan (left) and relative displacement at support (right)

All in all, the material models and material parameters, which were validated with
results of small-scale tests (cp. chapters 3 and 4), seem appropriate for the prediction of
the load behaviour of flat sandwich beams.

In the next step, the applicability of the non-linear material models was investigated for
sandwich panels with folded plate and doubly curved cross-sections. In the previous
section it was shown, that the damage plasticity model was capable to determine the
overall load-deflection response of folded plate and doubly curved UHPFRC elements.
Even though the final failure mode of the sections was not always predicted correctly,
crack initiation and stiffness in cracked stage were simulated in satisfying agreement. In
Fig. 7.14 the applied numerical models are shown. As for single layers
(cp. section 7.3.1), the folded plate elements were investigated on one quarter with
adequate boundary conditions to account for symmetry. Again, for doubly curved
elements symmetry conditions were not applied to avoid restrictions in mesh size of
skew reinforcement. The overall mesh size was determined to 25 mm in longitudinal
direction for folded plate and for doubly curved elements.
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Folded Plate Sandwich Doubly Curved Sandwich
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Fig. 7.14 Numerical models of folded plate (left) and doubly curved (right) sandwich
elements (not to scale)

In contrast to flat sandwich beams, the experimental investigations on folded plate
sandwich elements showed a significant influence of prestressing of UHPFRC layers,
even for the relatively short span of 2.4 m. Applying the non-linear material laws
(chapter 3) for each material, the load-deflection responses were determined in good
agreement with the test results. The failure mode of the sandwich panels always was a
mixed mode from excessive cracking of the facings and plastic deformation of the core
material. The prestressing tendons were stressed up to 2,600 MPa for prestressing of
1,350 MPa, which is close the maximum tensile strength of 2,650 MPa. Prestressing of
675 MPa resulted in maximum stresses of about 2,000 MPa at failure of the elements.
As in the tests, the interface between core and facings did not fail. For all combinations
of reinforcement and prestressing forces, the load-deflection response was almost
congruent. Hence, validated material laws for PU and interface from small-scale testing
led to an appropriate prediction of the load behaviour of sandwich panels under flexural
loading.
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Fig. 7.15 Numerical and experimental results of flexural test on folded plate

sandwich beams (left: tests SFP-4 and SFP-6; right: SFP-1 and SFP-5):
load-deflection response
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7 Investigations on Sandwich Panels under Flexural Loading

Subsequently, further results are compared to test results. The comparison of crack
patterns and distributions of plastic strains in the UHPFRC facings shows a good
agreement, even though inclined plastic regions were not developed (Fig. 7.16). This
was already the case for UHPFRC single layers (cp. section 7.3.1).

Folded plate sandwich: 4 strands (s, = 675 Mpa) in top and bottom facing

top facing: bottom facing
|\ \ll\\glil/ %Z%W NN T\
\
I.I YL URWN U T
Fig. 7.16 Comparison of numerical and test results of flexural tests on folded plate

sandwich panel of top facing and bottom facing: crack patterns and
plastic strains

Even though shear cracks over the height of the core material were not predicted by the
numerical model, regions of plastic strains developed at the top and bottom of the core
layer. Maximum values of tensile stresses were obtained in the middle between support
and loading. The directions of maximum principal stresses in the core layer show
predominant axial tensile stresses at midspan (Fig. 7.17, left). Due to the shape of folded
plates, the stresses were found inclined in the middle between loading and support. The
experimental results showed a failure in the core material either close to midspan or in
between midspan and support for a core thickness of 200 mm, which was mainly
induced due to cracking of the UHPFRC layers (Fig. 7.17, right). The direction of
maximum tensile stresses were in agreement with both, typical crack directions
(Fig. 7.17). In all tests, plastic deformations of the core material were observed at the
supports.

Maximum tensile stresses

.. centre line

.«7‘:‘

load

| g i
\loading (midspan) ;

suppor

Fig. 7.17 Numerically determined direction of maximum principal stresses in core
material of prestressed (4 strands, o, = 675 MPa in top and bottom facing)
folded plate sandwich element at maximum load (left) and inclined crack
in core material at failure in the test (right)

Since the global load behaviour was determined in good agreement with test results,
further gauges were investigated to verify the contribution of the materials.
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7.3 Validation of Numerical Models

In Fig. 7.18, determined deflections at midspan (wi) and quarter point (w»), tensile
strains at bottom of bottom facing 51,0t as well as core compression at support (Vi) and
midspan (V) of folded plate sandwich elements without (left) and with (right)
prestressing are compared to test results.
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Fig. 7.18 Numerical and experimental results of flexural test on folded plate

sandwich panels (left: SFP-4; right: SFP-5): Deflections, tensile strain
(concrete) and core compression strains

The deflections at midspan and quarter points are in accordance with the test results, i.e.

the deflection curves were predicted accurately by the model. The concrete tensile
strains as well as compression strains at midspan and support were found in very good
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7 Investigations on Sandwich Panels under Flexural Loading

agreement with the test results. Hence, it can be stated that the numerical model allocated
the contributions of different materials correctly. As for the flat elements, the derived
material parameters from small-scale testing were found to be appropriate for the
determination of the structural performance of folded plate sandwich panels.

In the next step, the applicability of the material laws was tested for doubly curved
sandwich panels. In the first step, all material parameters were applied in the same
manner as for flat and folded plate sandwich panels. Hence, the compressive value of
Young’s modulus of 32 MPa was used. This led to an underestimation of stiffness for
the global load-carrying response (cp. Fig. 7.19, continuous lines). An increased fracture
energy as assumed for single elements (cp. section 7.3.1), did not change the stiffness
and maximum load significantly, since the model predicted cracking of the facings, but
not a failure of the facings. This is in accordance with the test results. Overall cracking
occurred, but with small crack widths. The numerical results predicted a final failure in
the bond zone at the supports, which was not observed in the tests.

The global stiffness of the panels is controlled by the shear modulus of the core material.
Since the stiffness of the doubly curved sandwich panels was underestimated and tensile
stresses occurred in the core material in the midspan area (cp. section 7.2.2), the tensile
Young’s modulus was applied for test purposes. This led to a concurrent increase of the
shear modulus. The results of the global load-deflection responses showed a very good
agreement with the experimental data (cp. Fig. 7.19, dashed lines). For all prestressed
panels, the maximum loads and corresponding deflections were determined in satisfying
agreement. Reaching these loads, cracking of UHPFRC facings and again a bond failure
were predicted. The bond zone was damaged at the outer edges in the vicinity of the
supports in the numerical models. In contrast, during experimental testing, the
specimens finally failed due to shear cracks in the core material rather than bond failure.
The reinforcement was stressed up to 1,700 MPa at failure for the highest prestressing.
The load and deflection of the doubly curved sandwich panel without prestressing
(cp. Fig. 7.19, bottom right), were largely underestimated by the numerical model.
Again, a combined failure of UHPFRC facings and finally of the bond zone was
predicted. In contrast, in the tests, multiple diagonal cracks in the core material were
observed at failure. Even tough, the failure modes of the numerical model did not
resemble the failure mode observed during experimental testing, the overall load-
deflection responses were in good agreement for prestressed sandwich panels. Only for
non prestressed panels, both failure mode as well as maximum load and deflection were
predicted inaccurately.
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Fig. 7.19 Comparison of numerical and experimental results of flexural test on

doubly curved sandwich beams (tests SHP-5, SHP-3, SHP-4 and SHP-1):
Load-deflection responses

As shown in Fig. 7.19, the artificially increased shear modulus resulted in a globally
enhanced load-deflection behaviour for prestressed elements. Nevertheless the
prediction of failure modes was not improved. To apply the consistent material models,
the established Young’s modulus and shear modulus of 32 MPa and 11.5 MPa,
respectively, were subsequently used for further investigations.

In Fig. 7.20, different strains at midspan are compared to verify the concrete
contribution for two different prestressing states. The strain at midspan at the bottom
facings s1,bot,1, at top facing s1,wp,1 as well as at the outer edge at the top facing s1,10p,2 are
shown. Top and bottom strains at the different positions were in relatively good
agreement with the test results, although higher deflections were predicted in the
numerical model compared to the test results. Concrete strains are not only dependent
on the deflection, but also on the acting axial forces due to sandwich moment.
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Fig. 7.20 Numerical and experimental results of flexural test on doubly curved
sandwich beams (left: SHP-4; right: SHP-5): Concrete strains

A further look at compression strains of core material showed a relatively good
agreement at the support (1, support-side; Vs, mid support), whereas the strains between
both loading positions (}3) were found to differ greatly from test results. This is the
position, where tensile stresses were determined at centreline of the cross-section
(cp. Fig. 7.5). At side position, compressive stresses were determined (cp. Fig. 7.5).
Directly under the loading points, the compression stresses (V4) were also overestimated.
As for flat and folded plate panels, the relative displacements (U) between top and
bottom facings were underestimated.

It was shown that local deformations of the tests on doubly curved sandwich panels
could partially not be described accurately. This may be caused by the prediction of
different failure modes compared to test results. It was concluded that positive effects
due to the geometry of the curved shape, which could develop in reality, were not
represented by the numerical model, yet. However, the global load-deflection responses
of prestressed members were found in relatively good agreement.
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Fig. 7.21 Numerical and experimental results of flexural test on doubly curved
sandwich panels (left: SHP-4; right: SHP-5): Core compression strains and
relative slip

The comparison of crack patterns and plastic strains shows a good prediction of cracked
regions. In Fig. 7.22 the comparison is exemplarily shown for a specimen with
prestressed bottom facing and reinforced top facing. This behaviour coincides with the
comparisons of measured and predicted strains (cp. Fig. 7.20).
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Bottom: 6 strands (c, = 675 MPa), top: 6 bars (c, = 0 MPa)
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Fig. 7.22 Comparison of numerical and test results of flexural tests on doubly
curved sandwich panel of top facing and bottom facing: crack patterns
and plastic strains

The numerical approaches showed an overall good prediction of the load-deflection
response and contributions of the materials for flat, folded plate and doubly curved
sandwich panels. For flat and folded plate panels, only the relative displacement of the
UHPFRC facings was underestimated. For doubly curved panels the global behaviour
was predicted in good agreement, but local contributions of the core material and bond
zone could not be covered by the numerical model. In the next sections, a theoretical
approach, based on the SANDWICH THEORY, was applied to provide a framework for the
determination of cracking and maximum loads of prestressed sandwich panels with
UHPFRC facings.

7.4 Analytical Model for Sandwich Panels under Flexural Loading

7.4.1 General

Sandwich panels applied as fagade or roof structures have to fulfil several requirements
to resist wind, snow or temperature loadings. One key factor is the utilisation of the
sandwich effect. Hence, a durable and load-bearing interface between outer layers and
core material has to be provided.

The design of such sandwich elements is rather complex compared to typical concrete
structures. Due to the complexity, standard sandwich elements with thick RC facings
and prefabricated slabstock foam as core material are usually designed neglecting the
sandwich action induced by the core material. Hence, the load transfer of the outer layers
is assumed to be depending on the shear connectors only. Since the bond quality between
RC layers and slabstock foam is usually scattering, this approach seems reasonable. The
production method of foaming in pack between hardened concrete layers leads to
predictable and repeatable bond strength. Hence, neglecting the bond action would result
in an uneconomic approach. Additionally, the load-deflection responses of investigated
panels without shear connectors, would not be determinable.

For a conservative prediction of the load-carrying capacity, the sandwich panels can be
designed to withstand external forces without cracking of the concrete facings. Hence,
only the linear elastic part of the load-deflection curve needs to be predicted. This must
be accompanied by sufficient ductility in the cracked state. To predict the linear-elastic
behaviour of sandwich panels, internal forces and deflections need to be determined
accurately. This can either be done by finite element modelling or by applying sandwich
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theory. Cracking of the concrete facings can be predicted by comparison of predicted
stresses in the facings and uniaxial tensile strength of the concrete.

For the prediction of the maximum load and deflections, either non-linear finite element
modelling needs to conducted or approaches to account for degradation of concrete
stiffness have to be derived. HORSTMANN /Hor10/ und SHAMS /Shal5b/ proposed
approaches to consider cracking of TRC facings of flat elements. These approaches did
not comprise prestressing, crack-bridging effects of steel fibres and non-flat cross-
sections. In the following sections, approaches were derived to predict the load-
deflection response of sandwich elements with UHPFRC facings, pre-tensioned CFRP
reinforcement and non-flat cross-sections. Subsequently, the proposed models were
validated by results from flexural tests. Furthermore, variation of material properties,
spans and different load cases, such as distributed loads, were exemplarily investigated.

7.4.2 Mechanical Background

For the following derivation, a plane sandwich element is considered. A low density
core material of thickness /¢ separates two stiff facings with arbitrary thicknesses #yot
and #op. In this section either materials are assumed isotropic. Based on the assumptions
of /Sta74/ (chapter 2.2.3), a distorted configuration of an infinitesimal sandwich element
of length dx is considered (Fig. 7.23).
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Fig. 7.23 Distorted sandwich element of length dx with corresponding internal

forces (reproduced from /Sta74/)
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From relationships between angles and displacements, strains are derived and stresses
calculated (HOOKE’s law). By integrating these stress components, internal forces can
be derived (equation (7.1)).

N = Du'

M = B y'-Bw'"

V=Ay - (B,, + B, )w'"
N,M,V Internal forces
w Deflection
4 Transverse shear strain
A Shear stiffness of core - material (7.1)
B, Flexural rigidity of top facing

B, Flexural rigidity of bottom facing

B, Flexural rigidity due to sandwich effect

B Flexuralrigidity (B,,, + B,,, + B,)

D Extensional stiffness of the sandwich element

The entire derivation of these equations can be found in appendix E or in /Sta74/.

The shear stiffness A is determined from the shear modulus G, core height 4., width b
and distance between centre lines of outer facings a.

(7.2)

Since no external axial forces act on the investigated sandwich panels, this component
was not considered further. For solutions of sandwich elements with axial loadings, it is
referred to /Shal5b/. Total bending moments and shear forces are composed of parts
from two facings and sandwich actions.

Applying well known relationships of bending moment M, shear force V" and distributed
load ¢ to equation (7.1) leads to the following equations:

Bs(j/” - w'”)— Ay =0, Ay - (Bbo, + Bmp)wn/ =—q (7.3)

Eliminating y and w results in decoupled ODE’s for arbitrary transverse loading and
support conditions (cp. Appendix E). For simply supported beams, relationships for
deflection w, moment M and shear force V can be applied directly. By combining
equations (7.1) and (7.3), the differential equations are arranged in dependence on w
(equation (7.4)) and y(equation (7.5)) only.
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7.4 Analytical Model for Sandwich Panels under Flexural Loading

B, . +8B B M
_MW1V+—w":———1 (7.4)
A BS lS
bot +Bt0p J
S "+_ = —
B L (7.5)

Furthermore, y can be expressed as function of w only (equation (7.6)). Solutions for
arbitrary loading and boundary conditions can be found.

e :%[(Bbot +Btop)wv —AW'”—q':I (76)

STAMM and WITTE /Sta74/ used mathematical substitutions of flexural rigidities
according to equation (7.7). The resulting ODE’s for deflection w and shear angle y
provide a clearly arranged form to determine the solution for different loading cases.

By, + By, B
gzt Tr g Ts 2 lta (7.7)
By A-I? a-p
2 2
v zj 1 zj 2
2l w==|Z| M+4L 7.8
W (2] =g [ 4] s 24) (78)
LY q'
=L2 =~ 1+ V gyt 1
7 ﬂ(ﬂj( ap’ —w-= (7.9)
A general solution of equation (7.8) can be obtained as follows:
w = C; cosh (%) —C,,ysinh (%j +Ci o+ Cisx+w, (7.10)

The constants C; to Ci+3 and minority parts wp of the solution can be determined in
dependence of the loading case and boundary conditions.

Amongst others, STAMM and WITTE /Sta74/ provide solutions for one single point load
or uniformly distributed loads (cp. Appendix E). The arsing equations for deformations
as well as sectional forces and moments have a rather cumbersome profile, but can easily
be implemented in spreadsheet software. A straight solution for two point loads is not
incorporated. Therefore, the usual procedure is to add up the solutions for two positions
of single point loads F/2 with corresponding distances from the supports. Since it is
often more straightforward to work with the final results, the arising equations due to
four-point bending are summarised in appendix E.
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7 Investigations on Sandwich Panels under Flexural Loading

In contrast to uniformly distributed loading, the bending moment distribution shows
discontinuities for concentrated loads. Hence, the beam is subdivided in different parts
(Fig. 7.24). As another approach, the DIRAC delta function could be applied.

e, Fl L-e,

T v

: ttOp
W hc

—

> : tbot
X :
A* part | c: part Il AB
L L
Fig. 7.24 Subdivision of simply supported sandwich element subjected to three-
point bending into two parts due to discontinuity in the bending moment
distribution

For each part, the following bending moment distribution results:

PartI((<e): M, =F-L-(1-¢)-¢

PartI(E>6): M, =F-L-¢-(1-¢) (7.11)

The parameters ¢ and & equation (7.12) are normalised distances between support and
first point load e1 and between either point loads ez as well as control variable x.

(7.12)

Solving equation (7.8) and applying equations (7.11), the solutions for deflection w for
a simply supported beam are obtained. For each of the parts four constants arise, which
can be solved by applying boundary and compatibility conditions. At the supports,
deflection w and bending moment M are zero. At positions of concentrated loads,
deflections w and their derivatives w’ (inclination of deflected element) as well as
transverse shear strains y and their derivatives ¥ must fulfil compatibility conditions.
The following equations for deflection w are obtained for the case of three-point bending
/Sta74/.

T 1 1 sinhA(l-¢) .
W :B{6(l_€)§(2g_82 ‘fz)mdz(l_g)f‘ﬂsmms‘“w} (7.13)

L DR S A N B B ..V
wy = {65(1 5)( gr+28-¢ )+a,12 e(l-¢) s sinh A(1 g)}
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7.4 Analytical Model for Sandwich Panels under Flexural Loading

The corresponding shear angle » can be calculated by applying equations (7.13) to
equation (7.9) (cp. Appendix E).

For each loading condition the internal forces can be calculated at any position x of the
simply supported beam. Bending moment M and shear forces V" are composed of parts
from bottom and top layer as well as sandwich action. The summation of the three parts
results in moments and shear forces from linear elastic EULER-BERNOULLI theory. In
Fig. 7.25 the composition of bending moments and shear forces is exemplarily depicted
for four-point loading.

FiI2 Fi2 FiI2 FiI2
' ' ' '

m
®

— @ [
H————

®

@

O =,

Lor———

Fig. 7.25 Bending moments and shear forces of simply supported sandwich beam

®

Subsequently, only bending moments of the top facing Mo, and bottom facing Myt as
well as arising sandwich action M with three-point loading are presented.

Bending moments for the three different parts I and II of the top and bottom facings as
well as sandwich action are calculated as follows /Sta74/:

Moos jiop.s = FL Dot l1op {(1 —e)E+ sinh A(1-¢) o /15}

1+« aAsinh A
) " (7.14)
bot / top Sin €
Y, — g, Zhotltop | (1 _ —— " sinh Al1—
bot / top,IT l+a {g al sinhxlsm ( (S)}
My = Lo S Gy g
S, l_l,_a /1511'11’1/1
(7.15)

1 sinh A¢ .
Mg =FL e {8(1 - &)- it 1 sinh A(1 —5)}
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7 Investigations on Sandwich Panels under Flexural Loading

Results for shear forces V and other loading cases can be found in Appendix E.

7.4.3 Cracking of Prestressed UHPFRC Facings with CFRP Reinforcement
under Flexural Loading

The failure of sandwich panels with concrete facings is usually induced by cracking of
concrete layers, core layer or by delamination. In the presented experimental results,
mainly a combined failure of core and facings was observed. Hence, for increased
loading, the stiffness of the UHPFRC facings reduces after first cracking. For the
equations based on work of STAMM and WITTE /Sta74/ with solutions for further
loadings cases, a constant stiffness of each layer is assumed. Hence, solutions of the
ODE’s (e.g. equations (7.13)-(7.15)) lead to a linear-elastic load-deflection response.

In this section, the basic ideas are shown to apply solutions of ODE’s and to account for
cracking of the facings at the same time. First, the procedure was derived for sandwich
panels with flat facings. In section 7.4.4, the derivations were extended for spatially
shaped cross-sections. To account for the reduced stiffness of the concrete facings, a
reduced mean value of stiffness is used over the full length of the sandwich beams, rather
than a stiffness function to provide a simple approach /Hor10/, /Shal5b/. Therefore, the
sandwich beam is subdivided into a finite number of elements with equal length AL
(Fig. 7.26). The extensional stiffness D and flexural stiffness B are determined for each
part depending on the stress state, i.e. cracked or un-cracked conditions. The mean
stiffness of the concrete facings are a composition of the partial stiffnesses.

-

/Eltopl ltlopl Altop

tiop
h.
AKX T T T TN T AB b
f pAL, | Evoo lows A =
% '
Fig. 7.26 Sandwich element subdivided into finite number of elements with equal

length (in dependence on /Hor10, Sha15b/)

The load is applied incrementally as depicted in Fig. 7.27. For each load step the
extensional and bending stiffnesses EA4 and EI of each part AL are determined depending
whether the facings are cracked or intact. With this information a smeared rigidity is
defined for the whole length of the beam. Hence, the incremental deflection Aw; is
calculated and added up to the overall deflection w for each load step.
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Load F
4 UAF, .
uncracked . Y 2 Step i-1
facings /T W, 4
\Il _________ od i-1 ¥ AFI
"'4* . - | W] & T A step i
. ;o cracking of facings B
< ’\ ) AW,- A Fl_
I i y3 v —a Step i+1
w ] AF T i W’”I R L
b AVV, 1 . > Avvi+1 /__'
w, Deflection w
Fig. 7.27 Load-deflection curve due to transverse loading with incremental method

(in dependence on /Hor10/, /ISha15b/)

In general, stresses in the concrete facings may be calculated with bending moments and
axial forces using equation (7.16). The stresses at bottom and top of each facing can be
compared with the uniaxial tensile strength of the concrete.

M N,
— 4 bot/top n bot/top

(7.16)

Obot/ top,bot / top
Ibol/top /Zbot/top Abol/top

HORSTMANN /Hor10/ and SHAMS /Shal5b/ considered three different stress states for
the top and bottom facings during their investigations on sandwich panels with TRC
facings. These three stress states were treated as equivalent to cracking states of the
facings.

Obot/ top.bot < Jet> top/bottom facings : uncracked
Obot /top,iop < O Opot/1op,pot 2 Jers  top/bottom facings : bending cracks

Obot/ top.top = O Ohot1op.bot = Jers  top/bottom facings : cracks over full height

In the investigations on sandwich panels with TRC facings, HORSTMANN and SHAMS
only analysed concrete layers without fibres or by neglecting fibre contribution. In
/Hor10/ and /Shal5b/ the depth of the compression zone x was iteratively determined
using a constant stress block for concrete under compression. In chapter 4, general
solutions for the moment-curvature relationships of UHPFRC elements with (pre-
tensioned) CFRP reinforcement under flexural and axial loading were derived. Hence,
in case of cracking the residual bending stiffness Buoviop,i Of €ach element of length AL
can be calculated as ratio of moment and curvature.

M i
_ Vi _ bot / top,i

Bbot/top,i - Elbot/top,i - (7 1 7)
Kbot/top,i
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7 Investigations on Sandwich Panels under Flexural Loading

At the beginning, the sections remain un-cracked, and Buoviop,i 1S equal to the linear
elastic bending stiffness. After stresses are exceeding the concrete tensile strength, the
bending stiffness is reduced.

For this purpose, for each load-step Fi the resulting moments in UHPFRC layers Moot
and M,op as well the sandwich moment Ms are determined. From sandwich moment M,
axial forces in the UHPFRC layers were obtained by dividing the distance between
facings centroids a. The axial forces were applied to determine the moment-curvature
relationships (cp. chapter 4, equations (4.23), (4.29) and (4.30)) for prestressed or non-
prestressed facings. According to chapter 5, the prestressing forces were reduced by
about 5 % to account for residual tendon stresses in the UHPFRC members.

The extensional stiffness Duoviopi 0f UHPFRC facings with bending cracks was
simplified as sum of concrete contribution and stiffness of the reinforcement for each
element of length AL. HORSTMANN and SHAMS only considered the concrete
contribution over the height of the compression zone. Hence, the tensile strength of the
concrete was neglected. In the following, the concrete contribution is assumed to consist
of heights of the compression and tension zones, xo and xi1 (cp. chapter 4,
equation (4.19)). The contribution of the cracked zone x> was neglected.

Vi
Dbot/top =EA bot/top = Ec ‘b (XO + X )9 bot/top +Ep 'Z_Ap,bot/top (718)
i

For cracks over the full height of the facings, the stress state is governed by a
predominant tensile loading. In this case, exceeding the maximum possible crack width
to be bridged by fibres, the concrete contribution vanishes. Hence, the extensional
stiffness is only dependent on the reinforcement as long as the maximum tensile strength
is not exceeded. Experimental results and theoretical considerations showed that
exceeding the maximum crack width of applied UHPFRC is accompanied by rupture of
the CFRP prestressing tendons.

Since the equations presented in chapter 7.4.2 assume constant bending and extensional
stiffnesses, a smeared approach for cracked cross-sections needs to be applied.
Generally, different approaches to determine smeared rigidities of cracked facings can
be used. Arithmetic average or weighting by deflection or bending moment distribution
are examples. In /Hor10/, the deflection-based approach was found to deliver a good
agreement with test results. SHAMS /Shal5b/ achieved conformity with test results by
applying the arithmetic average since combined flexural and axial loading cases were
investigated. Hence, a deflection-based approach would yield too small bearing
capacities. Weighting by bending moment distribution leads to an overestimation of
stiffness degradation in the vicinity of the loading points /Hor10/.

As stated before, the flexural rigidities and extensional stiffnesses can be calculated for
each element AL for top and bottom facing separately. The deflection-based approach
weights the rigidities by the deflections at each element AL (equation (7.19)).
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n n
ZEIi,bot/top Wi ZEAi,bot/top Wi
_i=l _i=l
Bbot/top - n > Dbot/top - n (719)
2, 2. Wi

~
Il
—
~
Il
—

In contrast, the arithmetic average (equation (7.20)) simply determines the rigidities
without weighting, i.e. accounting for disproportional crack growth. Since external axial
loading of the elements was not investigated, this approach was not further considered
in the following investigations.

=

- EAi,bot / top (720)

1

1 1
Bbot/rop:;' Eli,bot/top’ Dbot/top:;'

1

1

Fig. 7.28 shows the resulting stiffness using the weighted, deflection-based average.

RN
L |

| |

\—> weighted averageEl/EA," for bottom facing

Fig. 7.28 Equivalent stiffness of the sandwich element using a deflection-based
weighted average (in dependence on /Sha15b/)

The previous findings can be applied automatically to determine the theoretical load-
deformation relationships. Since moment-curvature relationship of the UHPFRC
facings were determined separately (cp.chapter 4), a convenient and time-saving
calculation is possible.

In Fig. 7.29, the procedure of the calculation method is schematically depicted. First,
geometric properties (length, width, thickness of facings and core), the reinforcement
ratio and pre-tensioning forces as well as material properties are entered. For sandwich
panels without shear connectors, the shear stiffness can be determined by equation (7.2).
In case of applied shear connectors, the increased stiffness can be accounted for by
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7 Investigations on Sandwich Panels under Flexural Loading

applying the findings made in section 6.5. The stiffness of core and shear connectors
were derived from small-scale testing. By applying the adequate length and number of
shear connectors, the resulting stiffness kws can be determined. The resulting shear
stiffness Ares 1S to be obtained as follows:

aZ

A L
res Al

—k (7.21)

res

Depending on the problem to solve, the solutions of the ODE’s are provided for different
support conditions and loading cases. Additionally, one has to choose the number of
parts AL to subdivide the beam in nL elements and the incremental, constant loading step
AF. The number of parts n. needs to be chosen in dependence of a assumed crack
distance. For all elements this distance was set to #2 (cp. chapter 4). The calculation
starts for /=0 by determination of flexural rigidities and axial stiffness in the elastic
range. Afterwards, the loading is increased incrementally by AF and deflection w as well
as moments and axial forces are determined in each part AL. After the stresses in the
facings are exceeding the tensile strength of UHPFRC, the parameter combination of
Myt and Npot as well as Miop and Niop are applied to determine the curvature x, heights
of compressive xo and elastic tensile zone x; by using the theoretical findings from
chapter 4. The length L. to convert the stress-displacement relationship of UHPFRC into
a stress-strain relationships was consistently set to half the thickness of the facings.
Applying equations (7.17) and (7.18), the flexural rigidities and axial stiffness for each
part AL are calculated. The average rigidities are determined using the deflection-based
approach (cp. equation (7.19)). In case neither of these is zero, the next load step AF'is
applied. This is carried out until failure of the element is reached. During the analysis
shear stresses in the bond zone and maximum stresses in the shear connectors were
checked. The shear stresses are determined from shear angle and shear modulus. In case
of an applied shear grid, the maximum stresses in the shear grid were determined based
on equation (6.2). The resulting tensile load in the rovings (cp. chapter 6) is divided by
the cross-sectional area and needs to be smaller than its tensile strength.
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7.4 Analytical Model for Sandwich Panels under Flexural Loading

Input: cross-section (UHPFRC/reinforcement), pre-tensioning force;

material properties;
loading and support conditions;
number (n,) of parts AL over beam length

loading increment AF

determination of linear elastic flexural rigidities B,,, / B,
and axial stiffnesses D,/ D

top

| loading F, = $AF, |«

determination of deformations w, = ZAw, for each part AL

v

determination of bending moments M, and axial forces N,
in UHPFRC facings for each part AL

v

determination of curvature «, height of compressive zone x,, and

linear-elastic tensile zone x,

v

determination of flexural rigidities B,,, / B, and
axial stiffnesses D, / D, for each part AL

.

determination of total flexural rigidities B, / B

., and total axial stiffnesses

D,, and D, for the full length of the beam by weighting deflection-based
B, or B, or D,, or D, = 0? } no
LYes
calculation completed
Fig. 7.29 Calculation method to determine the theoretical

load-deformation

response of sandwich panels with prestressed UHPFRC facings subjected

to flexural loading

For two calculation steps the procedure to determine Byot = EI'' is exemplarily shown for
a cracked bottom layer for one Element AL at load step Fi and Fi+1.
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Fle=xt| Eiy | M, | Ny [ Mg, | N, | w
F. . . N
AL/L . . .
r . Eloi | Mocii | Nooti | Mioi | Nwi | Wi
L/L . . .
AL/ . . .
. o | eee | . . !

F 1 * Elbcl,w‘! Mbct,m Nbot,m M top,i+1 pr,m Wm a Elbolm = Mmu/ Kb‘i
L/L . . -
F.,| L1 . . .

Fig. 7.30 Example of determination of E/ " for bottom layer at load steps i and i+1

Hence, the flexural and axial stiffnesses of cracked concrete sections can be determined
for known moment-curvature relationships. In the next section, the procedure is
discussed for panels with non-flat facings.

7.4.4 Folded Plate and Doubly Curved Facings

All previous derivations and explanations were based on the assumption of flat sandwich
panels. These derivations are still valid for non-flat elements with constant cross-
sectional properties over the length of the sandwich panel, if flexural rigidities B = EI
and axial stiffnesses D = FA are determined based on the respective cross-section.
Additionally, the varying shear stiffness 4 of the core-material needs to be determined.
In /Sta74/ the procedure was shown for profiled sandwich panels with thin metal facings.

Depending on the complexity of the cross-section, the second moment of area and the
cross-sectional area can be identified by hand calculation or computer-assisted. In the
following, the equations are shown for a folded plate and a cylindrical shape. Since
sandwich elements with concrete facings usually have thick layers compared to
sandwich elements with steel facings, the second moment of area of partial areas has to
be taken into account, rather than only using the parallel axis theorem. In Fig. 7.31
examples of a folded plate and a cylindrical cross-section are shown.
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Fig. 7.31 Examples of folded plate and cylindrical-shaped facings

The folded plate element can be divided into two bottom flanges, one top flange and two
inclined webs. The length of each part was determined by the intersections of the centre-
lines. The following equations can be used to estimate the centroid zc, second moment
of area /yy and area 4. to calculate the flexural rigidity B and axial stiffness D.

t t
(hp —ZJSI +hpS2 +ES3

_ (7.22)
¢ Sl +2S2 +S3
I S t3+sth ! 2+2 t(SZSina)3+s cosozt3
= e —_———Z -z 7 -
worlp Ty e 12 2 12
hp 2 /3 { 2 (7.23)
+8,1 —— + 87—+ 51t ——
S2 > Z¢ 53 12 83| Z¢ >
AC =t-(s1 +2S2 +S3)
B=E]I
»
7.24
D =EA, (7.24)

For cylindrical shaped elements, the cross-sectional properties are determined using
polar coordinates. The area, centroid and second moment of area are computed as
follows:

A, = (RO2 —Riz)-a, a in [rad] (7.25)

133



7 Investigations on Sandwich Panels under Flexural Loading

Ri —a (726)

. 2R -R} sina
(RS’ —Rg)-[2sma]=§R§ —R;z . ”

b
4
b
4

The equation of the second moment of area based on the origin O (cp. Fig. 7.31) is set
up as follows:

r ot
) 0 2 . 5
I =[zdd, = | [ (r-sing) -rdrdyp
yy 4 R 7
Z—a
&) 3%& : LR (7.27)
= [r’ [ sin (odgodrz{—r } —[qo—smgocosgo]
R; 4 g 2

2

= i(R;l —Rl-4)- [a + sinacosa]

Since the second moment of area needs to be determined at centroid, the parallel axis
theorem is to be applied:
2
I, =1 >y T F - A

Cc C

(7.28)

The specified equations can be applied to establish B = El and D = EA for top and
bottom facings as long as these cross-sections remain constant over the length of the
sandwich panels.
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For varying cross-sectional properties Bs(x), Biop(X), Boot(X) and A(X), the relationships
for moments (cp. equation (7.1)) remains the same, whereas the shear force has to be
calculated in the following way:

V= Ay~ |(Byoy + Bip)w| (7.29)

Decoupling equations for moment (equation (7.1)) and shear force (equation (7.29)
result in ODE’s of fourth order for w and y with varying coefficients. Since these
equations usually cannot be solved exactly, approximation methods, such as numerical
methods, have to be applied. Since the camber in longitudinal direction of doubly curved
sandwich panels represents no variation of the cross-section, but different stiffness, the
procedure becomes complex. Additionally, the inner lever arm of the resulting
reinforcement forces varies over the length of the elements. Therefore, the camber in
longitudinal direction was neglected for further considerations using sandwich theory.

The shear stiffness 4 of sandwich elements with non-flat facings can be determined by
considering a small element of length AL /Sta74/ (Fig. 7.32). This element is to be
loaded by axial shear forces 7 (resulting from facings) and vertical shear forces V.

Fig. 7.32 Cross-section of non-planar sandwich element (reproduced from /Sta74/)

This results in a relative displacement u between the facings. In doing so, the cross-
section is subdivided in lamellas (perpendicular to coordinate s) of width ds and height
h(s). With this assumption, the shear stresses zam in each lamella (equation (7.30)), are
independent on shear stresses and shear angles of neighbouring lamellas. Hence, shear
stresses 7xs are neglected.

z-xn:G'yxn:G'w (730)

By applying the shear angle y=u / a, it follows:

7, =G —=-7, T = J.rmALds (7.31)
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Using the relationship of axial and vertical shear forces in equation (7.32), one obtains
the shear stiffness 4 according to equation (7.33).

7= Q.% (7.32)

V=dey,  A=G-a-[-1ds (7.33)

? hls)

For flat elements with constant height # and width b, equation (7.33) simplifies to
equation (7.2).

Generally, cross-sections are subdivided in elements with approximate the same height,
as shown Fig. 7.32. The investigated cross-sections (cp. section 7.2.1) can be subdivided
as shown in Fig. 7.33. Depending on the size of cross-sections, a more detailed
subdivision can be necessary.

Fig. 7.33 Subdivision of tested folded plate and curved cross-sections

Hence, for the folded plate cross-section the shear stiffness A can be estimated by
applying equation (7.33) as follows:

2
a )
A=G- 2|5 42524
h |:Sl Cosﬂ S3j| (734)

The cylindrical cross-section of HP elements is represented by a parabola. The angle «
at each element is to be determined by the first derivative of the parabola equation. With
the aid of the angle, the orthogonal height can be determined. Hence, the shear stiffness
A is calculated as follows:

(x) = ax
"x)=2
y) - (7.35)
4=G6-2-.% ds
h 7 cos (arctan (y'(x;)))
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In the next sections, the derived approaches to account for cracking of UHPFRC facings
and modifications to account for non-flat beams are validated by results of experimental
testing.

7.5  Validation of Derived Approaches

7.5.1 Sandwich Panels with Flat Facings

In the first step, the derived approach was applied to predict the load-deflection response
of flat sandwich panels under flexural loading. The geometric parameters were used
according to section 7.2 and material parameters were applied in accordance with
chapters 3 and 4. The spring stiffness of the connecting device (CFRP grid) was
determined based on derivations made in chapter 6. After determination of axial and
flexural stiffnesses of each layer, the load F' was stepwise applied in steps of 5 kN. The
axial forces and bending moments as well deflections were calculated for each element
(top and bottom facing) with aid of the constitutive equations of section 7.4.2. For each
element AL, the axial force N and bending moment M were applied to determine the
corresponding curvature x and residual heights of the cross-section to transfer internal
forces (xo, x1) according to equations (4.19), (4.29) and (4.30) (chapter 4). Hence, the
axial and flexural stiffnesses were calculated and weighted deflection based (Fig. 7.28)
to determine mean values for the next load step. With this iterative process, the load was
increased until failure of UHPFRC facings, bond zone or connecting devices was
determined.

In Fig. 7.34 the calculated load-deflection responses at midspan and quarter points of
flat sandwich panels with and without pre-tensioning of the CFRP reinforcement is
compared to the test results. For these elements, one CFRP shear grid was applied. The
predicted load deflection response is in good agreement with test results for prestressed
and non-prestressed facings.

100 100
N A
=75 /7’4 =75
~ 3
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S 2 /'/ ' S >0
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o 4 2
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< L L < i
b ‘vW.A *Wm | Wi *W_‘ +w¢ I Wi hd
0 ' 0 ;

0 10 20 30 40 50 20 30 40 50
Deflection [mm] Deflection [mm]

Fig. 7.34 Load-deflection response of flat sandwich panels with CFRP shear grid:
without (left: SB-3) and with (right: SB-6) prestressed facings

137



7 Investigations on Sandwich Panels under Flexural Loading

The predicted failure modes were a combined failure of the facings and the bond zone.
In case of applied shear grids, test specimens failed due to shear cracks in the core
material, which was induced by high relative displacement of the facings, but relatively
good bond conditions. The model predicted about the same relative displacement at
failure and cracking of the facings. In the vicinity of the supports, debonding was
determined over a length of about 250 mm at maximum load by the model.

As mentioned before, the production procedure of flat sandwich panels without CFRP
shear grid resulted in rough concrete surfaces in the bond zone. This may have affected
the bond quality negatively (cp. section 7.2). In Fig. 7.35, the predicted load-deflection
response of sandwich panels without CFRP shear grid is depicted. Independent of
prestressing of facings, the test results showed considerably more deflection and less
maximum load capacity compared to results of the analytical approach. Even though,
the load-deflection response of the prestressed panel was determined congruently until
bond failure in the test. Hence, only the maximum bond strength seemed to be reduced
in this test specimen, rather than the overall stiffness.

100 . | : : : 100
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J— I Waat =75
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= | 7 \/ ! = wyN /7
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Deflection [mm] Deflection [mm]
Fig. 7.35 Load-deflection response of flat sandwich panels without connecting

devices and without (left: SB-2) and with (right: SB-5) prestressed facings

With the aid of the constitutive equations (cp. section 7.4.2) the relative displacement of
the UHPFRC facings was estimated. In Fig. 7.36, the calculated relative displacement
at the beam end is shown in comparison to test results.
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Fig. 7.36 Relative displacement of UHPFRC facings without (left: SB-3) and with
(right: SB-6) prestressing

Even though, the relative displacement was predicted slightly too soft in the linear
elastic stage, the overall response was predicted in good agreement with test results.
Since relative displacement was only measured at the supports, the response over the
full length of the beams was predicted by the analytical model to show the influence of
a CFRP shear grid. The calculated relative displacement of top and bottom facings are
exemplarily depicted in Fig. 7.37. For an applied load of 10 kN, the distribution of
relative displacements was about the same, independent on an applied shear grid. At
predicted maximum load (70 kN) of the panel without shear grid, the relative
displacement increased up to 7.5 mm. For comparison, the smaller relative
displacements of the panel with shear grid is shown for the same load level, which equals
about 80 % of maximum load (90 kN) in the analysis. Even though the results are not
directly comparable, since the top facing of the panel with shear connector was
additionally prestressed, the positive influence of shear grid can be concluded.
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Fig. 7.37 Relative displacement of UHPFRC facings over the beam length for
sandwich panels without (left: SB-5) and with (right: SB-6) CFRP shear
grid

In the following sections, the approaches were further validated.
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7 Investigations on Sandwich Panels under Flexural Loading

7.5.2 Sandwich Panels with Folded Plate Facings

In this section, the proposed model to determine the load behaviour of folded plate
sandwich panels under flexural loading is validated. The derivations made in
sections 7.4.2 and 7.4.3 were applied in combination with derivations and assumptions
proposed in section 7.4.4 to account for non-flat cross-sections. The geometric
parameters were used according to section 7.2 and material parameters were applied in
accordance with chapters 3 and 4.

For the determination of theoretical moment-curvature relationships (cp. chapter 4), the
folded plate cross-section was converted in a cross-section with area by area constant
width, such as an inverted T-beam. For this purpose, mean values of widths were
applied. As stated in chapter 4, a web with constant resulting width and two flanges were
assumed. The bottom strain was then supposed to act at the bottom side of the web.
Hence, the strains of reinforcement and flanges were to be the same. For simplicity, the
difference in width of the top flange was neglected. For other folded plate cross-sections,
with differing width of top flange and web, a case-by-case analysis for the resulting
compression force has to be applied. In Fig. 7.38, the derived cross-section is shown.
The overall area and second moment of area were about the same as for the folded plate
element.
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Fig. 7.38 Transformation of folded plate element into beam with area by area

constant widths

With aid of this cross-section, moment-curvature relationships were determined for the
cracked state of prestressed folded-plate sandwich panels. By determination of the strain
distribution, section forces as well as corresponding lever arms, resulting bending
moments and curvature can be calculated. To validate the approach, first, the load-
deflection response of single folded plate elements was determined and compared to test
results. As described in chapter 4, applied loading was derived from the resulting
bending moments and deflection was calculated by integrating curvature. Subsequently,
different types of reinforcement (bar @5 mm / strand 7.5 mm) and different pre-
tensioning stresses (0 MPa, 675 MPa and 1350 MPa) were investigated to compare the
results with test data. In Fig. 7.39, the proposed model is validated with the load-
deflection response of single folded plate elements. The length /. was consistently set to
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7.5 Validation of Derived Approaches

half the thickness of the facings, i.e. to 30 mm (cp. chapter 4). For different pre-
tensioning stresses, the load-deflection responses were found in very good agreement.
Only for a prestressing of 1,350 MPa a deviation in the cracked state was observed,
which was caused by a different failure mode of test FP-1 (cp. Appendix C). The
element failed due to a longitudinal crack growing from the support. The cracking loads
were determined to the same values as measured in the tests. For all cases, the maximum
deflection was overestimated, especially for elements with CFRP bars and no
prestressing. Since the facings of sandwich panels are not subjected to the same cracking
state as the single elements, the model seemed applicable to account for cracked folded
plate facings.
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Fig. 7.39 Comparison of load-deflection curves from derived model and test data
for folded plate elements (FP-1, FP-5, FP-6))

In the next step, the shear stiffness 4 of the core material was calculated based on the
findings from Fig. 7.33 for the cross-sections investigated experimentally in section 7.2.
The shear stiffness was determined numerically based on a finite number of elements.
For a shear modulus G of 11.5 MPa, a core height /# of 200 mm and a distance between
the centre-lines of the facings a of 260 mm, the shear stiffness A4 of the trapezoidal cross-
section was determined to 3.8-10° N. A flat element with same widths and core height
would possess a shear stiffness 4 of 2.2-10° N. Hence, the trapezoidal shape, which was
applied during testing, increases the shear stiffness by about 70 %.

The derived model was applied to determine the load-deflection response of sandwich
panels with folded plate cross-sections. The calculation procedure remains the same as
for flat elements (cp. Fig. 7.29). The moment curvature relationships in dependence on
the axial force were calculated based on the findings for inversed T-beams
(cp. chapter 4).

In Fig. 7.40 the determined load-deflection response is shown for folded plate sandwich
panels without prestressing and with prestressing of the facings. The cracking loads as
well as maximum loads were determined in good agreement with the test results at
midspan (wi1) and at quarter points (w2) for the panel without prestressing. For the
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7 Investigations on Sandwich Panels under Flexural Loading

prestressed sandwich panel, the cracking load was slightly overestimated. The failure of
the panels was predicted by cracking of the facings and small parts of debonding at the
supports. The stresses in CFRP reinforcement were determined up to 2,600 MPa, which
is close to the maximum capacity of CFRP strands. For short spans, the approach of
transforming the folded plate cross-section into an inversed T-beam showed satisfying
results.
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Fig. 7.40 Comparison of the load-deflection response at midspan (wi) and at

quarter points (w:) of derived model and test data for folded plate
sandwich panels with CFRP bars (left: SFP-4) and with CFRP strands
(right: SFP-5)

Since relative slip between the top and bottom layer was not measured during the
experimental testing on folded plate elements, the calculated response over the beam
length was determined exemplarily for two cases. In Fig. 7.41 the influence of
prestressed bottom and top facings on the relative displacement Au is depicted. For an
applied load of 100 kN, the panel without prestressing started cracking. The
corresponding relative displacement of the facings is slightly higher than for the
prestressed element.
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Fig. 7.41 Relative displacement Au over the beam length for folded plate sandwich

panels with CFRP bars (left: SFP-4) and CFRP strands (right: SFP-5)
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7.5 Validation of Derived Approaches

At maximum load (cp. Fig. 7.40), the relative displacement was about seven to thirteen
times higher than at cracking load depending on the prestressing force. The prestressed
sandwich panel reached a maximum load about 60 % higher, while relative
displacement of the facings increased only by about 15 %. This value is in accordance
with the corresponding deflections.

7.5.3 Sandwich Panels with Curved Facings

In this section, the proposed approaches to determine the load behaviour of curved
sandwich panels under flexural loading were verified. As stated before, the camber in
longitudinal direction of the doubly curved element leads to equations, which can only
be solved numerically. Additionally the varying position of reinforcement, i.e. inner
lever arm of resulting reinforcement force, represents different cross-sections at each
element AL in case that the concrete tensile strength is taken into account.

In Fig. 7.42 the positions of reinforcement over the longitudinal axis and corresponding
cross-sections of the investigated doubly curved element are shown.
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Fig. 7.42 Average position of prestressing tendons in investigated doubly curved
elements
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Since the lever arm varies over the full length of the element, no adequate replacement
of a mean lever arm for an element without camber can be found. For example, the lever
arm to achieve the same mean deflection from prestressing, which is close to zero,
results in an underestimation of the lever arm in the area of the maximum bending
moment. Vice versa, using the lever arm in the middle of the element at position of the
maximum bending moment results in an overestimation. Hence, no replacement of the
cross-section was used. For the following applications of analytical models, the camber
in longitudinal direction was neglected.

First, the derivation of stiffness of the core material was verified. The shear stiffness 4
was determined to 2.88-10° N (cp. equation (7.35)). The axial stiffness D and flexural
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7 Investigations on Sandwich Panels under Flexural Loading

stiffness B were determined by applying equations (7.25) and (7.28) as well as the
Young’s modulus £ of UHPFRC. Applying sandwich theory, yields the linear elastic
behaviour of the section. In Fig. 7.43, the comparison of test results and calculated linear
elastic behaviour is shown for sandwich beams without and with prestressing of the
UHPFRC facings. The prestressing force was applied at centroid of the facings, which
is roughly the resultant position over the full length.
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Fig. 7.43 Comparison of determined linear-elastic load-deflection response of

curved sandwich panels and test results of doubly-curved sandwich
panels without prestressing (left: SHP-1) and with prestressing (right:
SHP-5)

The results show that the determined shear stiffness A leads to a satisfying response of
the linear elastic part (continuous black line), even though the camber (50 mm) was
neglected. In case of the prestressed panel, the stiffness was determined slightly less stiff
compared to test results. Cracking of the facings leads to a non-linear behaviour after
reaching the maximum tensile strength, which is obviously not predicted by the elastic
sandwich theory (dashed black line). For the linear-elastic investigation, the stresses at
the bottom of each facings were determined from the moment and axial force in the
facings. For the element without prestressing, the bottom stresses at the bottom facing
reached about 5.5 MPa for an applied load of 25 kN at midspan. For the prestressed
curved sandwich panel, about the same stresses were reached at an applied load of
50 kN. These loads are in accordance with cracking loads during testing.

Approaches to account for cracking of UHPFRC facings during the analysis were not
further considered, since neglecting of camber and idealisation of curved shape to a
cross-section with area by area constant width would result in high error. The effort to
combine sandwich theory with cracking of curved cross-sections is higher than using
non-linear finite element modelling. Hence, it is proposed to use the derived finite
element solutions to predict the overall structural performance of doubly curved
sandwich panels.
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7.6  Aspects of Long-term Effects

In the present study, it was not particularly focused on long-term tests. However, one
tentative test was carried out on a doubly curved sandwich panel to verify the long-term
behaviour. The sandwich panel (cp. section 7.2 and Appendix D, test HP-S-4) was
reinforced with six CFRP rebars (@5 mm) without pre-tensioning in the top facing and
with six CFRP strands (7.5 mm) pre-tensioned to 675 MPa in the bottom facing. The
specimen was simply supported and loaded in four-point bending (cp. Fig. 7.1). The
dead load of 22 kN, represents 50 % of the cracking load of test HP-S-4. The same
measurement technique was applied as for the static tests. In Fig. 7.44, the progress of
deflection over loading duration at midspan (w1) and between support and loading (w?>)
is shown. The deflections after loading (0 h) are the same as for test HP-S-4 at 50 % of
linear elastic load. The deflections w1 and w> increase over the first 400 h loading about
0.75 mm and 0.50 mm, respectively. In the next 400 h another 0.2 mm and 0.1 mm
increase took place. Afterwards, only small increments of deflection were observed. The
test was ended after 1000 h of loading. No cracking of the UHPFRC facings or core
material was visible. After unloading deflections of wi = 1.38 mm and w> = 0.54 mm
remained as inelastic deformations. The measurements of core compressions and
relative slip showed only a slight, insignificant increase over the loading time.
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Fig. 7.44 Relationship between deflection and loading duration

After unloading, the specimen was tested displacement controlled in the same manner
as described in section 7.2.1. Compared to the specimen with the same configuration of
reinforcement and prestressing (HP-S-4, cp Appendix D), without long-term loading,
the maximum load decreased by approximately 25%. This may be caused by long-term
loading. However, only one tentative test was conducted and it cannot be ruled out that
variations in material properties may have led to the reduction.

7.7 Case Studies

In the previous sections and chapters, it was shown that the structural performance of
sandwich panels with UHPFRC facings can be described and predicted in good
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7 Investigations on Sandwich Panels under Flexural Loading

agreement by the derived analytical and numerical models. Therefore, the influence of
different parameter variations is exemplarily shown in case studies. On the one hand,
the effect of distributed loading rather than three-point bending or four-point bending is
shown. On the other hand, the influences of length and decreased core stiffness are
discussed. The cross-sections remain the same as for the investigated panels in
section 7.2.1, besides the folded plate and doubly curved panels with length of 24 m.
The solution of the analytical model for a simply supported beam with distributed
loading can be found in appendix E. To show the influence of parameter variations, no
application of a shear grid was assumed. In Fig. 7.45 the variation of parameters is
summarised.
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Fig. 7.45 Case studies of flat, folded plate and doubly curved sandwich panels

Roof elements are usually subjected to self-weight, snow, wind and temperature loading.
Additionally, long-term effects can play a key role, depending on the applied materials.
At this stage, only the effect of distributed loading was investigated. Effects from long-
term loading were exemplarily discussed in section 7.8. For effects from temperature
loading, it is referred to solutions of the analytical model provided in /Sta74/.
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In Fig. 7.46, the effect of distributed loading compared to three-point bending is shown
for flat and folded plate sandwich panels. For a length of 2.4 m, the flat panel and folded
plate panel were investigated without prestressing and four CFRP bars (@5 mm) each in
bottom and top facings. Experimental results from tests under three-point bending are
depicted for comparison. For both loading cases the resultant load is depicted. Hence in
case of three-point bending, F' and in case of distributed loading, g-L are denoted. The
results show, that the behaviour under distributed loading is stiffer and reaches a higher
maximum load with less corresponding deflection. One has to keep in mind that this
comparison does not result in the same bending moment. Since the total bending
moment of sandwich elements is composed of parts from facings and sandwich action,
a comparison of resulting bending moments is not suitable. From the arising axial forces
in the facings, the sandwich moment is calculated. Hence, the cracking behaviour for
both loading cases is predicted differently. Additionally, different failure modes may be
obtained for different loading cases. For flat panels subjected to three-point bending, a
mixed-mode failure of cracking of UHPFRC section and debonding were determined.
Additionally, the relative slip of the facings was in the range of a shear failure of the
core material. In contrast, for distributed loading debonding was not predicted and the
panels failed from cracking of UHPFRC facings and rupture of CFRP reinforcement.
For the folded plate sandwich panels without prestressing of the facings, debonding was
not observed in either cases. For three-point bending loads, relative slip was in the range
of a shear failure of the core material. Under distributed loading, the panel showed
excessive cracking of UHPFRC and failed from rupture of the reinforcement.
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Fig. 7.46 Comparison of load-deflection response from three-point bending and

distributed loading for flat (left) and folded plate (right) sandwich panels

In the next step, the length of the panels was doubled to 4.8 m and a distributed load was
applied. In Fig. 7.47 the predicted load-deflection responses of flat and folded plate
panels is shown. In both cases, the facings were prestressed with four CFRP strands
(7.5 mm, o, =675 MPa). To demonstrate the effect of a reduced shear modulus of
G¢/3, again no application of shear grids was assumed. In this case, the maximum
deflection was doubled for both elements. For flat elements, the load-deflection response
was determined to be less stiff in the linear-elastic stage, since the flexural rigidity of
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the facings is relatively low. In contrast, the linear elastic stage was about the same for
both shear moduli for folded plate elements, since the facings show a high flexural
rigidity. The sandwich panels were predicted to fail from excessive cracking of the
UHPFRC facings and rupture of reinforcement independent on the cross-sectional shape
and the stiffness of the core material. It has to be mentioned that the bond strength =
was not reduced in this study. In section 7.8, further studies have been conducted on this
topic.
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Fig. 7.47 Comparison of load-deflection response from distributed loading for a

shear modulus G. and a decreased shear modulus of G./3 for flat (left) and
folded plate (right) sandwich panels

For long-span roof structures, as they were built in the 1960’s and 1970’s of the last
century, typically, elements with a length of 24 m were applied. For the prediction of
the structural performance of the developed folded-plate elements, in Fig. 7.48 (left) the
load deflection response for a length of 24 m is depicted. Four strands (7.5 mm) with
pre-tensioning of 675 MPa in both facings were assumed. For comparison, the
performance of a single facing is shown. The maximum load represents an applied
surface load of 2.4 kN/m?. As for the short length, the comparison of the maximum loads
shows an increase of about 400 % compared to a single facing.

To establish a higher load-bearing capacity, additionally a larger cross-section
(cp. Fig. 7.45) was investigated. Again, the strands (7.5 mm) were pre-tensioned to
675 MPa. The number of strands was increased to eight strands for each facing. For a
core height /. of 200 mm, the maximum load was four times higher compared to a single
facing. Increasing the core height to 400 mm led to a further increase in maximum load
of about 25 %. In both cases, the failure of elements was predicted by excessive cracking
of the bottom facings and rupture of the CFRP strands.
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For the doubly curved elements, the influence of parameter variation was investigated
with the numerical model, shown in section 7.3.2. Even though the local material
contribution were partly found differing from test results, the overall load-deflection
responses were determined in satisfying agreement. In Fig. 7.49 (left), the numerically
determined load-deflection responses from four-point loading and distributed loading
are compared. The tests results from four-point bending are additionally depicted. As
for the flat and folded plate elements, the behaviour was observed to be stiffer and
maximum load increased for distributed loading. Again, elements with spans of 24 m
were investigated. In Fig. 7.49 (right), the load-deflection response for these elements
with a length of 24 m is shown. For this purpose the width and height of the facings of
the 24 m elements was determined in dependence on typical elements, which were built
in the 1960’s and 1970’s. The camber in longitudinal direction was set to 300 mm. The
thickness of facings was kept constant at 60 mm. The width of the elements was
determined to 3,200 mm. Ten rather than six pre-tensioned CFRP strands
(op = 1,350 MPa) were applied. For comparison, the performance of a single facing is
shown. The maximum load of the sandwich panel was determined to 340 kN, which
represents a surface load of about 4.4 kN/m?. Compared to the single facing, the load
was increased about 230 %. The elements were predicted to fail from excessive cracking
of the bottom facing and from rupture of the CFRP strands.
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Fig. 7.49 Comparison of load-deflection response of doubly curved sandwich
panels from four-point bending and distributed loading (left) and load-
deflection response of elements with 24 m length (right)

With the case studies it was exemplarily shown that the variation of key parameters has
a major influence on the load-carrying capacity of sandwich panels. The variation of
shear modulus already confirms the importance of the selection of materials as well as
considerations of long-term effects. In the next section, further investigations on this
topic were conducted.

7.8 Aspects of Design Approaches

The derived analytical approach and numerical models were shown to be suitable to
predict the load-deflection responses of the investigated sandwich panels. Nevertheless,
for the approaches, the model uncertainty cannot be predicted at this stage. Additionally,
for the design in the ultimate limit state, partial safety factors are used in most common
codes (e.g. /DINO04/ or /ACIOS/). The material properties and bond strength of the
interface layer vary for different production techniques and foam cores. These material
characteristics have to be determined by experimental testing for each case. Since the
number of tests results, presented in chapter 7.2 and appendices B-D, is limited, no
partial safety factors were derived. The long-term behaviour is another key factor for
the design. The material strengths, especially of CFRP tendons and core, may reduce
significantly over time. For different types of UHPFRC, CFRP and PU different partial
safety factors and reduction factors to account for environmental actions or sustained
stress can be found in codes and literature. Material testing under environmental actions
or sustained load was not conducted in the present study.

Nevertheless, to establish a rough estimation of the reduction in design strength, partial
safety factors and reduction factors were summarised from literature. The design values
of material properties, which were determined during testing, were derived according to
Eurocode 0 /DIN10a/.
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For UHPFRC, the design methods according to /AFGC13/ and /DIN04/ were applied.
The compressive strength was calculated from mean values fom and transformed to
characteristic strength fox (COV = 0.1, log-normal distribution). The reduction factor for
compression a.c was set to 0.85 and the partial safety factor 5% to 1.5 /AFGC13/, as for
NSC and HPC according to /DINO04/. The characteristic tensile strength f.« was deduced
from mean tensile strength fcim by assuming a COV of 0.1 and a log-normal distribution
/DIN10a/. A K-factor of 1.25, which accounts for global fibre orientation, was applied
according to /AFGC13/. The design tensile strength fc.a was calculated by dividing by
the K-factor and the partial safety factor .

For CFRP, the mean tensile strength fi,,m was transformed into the characteristic tensile
strength fux (COV of 0.1, log-normal distribution). The partial safety factor ycrrp was
applied in dependence on /Jus15/ to 1.2. The range for reduction factors acrrp given in
/CEBO7/ varies between 0.6 and 1.0 for life-expectancy of a construction. For the
following investigations, ocrrp Was set to 0.8. One has to bear in mind that ocrrp is a
very decisive factor; e.g., the reduction factors and partial safety factors may lead to
small allowable design values, may be smaller than jacking stress. Even though, CFRP
shows an abrupt rupture at maximum stress rather than pronounced yielding, decreasing
the allowable design stress to half or even a third of the mean strength seems not
adequate. Hence, further testing has to be conducted for specific materials to ensure an
economic and safe design.

For PU, the creep coefficient ¢ is given in the range of 2.1 to 7.0 (/Ber78/, /Jus83/),
which reduces the shear modulus. As an assumption, the bond strength between core
material and UHPFRC facings was reduced in the same way. Since no detailed
experimental results of the applied PU exist for long-term loading, the creep coefficient
1s exemplarily assumed to be 3.0. As partial safety factor ypu of 1.5 was assumed.

In Table 7.1, the deduced material properties are shown. From mean values,
characteristic values were calculated. By applying reduction and partial safety factors,
design values were obtained.
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7 Investigations on Sandwich Panels under Flexural Loading

Table 7.1: Derived Design Values of Material Parameters

UHPFRC
fotm fotk fotd fem fok fed
5.0 4.0 2.2 150 120 68
CFRP
fum,strand (fum,bar) ~ fukstrand (fumpbar)  fud,strand (fum,bar) fum,grid fuk,grid fud,grid
2,650 (3,200) 2,170 (2,625) 1,450 (1,750) 2,400 2,000 1,330
PU
Gem Gek Ged Tem Tek Ted
11.5 9.4 1.6 0.4 0.33 0.1

For a rough estimation, these design values were exemplarily applied to the analytical
and numerical models, even though not only maximum allowable loads in the ultimate
limit state were determined. Hence, the reduced material properties were applied for the
estimation of structural performance, even for the linear-elastic range.

The results for flat sandwich panels (cp. section 7.2.1) with a length of 4.8 m are shown
in Fig. 7.50 (left). For comparison, the calculated load-deflection behaviour of sandwich
panels with mean values is presented. The elements were subjected to a distributed
loading and the resulting bending moments are shown. The investigated CFRP shear
grid (cp. Fig. 3.1) was applied four times. This can be done for example, by applying
two shear grids with doubled cross-sectional area. The top and bottom layer were
prestressed with four CFRP strands each (o, = 675 MPa).

60 | 200 ,
—_ "'mean values" - T /\ "'mean values"
E q-L¥8 /
2 ] =150 17N
= 40 Vo - /
t P .
e J-°" I'design values"| €100 Vi ,
2 00 foos | = /// {"design values"|
7 L (o))
g /" |4xSG||L=48m| £ 50 4
T /3 I I == c /
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Midspan Deflection [mm] Midspan Deflection [mm]
Fig. 7.50 Comparison of bending moment-deflection response of flat and folded

plate sandwich elements for mean and estimated design-values (cross-
sections according to section 7.2)

In the same manner, the results for the investigated folded plate cross-section (cp.
section 7.2) are shown in Fig. 7.50 (right) for a length of 24 m. In this case, no shear
grid was applied.
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7.8 Aspects of Design Approaches

The maximum load reduces to about 70 % for flat elements for a length of 4.8 m using
estimated design values for the materials compared to mean values. For the long-span
folded plate sandwich panel, the load is even reduced to 60 % compared to the maximum
load predicted for mean values of material strengths. A load case of self-weight, snow
and wind may lead to the following distributed design loads. The self-weight was
determined with material densities to about 1.0 kN/m for the flat element and 2.4 kN/m
for the folded plate element. The snow load is assumed to 0.5 kN/m? and a constant wind
pressure (flat roof) to 0.5 kN/m?. The combination of load cases according to /DIN10a/
results in gea = 1.7 kN/m for flat elements and geq = 4.0 kN/m for folded plate elements.
Hence, the resultant bending moment of 4.9 kNm for the short flat element is much
below the cracking load. For the folded plate element, the arising bending moment of
about 290 kNm exceeds the maximum load, even for the applied mean values of material
strengths. For the modified cross-section (cp. Fig. 7.45), a design load of about 9 kN/m
was determined, which induces a resulting bending moment of about 650 kNm. To
sustain these loads, the cross-section according to Fig.7.45 was assumed to be
prestressed with eight CFRP strands (o, = 675 MPa). For this purpose, the cross-section
of the strands was increased (A4p swand = 57.8 mm?). In this case, no application of shear
grids was assumed. The calculated flexural design capacity is about 850 kNm (Fig. 7.51,
left). The application of mean values of material strengths resulted in a maximum
bending moment of about 1,100 kNm. The elements were predicted to fail from
excessive cracking of the bottom facing and from rupture of the CFRP reinforcement
for both cases of assumed material properties. Hence, with this cross-section large spans
of 24 m can be achieved. It should be mentioned that the analytical model needs to be
validated by experimental testing for increased spans.

For a doubly curved sandwich panel with length of 24 m (cp. Fig. 7.45) the same
procedure was conducted, but with aid of numerical modelling. In this case, again no
application of shear grids was assumed. The modelling techniques and material input
parameters were derived according to chapter 3. In Fig. 7.51 (right), the structural
response of an element prestressed with 20 CFRP strands (Apstrand = 57.8 mm?,
op = 675 MPa) is shown. For comparison, the results are depicted using mean values of
material parameters. The maximum bending moment decreases by about 20 %. The
linear-elastic stage is only slightly less stiff. Considering the above mentioned loading
case of self-weight, wind and snow leads to a distributed design load of gea = 17 kN/m.
This results in an acting bending moment of Mgq= 1225 kNm. Thus, M4 is roughly
10 % smaller than the bending moment resistance, even though no shear grid was
applied. After reaching the cracking load of the facings in the numerical model, the load
could be increased by another 60 % before failure of the panel would occur. As for the
folded plate panels, the elements were predicted to fail from excessive cracking of the
bottom facing and from rupture of the CFRP reinforcement for both cases of assumed
material properties.
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Fig. 7.51 Comparison of bending moment-deflection response of folded plate

elements (left) and doubly-curved sandwich element (right) for mean and
estimated design-values (modified cross-sections according to Fig. 7.45)

As mentioned before, the examples are aimed as a rough estimation to check the
applicability of the material combination for sandwich panels under practical conditions.
Since the estimated design values of material strengths were derived from codes and
literature, further extensive investigations have to be conducted, to establish a safe
design, especially to evaluate the model uncertainty. Nevertheless, the simplified
calculations already show the effectiveness of the conceptual designs. Depending on the
prestressing and thickness of the UHPFRC layers, even longer spans seem possible.

At the serviceability limit state, mainly a deflection limitation needs to be checked,
which involves limitation in stresses and cracks in concrete layers. Usually, sandwich
panels with concrete facings should remain un-cracked, since functionality needs to be
ensured. In case of facade elements, even small cracks lead to impairment of appearance.

The deflection of sandwich panels with flat, folded plate or curved facings made of
UHPFRC can be determined by the proposed analytical model or numerical
investigations by application of characteristic material properties. To calculate the
cracking load of facings, the relationships of bending moments and axial forces from
sandwich theory can be used. For the facings, the cross-sectional area and second
moment of area need to be applied. The resulting stresses at top and bottom of each
facing can easily be determined from corresponding bending moments and axial forces.
The comparison with uniaxial tensile strength delivers the cracking load. The same
procedure is applicable for numerical modelling.
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7.9 Conclusions

7.9 Conclusions

In this chapter, the developed methods, i.e. production techniques, determination of
geometric properties and material laws, were combined to establish sandwich panels
with UHPFRC facings and pre-tensioned CFRP tendons. Flexural tests on flat, folded
plate and doubly curved panels showed a high load-carrying capacity with pronounced
indication of failure from cracking of UHPFRC facings until maximum load. Applied
numerical models showed a satisfying agreement with the test results of panels under
flexural loading. Based on sandwich theory, an analytical approach was derived to
determine the load behaviour of sandwich panels under flexural loading, which accounts
for bridge-cracking effects from fibre concrete and pre-tensioned CFRP reinforcement.
The validation of this model showed a good agreement with the test results. In a case
study, influences of geometric and material parameters were shown exemplarily.
Additionally, some thoughts about design in ultimate and serviceability limit states have
been summarised.
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8 Summary and Conclusions

8.1 Summary

High performance materials for application in the building industry have been widely
investigated over the last decades. The corrosion resistance and high tensile strength of
CFRP reinforcement make applications to thin-walled concrete structures desirable.
UHPFRC with high strength and stiffness, already after one day, is especially suitable
for pre-tensioned concrete. Sandwich structures are widely applied to modern building
envelopes since they feature several characteristics at the same time, such as high load-
bearing capacity, light weight or heat and sound insulation.

This thesis describes the development of folded plate and doubly curved sandwich
panels made of high performance materials. Step-by-step, different materials and the
interaction of materials and components were investigated and production methods were
proposed.

For the spatially shaped sandwich panels, the production method was adopted from
sandwich panels with metal facings. By foaming in pack of polyurethane, a high bond
strength was established and limits in design flexibility were overcome. For the jacking
process of CFRP reinforcement, which is sensitive to lateral pressure, an anchorage was
proposed with long and reusable aluminium wedges as well as resin to establish a
circular cross-section on CFRP strands. With this method, tensile stresses of up to
2,650 MPa - 3,200 MPa could be applied, depending on the type of CFRP. For doubly
curved facings, the formwork and prestressing frame were developed, which allow for
prestressing and casting of thin UHPFRC elements with CFRP tendons.

For numerical and theoretical models, knowledge of material parameters is essential.
One key factor is the determination of the concrete tensile strength. Since the results of
direct tensile tests tends to scatter, an approach was proposed to determine the tensile
strength and the fracture energy from flexural testing by applying cross-sectional
equilibrium of forces. For crack-bridging effects of fibres, an exponential softening
approach was assumed. The results were used to perform numerical and theoretical
investigations. In the same manner, theoretical moment-curvature relationships of
UHPFRC elements with pre-tensioned CFRP tendons were derived. These results were
applied to investigations on sandwich panels under flexural loading to account for
cracking of the facings.

The bond behaviour of pre-tensioned CFRP reinforcement in UHPFRC is crucial for the
load-transfer in structural members. By means of bond tests, bond strength, minimum
dimensions of crack-free element and transfer lengths were determined for CFRP bars
and strands. For pre-tensioned CFRP bars and strands (o, = 1350 MPa), the bond
strength was determined to 25 MPa after one day of concrete hardening. The minimum
thickness to avoid cracking was determined to 60 mm (for prestressing after one day of
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concrete hardening). The transfer lengths were determined to less than 150 mm for both
types of CFRP tendons. With the aid of numerical and theoretical models, further
investigations on the bond strength and transfer length were conducted. The results of
bond tests were applied to determine the minimum dimensions of prestressed UHPFRC
facings.

Small-scale tests on sandwich sections were conducted to validate the production
method and to derive material properties. Bond strengths between UHPFRC and PU
under tensile and shear loading were determined to 0.22 MPa and 0.4 MPa, respectively.
Numerical models of small-scale test specimens were validated under tensile and shear
loading. Additionally, the resulting stiffness of PU and shear connectors were deduced
as a basis for theoretical models for sandwich sections under flexural loading.

The combination of all results was applied to establish prestressed sandwich panels with
UHPFRC facings and CFRP reinforcement. First, flat panels were produced to validate
the production method. A position of the valley side of UHPFRC led to a reduction in
bond strength compared to tests with either board sides in the bond zones. The
application of shear grids resulted in an increase of the test load. Folded plate and doubly
curved UHPFRC single elements were tested to investigate the structural behaviour
depending on different prestressing forces and CFRP types. Based on these results,
different reinforcement arrangements were applied to folded plate and doubly curved
sandwich panels. The hardened UHPFRC facings were foamed in pack with the same
method used for small-scale test specimens. In this case, only smooth surfaces of board
sides due to closed formwork were placed in the bond zones, which led to high bond
strengths. The results of flexural tests showed a high and repeatable bond strength, even
though no shear connectors were applied. The sandwich action without shear connectors
resulted in 2.5 to 4 times the maximum load of tested single facings, depending on the
prestressing force. Numerical models using non-linear material laws were validated by
test results. It was shown that the derivation of materials laws from small-scale tests
leads to a satisfying agreement of the load-deflection responses under flexural loading.

Finally, an analytical model based on sandwich theory according to STAMM and WITTE
/Sta74/ was proposed to analyse sandwich panels with UHPFRC facings and pre-
tensioned CFRP tendons. This model comprises the cracking behaviour of UHPFRC
and the residual stresses due to the crack bridging effect of fibres. For this purpose,
derived moment-curvature relationships of UHPFRC elements with pre-tensioned
CFRP reinforcement and axial force were applied. For flat and folded plate elements,
the model showed a very good agreement of the structural behaviour compared to test
results. For doubly curved sandwich panels, the analytical model can be applied with
simplifications to determine cracking loads. To predict the overall structural
performance, non-linear finite element analysis was proposed. With the aid of the
analytical and numerical models, the effects of varying parameters on the structural
behaviour were exemplarily shown.
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8.2 Future Studies

It can be concluded, that an efficient method to establish and analyse load-bearing
sandwich panels was proposed. The high bond quality achieved by the production
process in combination with increased load capacities of spatially shaped UHPFRC
layers can lead to long-span roof structures that feature multi-functional properties.

8.2 Future Studies

The derived numerical models and theoretical approaches to determine the structural
performance of flat, folded plate and doubly curved sandwich panels provide an
appropriate background for further investigations. In consecutive studies, the models
and approaches should be validated for different cross-sections of folded plate and
doubly curved sandwich panels, different types of reinforcement and prestressing as
well as varying concrete strength and types of core material. Additionally, models
derived by SHAMS /Shal5b/ in combination with presented findings for UHPFRC
should be validated for wall elements.

For the practical use of the developed sandwich panels, questions regarding shear
connectors between the concrete facings, time-dependent behaviour of high
performance materials as well as heat and fire resistance need to be investigated closely.
Based on this, profound investigations need to be conducted, to increase the database
for a safe design. For practical design reasons, it seems favourable to provided tables
with information about cracking loads, deflections and maximum loads for different
standardised cross-sections and spans of elements. To establish these tables, the database
needs to be covered by comprehensive experimental studies.
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Appendix






A Bond Behaviour of CFRP Reinforcement in UHPFRC

Al Pull-Out Tests

Table A.1:  Parameter variation of pull-out tests

Test No. CFRP type 7] bond length Jacking stress cld, age
[-] [-] [mm] [mm] [MPa] [-] [d]
PO_C-1 strand 7.5 15.0 1350 9.5 1
PO_C-2 bar 5.0 10.0 1350 14.5 1
PO_C-3 strand 75 15.0 1350 9.5 3
PO_C-4 bar 5.0 10.0 1350 25 1
PO_C-5 strand 7.5 15.0 1350 2.5 1
PO_C-6 strand 7.5 15.0 1750 25 1
PO_S-1 strand (steel) 9.3 18.6 1350 7.6 1

Table A.2: Concrete properties of pull-out tests

Test No. Fem,cyl fem,cube Ecm Fet flex
[] [MPa] [MPa] [MPa] [MPa]
PO_C-1 54.0 71.8 30,500 7.3
PO_C-2 57.8 70.0 30,000 6.2
PO _C-3 109.0 122.0 39,000 7.6
PO _C4 55.2 67.8 30,700 6.0
PO _C-5 40.0 45.0 22,300 3.0
PO _C-6 --- 61.0 28,200 5.3
PO_S-1 51.8 67.2 29,100 6.0
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PO-S-1: steel strand @9.3 mm, ¢, = 1350 MPa, c/d, = 7.6, 1d
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Appendix A

A.2  Tests on the Transfer Length

Table A.3:  Parameter variation of tests on the transfer length
Le:t CFRP type g Jacking stress cld, sldp b h
[-] [-] [mm] [MPa] [-] [-] [mm]  [mm]
TL-1 strand 7.5 1350 3.0 8.0 120.0 52.5
TL-2 strand 7.5 1350 20 8.0 105.0 37.5
TL-3 strand 7.5 1350 25 8.0 112.5 45.0
TL-4 strand 7.5 1350 25 5.0 90.0 45.0
TL-5 bar 5.0 1350 5.0 12.5 122.5 55.0
TL-6 bar 5.0 1350 4.0 12.5 112.5 45.0
TL-7 bar 5.0 1350 4.0 8.0 90.0 45.0
TL-8 bar 5.0 1350 3.0 12.5 102.5 35.0
TL-9 bar 5.0 1350 3.0 8.0 80.0 35.0
TL-10 strand 75 1350 2.8 8.0 117.5 50.0
TL-11 strand 7.5 1350 2.8 5.0 95.0 50.0
TL-12 strand 7.5 1750 3.5 8.0 127.5 60.0
TL-13 strand 7.5 1750 4.0 8.0 135.0 67.5
TL-14 strand 7.5 1350 35 5.0 105.0 60.0
TL-15 strand 75 1350 35 8.0 127.5 60.0
TL-16 strand 7.5 675 3.5 5.0 105.0 60.0
TL-17 strand 7.5 675 20 8.0 105.0 37.5
TL-18 strand 7.5 675 2.0 5.0 82.5 37.5
TL-19 strand 75 675 25 8.0 112.5 45.0




A.2 Tests on the Transfer Length

Table A.4:  Concrete properties of tests on the transfer length
Test No. Fem,cyl fem,cube Ecm Fet flex
[-] [MPa] [MPa] [MPa] [MPa]
TL-1/TL-2 65.9 76.6 32,500 9.0
TL-3/TL-4 61.0 68.7 30,500 5.7
TL-5/TL-6 64.2 68.0 31,200 6.2
TL-7 434 60.1 28,100 6.7
TL-8/TL-9 48.5 66.0 30,100 4.4
TL-10/TL-11 511 63.1 29,700 6.7
TL-12/TL-13 48.3 54.9 27,700 7.8
TL-14/TL-15 60.4 73.8 32,900 7.0
TL-16/TL-17 79.2 80.0 36,800 52
TL-18/TL-19 65.2 841 36,200 5.6
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Concrete compression strains:
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A.2 Tests on the Transfer Length
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TL-7
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B Sandwich Sections under Tensile and Shear Loading

B.1 Tensile Tests

T-200-1 . Failure load Displacement Av
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B.2  Shear Tests
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B.2 Shear Tests

Core height c t Failure load kN Displacement
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Displacement
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B.2 Shear Tests

Displacement
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Displacement

Cylindrical Core height [mm] Connector [-]  Failure load [kN]
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C Folded Plate and Doubly Curved Elements under Flexural
Loading

C.1 Folded Plate Elements

Test setup

iF

mid
bottom
only in case
T TWZ TW1 T CFRP

of 6 tendons

60130 60
=

N

2400 50 650
A

¥ L
A A

>

y
A

El
E

Transfer length

Concrete compressions: Extensometer in same arrangement as for tests on the transfer
length at bottom flange and in case of six tendons, additionally at mid height.

End slip: Relative displacement between tendons and UHPFRC element

Table C.5: Parameter variation of flexural tests on folded plate elements

Test No. CFRP Type Number Jacking stress

[ [-] [ [MPa]

FP-1 strand 4 1350

FP-2 bar 4 1350

FP-3 strand 6 1350

FP-4 bar 6 1350

FP-5 strand 4 675

FP-6 bar 4 0

FP-7 bar 4 675

FP-8 ---

C-1
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Table C.6:  Concrete properties of folded plate elements
Test No. fem,cyi fem,cube
[MPa] [MPa] [MPa] [MPa]

H 1d 28d 1d 28d 1d 28d 1d 28d
FP-1 67.8 149.6 --- 182.4 - 45,500 10.5 19.5
FP-2 58.1 154.0 70.6 181.0 32,500 43,900 8.7 19.0
FP-3 71.8 148.9 72.6 168.8 31,700 45,400 10.4 20.6
FP-4 83.3 157.9 84.3 177.4 36,300 45,300 124 21.3
FP-5 70.8 161.7 791 189.5 32,200 44,400 8.5 13.9
FP-6 NA 150.5 NA 171.2 NA 43,800 NA 17.7
FP-7 52.2 149.6 60.8 161.2 31,900 43,700 6.9 17.5
FP-8 NA 148.9 NA 160.0 NA 45,600 NA 19.9




C.1 Folded Plate Elements

CFRP Type [-] Diameter [mm] Jacking Stress [MPa] Number [-]
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CFRP Type [-] Diameter [mm] Jacking Stress [MPa] Number [-]
FP-2
Bar 5.0 1350 4
Prestressing: Compression strains and end slip
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C.1 Folded Plate Elements

CFRP Type [-] Diameter [mm)] Jacking Stress [MPa] Number [-]
FP-3
Strand 7.5 1350 6
Prestressing: Compression strains and end slip
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CFRP Type [-] Diameter [mm)] Jacking Stress [MPa] Number [-]
FP-4
Bar 5.0 1350 6
Prestressing: Compression strains and end slip
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C.1 Folded Plate Elements

CFRP Type [-] Diameter [mm] Jacking Stress [MPa] Number [-]
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CFRP Type [-] Diameter [mm)] Jacking Stress [MPa] Number [-]

FP-6
Bar 5.0 0 4

Results of three-point bending test and crack pattern
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C.1 Folded Plate Elements

CFRP Type [-] Diameter [mm] Jacking Stress [MPa] Number [-]
FP-7

Bar 50 675 4

Prestressing: Compression strains and end slip
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Appendix C

CFRP Type [-] Diameter [mm)] Jacking Stress [MPa] Number [-]

FP-8

Results of three-point bending test and crack pattern
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C.2 Doubly Curved Elements

C.2  Doubly Curved Elements

Test setup

) 1000 ,

Front
¢ ¢ only in case
of 6 tendons
F + Woje TW* +W2,n ﬁ

BN
l

Side

L 750 , 750 , 500 , 500 1500 , 400 400
A i i i A A
p’ 4000 y 800
Bottom
I ® WI |2"e‘2 ®W1‘2
Saopat2 (250mm)
Sy, (250mm) Sisot (500mMmM)
ng,\e,‘! ®W1,1 ®W2,n,1
8,52 (500Mm)
Wis QW2
Top
—>
S110p2 (250mm)
S,0p1 (250Mmm) S, 0p1 (250mm)
— —>
Transfer length

End slip: Relative displacement between tendons and UHPFRC element

Table C.7:  Parameter variation of flexural tests on doubly curved elements

Test No. CFRP Type Number Jacking stress

[ [ [-] [MPa]

HP-1 bar 6 0

HP-2 bar 4 0

HP-3 steel strand 6 800

HP-4 strand 4 675

HP-5 strand 4 1350

HP-6 strand 6 675




Appendix C

Table C.8: Concrete properties of doubly curved elements
Test No. Fom,cyi Fem,cube Ecm fet flex
[MPa] [MPa] [MPa] [MPa]

H 1d 28d 1d 28d 1d 28d 1d 28d
HP-1 NA 137.9 NA 175.9 NA 46,600 NA 16.9
HP-2 NA 134.5 NA 174.6 NA 44,800 NA 18.1
HP-3 - 142.4 84.5 154.8 - 45,500 10.5 231
HP-4 78.3 141.4 100.1 184.6 40,000 46,500 12.5 19.9
HP-5 62.3 137.5 77.8 176.0 35,400 45,100 8.8 19.5
HP-6 62.5 148.6 62.5 177.6 37,400 45,700 7.7 16.7

C-12



C.2 Doubly Curved Elements

CFRP Type [-]
HP-1

Diameter [mm]

Jacking Stress [MPa] Number [-]

bar 5.0

0 6

Prestressing: End slip

none

Results of four-point bending test and corresponding crack pattern
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Appendix C

CFRP Type [-] Diameter [mm] Jacking Stress [MPa] Number [-]

HP-2

bar 5.0

0 MPa 4

Prestressing: End slip

nonc

Results of four-point bending test and corresponding crack pattern
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C.2 Doubly Curved Elements

Type [-] Diameter [mm)] Jacking Stress [MPa] Number [-]
HP-3
Steel strand 9.3 800 MPa 6
Results of four-point bending test and corresponding crack pattern
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Prestressing: End slip

Crack pattern
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Results of four-point bending test
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C.2 Doubly Curved Elements

Prestressing: End slip

Crack pattern
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Prestressing: End slip

Crack pattern
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C.2 Doubly Curved Elements

Crack pattern

Prestressing: End slip
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D Sandwich Panels under Flexural Loading
D.1 Flat Sandwich Panels
Test setup
F
S D (300mm)i S (SO0 Ui St OSager
[ <— L] ] o ¢ ¢ e S
v, v, 4xCFRP ||V, §g
Y h 4 c o e o é;
‘v- 600 —vlll_wz.le :W| S, ot (500mm) TWZJ\ -r 51‘31 I ®S|mm
50" 1 2400 50 300
F* v K 7 [mm]
Transfer length

Concrete compressions: Extensometer in same arrangement as for tests on the transfer
length. End slip: Relative displacement between tendons and UHPFRC element

Table D.1:  Parameter variation of flexural tests on flat sandwich panels
Test No. CFRP Type Jacking stress Shear grid
[ [ [MPa] [
bottom top bottom top
SB-1 -—- - --- - no
SB-2 bar bar 0 0 no
SB-3 bar bar 0 0 yes
SB-4 strand - 675 - yes
SB-5 strand bar 675 0 no
SB-6 strand strand 675 675 yes
SB-7* strand bar 675 0 yes
*he = 100 mm

D-1



Appendix D

Table D.2:  Concrete properties of flat sandwich panels [1d]
Test No. fem,cyl,1d fem,cube,1d Ecm,1d Fet flex, 1d
[MPa] [MPa] [MPa] [MPa]

H bottom top bottom top bottom top bottom top
SB-1 NA NA NA NA NA NA NA NA
SB-2 NA NA NA NA NA NA NA NA
SB-3 NA NA NA NA NA NA NA NA
SB-4 49.3 NA 50.0 NA 29,300 NA 4.6 NA
SB-5 58.6 NA 65.8 NA 31,400 NA 6.0 NA
SB-6 95.3 64.7 97.7 78.7 37,200 34,300 7.5 5.6
SB-7 54.2 NA 571 NA 29,400 NA 6.9 NA

Table D.3:  Concrete properties of flat sandwich panels [28d]
Test No. fem,cyl,28d fem,cube,28d Ecm 284 fet flex,28d
[MPa] [MPa] [MPa] [MPa]

M bottom top bottom top bottom top bottom top
SB-1 143.6 143.6 170.1 170.1 41,400 41,400 19.3 19.3
SB-2 142.0 142.0 174.6 174.6 44,700 44,700 17.7 17.7
SB-3* 137.6 145.5 166.8 164.6 46,700 46,100 211 19.5
SB-4* 137.6 145.5 166.8 164.6 46,700 46,100 211 19.5
SB-5 129.6 142.9 171.9 168.9 44,000 42,400 18.7 19.0
SB-6 152.4 142.3 170.5 168.8 43,500 43,200 17.6 19.9
SB-7 142.9 129.6 168.8 171.9 42,400 44,000 19.0 18.7

*: same concreting



D.1 Flat Sandwich Panels

CFRP Type Diameter Jacking Stress Shear  Core height
[] [mm] [MPa] grid [mm]
SB-1  top bottom top bottom top bottom
Only  Only Only Only no 200
fibres fibres fibres fibres
Crack pattern after testing
Side Bottom
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Appendix D

CFRP Type Diameter Jacking Stress Shear  Core height
[] [mm] [MPa] grid [mm]
SB-2 top bottom top bottom top bottom
no 200
Bar Bar 5.0 5.0 - -
Crack pattern after testing
Side Bottom
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Results of three-point bending test
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D.1 Flat Sandwich Panels

CFRP Type Diameter Jacking Stress Shear  Core height
[] [mm] [MPa] grid [mm]
SB-3 top bottom top bottom top bottom
yes 200
Bar Bar 5.0 5.0 - -

Results of three-point bending test and crack pattern after testing
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Appendix D

CFRP Type Diameter Jacking Stress Shear  Core height
[] [mm] [MPa] grid [mm]
SB-4 top bottom top bottom top bottom
Only yes 200
fib Strand 7.5 675
ibres

Prestressing: Compression strains and end slip

Measurement of compression strains not possible due to production process
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D.1 Flat Sandwich Panels

Results of three-point bending test
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CFRP Type Diameter Jacking Stress Shear  Core height
[] [mm] [MPa] grid [mm]
SB-5 top bottom top bottom top bottom
no 200
Bar Strand 5.0 7.5 --- 675
Prestressing: Compression strains and end slip
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D.1 Flat Sandwich Panels

Results of three-point bending test
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Appendix D

CFRP Type Diameter Jacking Stress Shear  Core height
[] [mm] [MPa] grid [mm]
SB-6 top bottom top bottom top bottom
yes 200
Strand  Strand 7.5 7.5 675 675

Prestressing: Compression strains and end slip

Measurement of compression strains not possible due to production process
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D.1 Flat Sandwich Panels

Results of three-point bending test
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Appendix D

CFRP Type Diameter Jacking Stress Shear  Core height
[] [mm] [MPa] grid [mm]
SB-7 top bottom top bottom top bottom
yes 100
Bar Strand 5.0 7.5 --- 675

Prestressing: Compression strains and end slip

Concrete compression strains and end slip not measured

Crack pattern after testing
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D.1 Flat Sandwich Panels

Results of three-point bending test
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Appendix D

D.2 Folded Plate Sandwich Panels

Test setup
iF
Syiee (300mMmm) Saip (300mm)
e———p] Je———f
S, 0p1 (300Mmm)
[ — —
V, v,
¥ ¥ Vs (500mm) ¥ e hd
50 2400 50
/Iy /Iy /Iy /Iy

Transfer length

Concrete compressions: Extensometer in same arrangement as for tests on the transfer
length at bottom flange.

End slip: Relative displacement between tendons and UHPFRC element

Table D.4: Parameter variation of flexural tests on folded plate sandwich panels

Test No. CFRP Type Jacking stress
o [ [MPa]
bottom top bottom top
SFP-1 strand - 675 -
SFP-2 bar 1,350
SFP-3 strand bar 1,350 0
SFP-4 bar bar 0 0
SFP-5 strand strand 675 675
SFP-6 strand strand 1,350 675
SFP-7* strand strand 675 675
*he =100 mm
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D.2 Folded Plate Sandwich Panels

Table D.5:  Concrete properties of folded plate sandwich panels [1d]

Test No. fem,cyl,1d fem,cube,1d Ecm,1d Fet flex, 1d
[MPa] [MPa] [MPa] [MPa]

) bottom top bottom top bottom top bottom top
SFP-1 39.8 NA 45.0 NA 24,600 NA 6.6 NA
SFP-2 48.7 NA 66.2 NA 29,200 NA 9.1 NA
SFP-3 60.7 NA 68.9 NA 34,900 NA 8.4 NA
SFP-4 NA NA NA NA NA NA NA NA
SFP-5 88.2 96.1 - 40,900 10.0
SFP-6 90.4 96.1 96.3 106.5 41,100 10.5 15.8
SFP-7 81.8 79.5 73.8 83.1 36,300 37,400 8.5 9.6

Table D.6: Concrete properties of folded plate sandwich panels [28d]

Test No. fem,cyl,28d fem,cube,28d Ecm,284 fet flex,28d
[ [MPa] [MPa] [MPa] [MPa]
bottom top bottom top bottom top bottom top

SFP-1 143.6 149.8 170.1 166.6 41,400 43,900 19.3 28.5
SFP-2 164.4 152.8 176.1 171.9 44,600 45,200 16.2 22.0
SFP-3 151.4 162.5 --- 150.1 48,500 47,800 221 22.6
SFP-4 153.1 164.5 173.3 178.7 45,900 45,800 19.6 19.0
SFP-5 146.1 150.0 1471 166.1 45,600 43,700 22.0 19.8
SFP-6 - 151.8 163.7 147.8 45,600 45,900 21.0 20.6
SFP-7 141.2 145.1 171.9 156.1 46,200 45,900 22.2 16.4




Appendix D

CFRP Type [-] Diameter [mm] Jacking Stress [MPa] Core height [mm)]

SFP-1 Top Bottom Top Bottom Top Bottom
200
Only Only
fibres "9 Fipres 75 o 675

Prestressing: Compression strains and end slip

_-06 -0.6__
£ i £
- [11.0] 106] 2
a -0 -0. a
c c
2 S
(7] (]
9 0.2 —— 029
M-St wxﬂi'a
. ——— o = —
(& I N — Ty (&
0.0 — sl - 0.0
0 20 40 60 40 20 0
Distance from end of beam [cm] Distance from end of beam [cm]

ol lf
o il

B ()] (0] =
o o o o
Induced Prestressing [%] ©

Induced Prestressing [%]

40
record of slip only
20 on three tendons | | 20
0 | ! 0

o

0 02 04 06 038 1 1 08 06 04 02
End Slip [mm] End Slip [mm]

Crack pattern after testing
Top Bottom

50 1200 , 1200 50 50 1200 1200 50

Y
A7 ( 17 AR 7 A

D-16



D.2 Folded Plate Sandwich Panels

Results of three-point bending test

300
=250
=3
T 200
S
=150
2
8100
<

50

0

Applied Load [kN]
o
o

Rl el

1 w1 o
/ —W2,le
/ w2, ||
!
0O 10 20 30 40 50
Deflection [mm]
/ “J
s2,le,top ||
s2,re,top
s1,top,1 ||
|
5 0 5 10

Strain [%o]

300
=250
=3
T 200
S
5150
2
8100
50

o

Il s1,bot,1 |»

5

10

15

Strain [%o]
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Appendix D

CFRP Type [-]

Diameter [mm]

Jacking Stress [MPa]

Core height [mm]

SFP-2 Top Bottom Top Bottom Top Bottom
Only Only 200
fibres Bar Fibres 5.0 o 1350

Prestressing: Compression strains and end slip
— -0.6 -0.6—,
2 ’_L‘ right-back 2
£ 1108 =
o o
& 04 045
c c
) 100%] 9
3 80% 3
® -0.2 . — -0.2¢
5 =T o | 5
5 e e a0 i 5
O e e M— | 40% 0% | SRS T L (&}

0.0 - 20% 7 0.0
0 20 40 60 60 40 20 0
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Crack pattern after testing
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D.2 Folded Plate Sandwich Panels

Results of three-point bending test
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Appendix D

CFRP Type [-]

Diameter [mm]

Jacking Stress [MPa]

Core height [mm]

SFP-3 Top Bottom Top Bottom Top Bottom
200
Bar Strand 5.0 7.5 0 1350
Prestressing: Compression strains and end slip
__-0.6 -0.6
~ ,—L‘ T
= 111.1] 11.8 %
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D.2 Folded Plate Sandwich Panels

Results of three-point bending test
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Appendix D

CFRP Type [-]

Diameter [mm]

Jacking Stress [MPa]

Core height [mm]

SFP-4 Top Bottom Top Bottom Top Bottom
200
Bar Bar 5.0 0 0
Prestressing: Compression strains and end slip
NA
Crack pattern after testing
Top Bottom
ALY 5 W W 5 5. B A TV IV T YI T 1 V1
N\ 222 \ | /T
0 I LA
1
//%f\!\\\\l 1 ///41//{}/1/ I}\i \( [\ \\\l \\
50 1200 , 1200 50 0 1200 , 1200 50
Results of three-point bending test
300 300
é 250 /;//-’ §250 /
T 200 7 vl '® 200 Vg
(] o
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D.2 Folded Plate Sandwich Panels

CFRP Type [-] Diameter [mm]  Jacking Stress [MPa] Core height [mm]

SFP-5 Top Bottom Top Bottom Top Bottom

200
Strand  Strand 7.5 7.5 675 675

Prestressing: Compression strains and end slip

-0.6 100 /
E- 111.1 |— bottom facing E’ 80 [bottom facing
S 04 = //
7] 2 60
; £
» o -
g -0.2 —— S emma—— g 4
o e b o]
g’ N ————p—a | 60% 8 20 -
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0.0 . 20%] £ 0 4
0 20 40 60 0 02 04 06 038 1
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S .04 5
n 8 60 -
; 2
‘w 2 40 -
3 %* - g 20
o —~—a— 3
(& 00 : . —— ] £ 0
0 20 40 60 0 02 04 06 038 1
Distance from end of beam [cm] End Slip [mm)]
Crack pattern after testing
Top Bottom
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Appendix D

Results of three-point bending test
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D.2 Folded Plate Sandwich Panels

CFRP Type [-] Diameter [mm]  Jacking Stress [MPa] Core height [mm]

SFP-6 Top Bottom Top Bottom Top Bottom
200

Strand  Strand 7.5 7.5 675 1350

Prestressing: Compression strains and end slip

Compression strains and end slip not measured for top facing.

-0.6 -0.6
= 115.6 4 bottom facing |~ —| bottom facingj| 1.8} al
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£ 04 048
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Appendix D

Results of three-point bending test
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D.2 Folded Plate Sandwich Panels

CFRP Type [-] Diameter [mm] Jacking Stress [MPa] Core height [mm]
SFP-7 Top Bottom Top Bottom Top Bottom
100
Bar Strand 5.0 0 675
Prestressing: Compression strains and end slip
Compression strains and end slip not measured for bottom facing.
Crack pattern after testing
Top Bottom
SN \g %}s | l %% %éz
\\
B T DO T
/ //:/{/g m\\\
50 1200 , 1200 50 0 1200 . 1200 50
Results of three-point bending test
350 350
=300 - ~ =300 /
< A <
5 250 Ve < 250
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Appendix D

D.3  Doubly Curved Sandwich Panels

Test setup
r 1000 y
Side ¢ ¢
T, TV Front
i_.' - e.fop. — — "_!
v 30 ullv, v, v, U, UV W
¥ Waremm ¥ Wi only in case SEs—s—
V 750 , 750 , 500 , 500 1500 ,of6tendons 400 400
A A A A A A
P 4000 P 800
Bottom
®W2,\e,bol,2 ®W1,bot,2
Siptt (500Mm)
QWaepot ®W1,bot,‘\
Sz (500MmM)
Wi pot3
Top
u1 v2 [
S1pr (250mm)
=
V6
W2,\e‘(op ®W1,10p
S\ iop2 (250mm)
<
V1 u2 V3 V4 us V5
Transfer length

End slip: Relative displacement between tendons and UHPFRC element

Table D.7:  Parameter variation of flexural tests on folded plate sandwich panels
Test No. CFRP Type Number Jacking stress
[ [-] [-] [MPa]
bottom top bottom top bottom top
SHP-1 bar bar 6 6 0 0
SHP-2 strand strand 4 4 675 675
SHP-3 strand strand 6 6 675 675
SHP-4 strand bar 6 6 675 0
SHP-5 strand strand 6 6 1,350 675
SHP-6* strand bar 6 6 675 0
*he =100 mm
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D.3 Doubly Curved Sandwich Panels

Table D.8:  Concrete properties of doubly curved sandwich panels [1d]

Test No. fem,cyl,1d fem,cube,1d Ecm,1d Fet flex, 1d
[MPa] [MPa] [MPa] [MPa]

) bottom top bottom top bottom top bottom top
SHP-1 NA NA NA NA NA NA NA NA
SHP-2 64.4 53.2 83.6 92.5 36,100 29,100 8.9 9.3
SHP-3 81.2 38.0 86.3 59.6 40,200 23,500 9.0 6.7
SHP-4 63.9 NA 87.2 NA 29,400 NA 10.5 NA
SHP-5 58.0 55.9 77.8 84.7 29,400 27,400 9.9 8.2
SHP-6 30.0 NA 50.8 NA 18,800 NA 3.8 NA

Table D.9: Concrete properties of doubly sandwich panels [28d]

Test No. fem,cyl,28d fem,cube,28d Ecm,284 fet flex,28d
[ [MPa] [MPa] [MPa] [MPa]
bottom top bottom top bottom top bottom top

SHP-1 159.8 151.2 173.7 173.5 45,200 44,700 16.6 11.4
SHP-2 153.1 157.8 180.3 176.2 45,100 46,900 18.3 15.1
SHP-3 162.6 148.8 172.2 166.7 45,700 44,000 241 194
SHP-4 155.1 157.7 162.3 173.9 45,500 46,000 22.8 18.7
SHP-5 143.7 156.7 163.9 176.7 45,500 45,400 18.6 19.8
SHP-6 141.2 139.2 177.4 154.9 44,600 45,000 14.6 19.3
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Appendix D

CFRP Type Diameter Number Jacking Stress  Core height
[ [mm] [ [MPa] [mm]

SHP-1 top bottom top bottom top bottom top bottom

200
Bar Bar 50 5.0 6 6 0 0

Prestressing: End slip
NA

Corresponding crack pattern after testing

Top Bottom
<o N ( k} / | { ))

Side 1 Side 2
I\ W R S— BN N\
1500 50 50 1500 1000 1500 50

% 1500 1000

2%
A 7 Kl A7 AR A Kl A7
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D.3 Doubly Curved Sandwich Panels

Results of four-point bending test
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Appendix D

CFRP Type Diameter Number Jacking Stress  Core height
[] [mm] [] [MPa] [mm]
SHP-2 top bottom top bottom top bottom top bottom
200
Strand  Strand 7.5 7.5 4 4 675 675
Prestressing: End slip
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D.3 Doubly Curved Sandwich Panels

Results of four-point bending test
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Appendix D

CFRP Type Diameter Number Jacking Stress  Core height
[ [mm] [ [MPa] [mm]

SHP-3 top bottom top bottom top bottom top bottom

200
Strand  Strand 7.5 7.5 6 6 675 675

Prestressing: End slip
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D.3 Doubly Curved Sandwich Panels

Results of four-point bending test
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Appendix D

CFRP Type Diameter Number Jacking Stress  Core height
[] [mm] [] [MPa] [mm]
SHP-4 top bottom top bottom top bottom top bottom
200
Bar Strand 5.0 7.5 6 6 0 675
Prestressing: End slip
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D.3 Doubly Curved Sandwich Panels

Results of four-point bending test
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-12 -8 -4 0 -3 -2 -1 0
Core Compression [%o] Core Compression [%o]
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CFRP Type Diameter Number Jacking Stress  Core height
[] [mm] [] [MPa] [mm]
SHP-5 top bottom top bottom top bottom top bottom
200
Strand  Strand 7.5 7.5 6 6 675 1350
Prestressing: End slip
100 100
/ y

9 / / 9 / v
= 80 S = /

2 7 2 % y

g 60 / A 8 60 /

o /4 2 /

2 40 74 % 40 i 4

a g a Y

© | N © [ N

8 20 bottom facing 8 20 | top facing

3 T ] :

£ 0 £ 0

0 0.4 0.8 1.2 1.6 0 0.2 04 0.6 0.8
End Slip [mm] End Slip [mm)]
Corresponding crack pattern after testing
Top Bottom
Y AR

Side 1 Side 2
— S S

30 1500 1000 1500 30

¥ 72 (2%
A7 7 Kl A7
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D.3 Doubly Curved Sandwich Panels

Results of four-point bending test

250

Applied Load [kN]
o o a o
o o o o

o

250

Applied Load [kN]
o 2 a o
o o o o

o

250

Applied Load [kN]
o o a o
o o o o

o

,/// /
e
7
// e\ 1,b0t, 1
. w1,bot,2
e\ 1, tOp, 1
: w1,Pot,3
0 10 20 30 40
Midspan Deflection [mm]
/A7
i
/ —51,bot, 1
3 s1,top,1
s1,bot,2
s1,top,2
-3 -1.5 0 1.5 3
Strain [%o]
N N
\
N
—\/1 \
| ——v5 N
V6 N\
-12 -8 -4 0

Core Compression [%o]

250

Applied Load [kN]
o o a o
o o o o

o

250

Applied Load [kN]
o o a o
o o o o

o

250

Applied Load [kN]
5 a oS
o o o

(&)
o

0

4
/ —w2,le,bot,1
w2,le,bot,2
— W2 le,top, 1
0 10 20 30 40
Deflection [mm]
L
1 /|
7
—U1
___/ —u2 ||
u3
/ U4
0 1.5 3 4.5 6
Relative Displacement [mm)]
~
\\\
\\
—_—\2 N
| ——v3
y A
-2.5 -1.5 -0.5 0.5

Core Compression [%o]
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CFRP Type Diameter Number Jacking Stress  Core height
[] [mm] [] [MPa] [mm]
SHP-6 top bottom top bottom top bottom top bottom
100
Bar Strand 5.0 7.5 6 6 0 675

Prestressing: End slip

100 .
RRRY////4
£ /
2 60 // / 7/
$ 40 1/
o
§ 20 1 lbottom facing
o
- 0 0.2 04 0.6 0.8

End Slip [mm]

Corresponding crack pattern after testing

o] [ AT
—_—

(2%
A7
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D.3 Doubly Curved Sandwich Panels

Results of four-point bending test

250 250
Z 200 £ 200
® ?
8 150 8150
| -
8100 - — 8100 ~
o o
% 50 % ~ m;g:; <% 50 // —w2,le,bot,1
e W 1, tOP, 1 w2,le,bot,2
7 w1,bot,3 —W2,le,top, 1
0 — 0 ——
0 10 20 30 40 0 10 20 30 40
Midspan Deflection [mm] Deflection [mm]
250 250
EZOO EZOO
® ®
8 150 8 150
| |
2100 \ LT 2100 e
_% /.4—31,b0t,1 _% / E—
/ s1,top,2 / U3
0 ' — 0 —
-3 -1.5 0 1.5 3 0 1.5 3 4.5 6
Strain [%] Relative Displacement [mm]
250 250
Z 200 £200
? ®
8 150 8150
| |
] ~ ] ——
2100 N 2100 T
s N | % RN
< 50 H{—W \ <50 H___\s !
e ‘\ V4
0 —] \ 0 : .
20 -16 12 -8 -4 0 -2.5 -1.5 -0.5 0.5
Core Compression [%o] Core Compression [%o]
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E Sandwich Theory: Analytical Model

E.1  Constitutive equations based on /Sta74/

The following derivations can be found in /Sta74/ and are based on Fig. 7.24 (chapter 7).

Core shear strain y:
Ve =0+ 72 (E.T)

Shear strain y from deflection w:

== (E.2)

71

Shear strain y corresponding to central axis of top and bottom facing:

7=71+72=W'+72 (E3)

Relative displacement AU of top and bottom facing:

AU =a-y=h, -y, (E4)
Relationship of yand p:
h
y==—7. (E.5)
a

Partial core shear strains 7 and pc:

_he _a
V2= a7c ) 72c—h v (E.6)

c

Strains of top and bottom facings:

duto du o
gtop = Kp’ gbot . (E7)
Axial displacements of top and bottom facings:
ump = 1/7 - amp72 - Zmpyl’ ubot = L_l + abot7/2 - Zbotj/l (E8)
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Strains of top and bottom facings:

o v ' _ v '
gtop =u amp72 Ztopj/l H gbot =u +abot7/2 Zpot 71

Stresses of top and bottom facings:

— 27! 1 (]
top Emp (1/[ amp]/ 2 Ztop}/l ) Opor = Ebot (1/[ +abot7 2 Zpot? )

Shear stress =

=Gy,

Internal forces:

N=J- odd, M =| ozdd, V=| td4,
(4) (4)

(4)

N = (Dbutabut _Dtopatop )7/2 + Db_l'

M :(Dbotabot top top)u +B 7/2 (Bbot +Btop)7/1

Relationship of axial stiffnesses D; and distances ai:

Dbotabot Dtopatop 0’ abot + atop =da

Distance from centre line of sandwich to centre lines of facings:

_% _ Dy
Apor = D a, Aop = a

Axial stiffness of bottom and top facing as well as total stiffness:

Dbot = Ebotbtbot = EbotAb0t> Dtop topbttop E

top 4

top > D = Dbot +Dt0p

Flexural rigidities of bottom and top facings:

B, =F

bot bot

4, antZ dA = Ebol -[Ah ant (Zbol + abnt) dA
ot ot

B,, = E”’P.[A ZppZ dA=E z

top top (Z op

mp ) dA

E-2

(E.9)

(E.10)

(E.11)

(E.12)

(E.13)

(E.14)

(E.15)

(E.16)

(E.17)



E.1 Constitutive equations based on /Sta74/

Flexural rigidities of flat bottom and top facings:

3

Etop l—sp = Etopltop (EIS)

blioy
Bbot = Ebot T = Ebotlbot’ Btop =

Flexural rigidity from sandwich action:

D, . D
Bs :Dbotalgot +Dtopatzop :$a2 (Elg)
Total flexural rigidity:
B =B+ By + By (E.20)
Total bending moment:
M =M+ My, + M, (E.21)

Bending moment from sandwich action:

'

Ms = (Dbotabot - Dtopatop)ﬁ’ + Bs72 (E22)

Bending moment of bottom and top facing:

'

Mbot = _Bbot7/1’ Mtop = _Btop71 (E23)

Shear force of core material and shear stiffness:

ba’
V, =4y, A=G (E.24)
Shear forces of bottom and top facings:
Vbot = Mbot = _Bbot7/1 > Vtop = Mtop = _Btop71 (E25)
Total shear forces:
V= A]/ - (Bbot + Btop )7/1 (E26)
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Resulting internal forces:

N = Du'

M = Bgy'-Bw'" (E.27)
V=Ay—-(By, +B

top )wl "

Relationships for internal forces M, Nx and V:
a V.+Nw=0
dx

dvs (E.28)
—+g=0
dx

Relationships of Nx and V- to N and V-

N, =N+Vy,, V.=V +Ny, (E.29)

Neglecting », since N>>V-

Nx:N’ Vz:V+N7/1 (E30)

Relationships for internal forces M, N and V:

WMy

dx
dv (E.31)
—+qg+Nw'=0
dx

Relationships of shear angle yand deflection w for constant Bs and constant 4 (applying
eq. (E.28) to eq. (E.31)):

B(y"'—w"") = Ay =0, Ay'+Nw"—(Bp,; + By )wIV =—q (E.32)

Decoupled differential equation for deflection w and shear angle y:

B, . +B "
_ Bpot + Biop Wv1+[£+ﬁ}vlv_ﬁwn:i_q_
y . A B, B, 4 (E.33)
Bbot + Bl‘Op v B N " N q' .
-7V |t V==
A B, A B A
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E.2 Simply Supported Sandwich Beam with One Point Load F Based on /Sta74/

Decoupled differential equation for deflection w and shear angle y for simply supported
beam:

_Brot *Bop v B . M g
y w o+ B, w'= B A (E.34)
B
y= A—; [(B,,O, + By )WV ~(N + A)w"'—q'] (E.35)

E.2  Simply Supported Sandwich Beam with One Point Load F Based on
/Sta74/

e, Fl L-e,

f v /

; tiop
W hc

A* X part | C : part Il AB
lv w L
Abbreviation:
B _+B B 1+«
o = top—bot, — S , /12 —
B P=—"Tp5 o p (E.36)
Bending moments:
Part I(£ < ¢g): M,=F-L-(1-g)-&
Part 11 (& > ¢): M,=F-L-¢ (1_5) (E.37)
Ratios of distances:
e=4
: (E.38)
g=2
L
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Deflection:

w, =

= %[g(l—g)g(zg—gz — &)+ ai“ﬁ (1-¢)é -

1

FI}

Wy =

Shear angle:

Vi B

Y

_FL’

ﬂ{l—e—

_FL’ {_

Bending moments:

M

bot / top,1

M

M, =FL

S,

M

s, 11

bot | top, 11

= FL

=FL

1
1+

1
1+

Shear forces:

E-6

4

top / bot,1

4

top / bot 11

Vs, = F%{l—g—

Vs,u =F

=F

=FL

1

a

o

atop / bot

1+«

sinh Ag

sinh

abot/top [(l _

+a

P_

F Es(l —E)-er 2 -8+

sinh A(1 - &)

sinh A

O;bi—/:[g(l —- &)+
[(1— &)
[e(l—z:)— -~

5)§ +

_sinh Al-¢)

, sinh A1-¢)

1 sinh A(1 -
al’  sinh A
1 1 sinh Ae¢
ell-¢&)-
al’ (1-4) al’ sinh A

cosh A& }

cosh A(1 - 5)}

sinh A(1 - ¢)
adsinh 4

sinh A¢
SIRAE Ginh A(1 -
o sinn 7 S A 5)}

sinh /15}

Asinh 4
sinh Ag

sinh /15}

sinh A(1 - 5)}

sinh A4

cosh /15}

asinh A

— F atop/bot |:_

1+

+a
1

1+«

X

sinh A(1 - ¢)
sinh
sinh A&
c

sinh A

sinh A¢
&— cosh A(1 -
a sinh 4 ( 5)}

cosh /15}

osh A(1 - 5)}

£) ginh zg}

sinh (1 - 5)}

(E.39)

(E.40)

(E.41)

(E.42)

(E.43)

(E.44)



E.3 Simply Supported Sandwich Beam with Two Equal Point Loads F/2

E.3  Simply Supported Sandwich Beam with Two Equal Point Loads F/2

) e, F/2| e, IF/2 e, )
top
h,
tbot
i L
Bending moments:
PartI (£ < e): M,=%-(2—2-5—;()-§
Partll(e <&<e+ yp): M,,:FZ'L-E (E.45)
F-L
PartIII(& > e+ y): Msz-(—(g+;()-§+2-5+;()
Ratio of distances:
e e, X
& =—, =, = — .
A a; (E46)
Deflection:
3
wy =%[é(25+;{—2)§3 +%(253 662 +4s+3s y+3sy” —6sy+ 0 =347 +2;()§
1 1 sinhA(1-¢)+sinhA(1-e-y) . }
-—(2 -2)¢- hA
(Mz( e+y-2)¢ e b sinh A&
3
Wy :%E(zﬁ;{—l)é +%(2g3 —362 4 4c 4382y +3ey  —Gey+ 10 =30 4 21 )
—1852 —%(25+;{—1)§—lg3 + 12 e+ sinhxi(f—g)

1 sinh A(1-¢)+sinh A1-£~-y)
ar’ sinh A
3
Wi =%E(2g+;{)§3 —%(28+;{)§2 +%(2g3 tae+38 43y + 2 )

sinh lé}

1 1,3 2 2., .3 1
-——2e+ =2 +3e" y 3¢y + " J+—(2e+
aﬂz( )6 6( 136+ 77) aﬂz( x)

1 sinhie +'s1nh Me+y) sinh A(1— 5)}
al’ sinh A
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Shear angle:

_FL? . _ . _sinh A1 —&)+sinh A(1—¢& — y) }
Vv, = Y ﬂ[Z 26 —y o 4 cosh A&
_FL? o __\_ sinh A1 —¢g)+sinh A(1—& - y) }
Yy = Y ,B{l 2& — y + cosh /1(5 5) ] cosh A& (E.48)
B Lﬁ Ch sinh A& + sinh A(e + z) 3 }
Y = Y ,B[ 26 -y + < 4 cosh /1(1 §)
Bending moments:
_ FL %pot/iop sinh(A(1-¢&))+sinh(A(1-& - y)) .
Musis = 2222 (020 )+ Pt sinh(22)|
FL Qpoy ), inh(A(& -
M ot 110p.1 = B3 1b+/ - [(1 26— y)+¢ W .49
" sinh(A(1-¢)) +‘smh(/1(l -&-%)) sinh(lﬁ)} ’
aAsinh(A)
_ FL @boriop | sinh(Ag)+sinh(A(e + 7)) . B }
Mpn = 2 25 )¢+ 20+ + SUAL S D a0 )
_FL 1, sinh(A(1-¢))+sinh(A(1-£-y)) .
Mer=7"110, {(2 26-2)% Zsinh(2) Smh(’l‘f)}
M, , = EL[(l —2e—y)+ g+—sinh(/1(§—g))
’ 2 l+a A
sinh(A(1 - £))+ sinh(A(1— 5 7)) . (E.50)
- Asinh(1) sinh(A¢)
sin
_FL 1 [ _ sinh(4s)+ smh(/1(8+;()) }
My = (s g 20 -SSR D 1)
Shear forces:
_ F atop/bm‘ 2_2¢ Slnh(/l(l - 8)) + Slnh(l(l —&— Z)) Cosh(/?,g)
@t T e asinh(4)
_F %iprbor COSh(/i(é: - 5))
= 1-2¢ -
mp/bm‘[[ 2 1+a |: —X a (ESl)
N sinh(A(1 - ¢)) +. sinh(A(1—& - 7)) cosh(/if)} .
asinh(4)
F Qiop o sinh(Ag)+ sinh(A(e + y))
V. =——222e— h(A(l -
i = 5 e 2y -y SRS SR 1) 1 - )
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E.4 Simply Supported Sandwich Beam with Uniformly Distributed Loading Based on /Sta74/

s,

LN U PP sinh(ﬂ,(l—g))frsinh(ﬂ,(l—g— 7))
21+« smh(l)

_F

21+«

cosh(/uj)}

[1-2&— 5 +cosh(A(& - ¢))..

s, 1

__sinh(2(1 - £))+sinh(A1-& - 7)) (E.52)

sinh(4)

. Lo )

cosh(ﬂ§)}

E.4  Simply Supported Sandwich Beam with Uniformly Distributed
Loading Based on /Sta74/

A\ 4 A4 A4 A4 A v v v A4 A4 v p
ttop
> tbot
X
L P 5
Yw
Ratio of distances:
X
E= 5 (E.53)
Deflection:
CPL L Ly, ] ~ _1cosh,1/2—cosh/1(1—2§)/2}
" B [2463(1 2+ 202 §-¢) al cosh 1/2 (E.54)
Shear angle:
pL’ I'1 1 sinhl(l—2§)/2}
== gl —(1-28)-—
"~ 7B ﬂ[z( = o2 (£:53)
Bending moments:
Lo ip | 1 1 coshﬂ/2—cosh/1(1—2§)/2]
M — L2 bot / top - 1_ _
bot / top 1+ a |:2 g( é) 0{/12 [ coshl/2 (E56)



Appendix E

1|1 1 coshl/2—coshl(l—2§)/2j

Mg = pl’ —&(1-¢)-—

s=P 1+a{2§( ¢) /12( coshA/2 (E.57)

Shear forces:

a 1 1 sinh A(1-2&)/2

v = pl bt | Z (1 _2&)+ —

wop/bor = P l+a [2( £) al  coshA/2 } (E.58)
1 [1 1 sinh A(1 - 2£&)/2

V. = pL —(1-28)-—

sTP 1+a[2( 5) A coshA/2 } (E.59)
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