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Abstract

Study of interface behavior has been the primary area of focus for researchers in the field of concrete science
and technology. This interface between two concrete elements becomes important for prefabricated systems,
combination of precast and in-situ concrete elements, combinations of concrete cast at different times, repairs
of existing concrete structures, strengthening of a structural element such as beam or slab and so on. In
this research an attempt is made to check if the interface behavior is reliably predicted using finite element
analysis in ATENA with the help of standard elements available in the software. Validation of the numerical
results is performed by simulating an experimental bond test and structural test and conclusions are drawn
based on the response of these numerical models.

Strength of the interface is mainly governed by the roughness of the adjacent surfaces. In the literature
study, a chronological overview of the development of shear models is presented that make use of these
roughness parameters in calculating shear capacity of the interface. A finite element analysis is performed
using standard elements available in ATENA. ATENA interface material model (ATENA IMM), present in the
software uses 2D line interface elements having zero thickness to model an interface. Roughness parameters
assigned to this model are based on the guidelines proposed in different design codes. Many parameters need
to be defined in this interface that are difficult to measure accurately from experiments. For this, a 5 mm
thick artificial interface layer is created by using 2D linear quadrilateral material elements. This technique
is named as artificial interface model (ArtIM) that uses physical material properties to define the interface.
Since, cohesion and friction coefficient parameters cannot be specifically defined in ArtIM unlike in ATENA
IMM, an explicit roughness is incorporated by designing the interface layer in a wave pattern with certain
wavelength and amplitude depending on the different surface roughness classes as defined in the Model Code
2010.

A check is performed for the assigned input parameters for the two interface modelling techniques, by
simulating bond tests (direct tension test and shear load test) on a small scale composite concrete specimen.
Furthermore, validation of the two interface modelling techniques is carried out by comparing the numerical
results to experimental findings for a bond test performed by T. Paulay, R. Park and M. H. Phillips [1] and for
a structural test case of the Eindhoven airport car park garage failure [2], [3]. ATENA IMM rightly predicts
the initial response of the interface but does not comply with the experimental results once the interface
fails. With the use of ArtIM, an overestimation of the shear strength is exhibited and the conventional ratio
of 2 between the shear and tensile strength [4], [5] cannot be obtained. Moreover, once the material in
the interface layer fails, a brittle behavior is exhibited pertaining to the concrete properties assigned to the
interface material layer.

Different reinforcement modelling techniques are studied using ATENA IMM with a very low bond strength
(no bond condition). The default 1-D reinforcement (RF) bar element when modelled perpendicular to
the interface does not reliably predict the response of loading. Hence, other RF modelling techniques are
discussed among which, 1-D RF bar elements modelled in cross pattern reliably predict the initial stiffness of
the RF bars. The inclination of the RF bars was tested for different angles to comply with the experimental
results. However, further research is required to calculate appropriate inclination of the RF bars. In this case
the optimum angle between the cross RF bars and interface is around 80°.

In the structural test, interface behavior is investigated for a specimen with (fully reinforced) and without
(partially reinforced) shear reinforcement in the flexural span. ATENA IMM safely predicts the bond strength
in case of both, partially reinforced and fully reinforced models. However, by using ArtIM, an overestimation
of the interface strength is observed. The important aspect in the structural model is the shear strength of
the interface and since, while using an artificial material element for the interface the shear strength obtained
is almost 40% higher than the experimental results, the ultimate load carrying capacity of the whole model
increases manifold.

After investigating the two interface modelling techniques, on bond level and structural level, it can be



concluded that, the ATENA interface material model (IMM) as well as the artificial interface model (ArtIM)
do not predict the interface behavior reliably. However, by using ATENA IMM a conservative response is
obtained as opposed to the ArtIM which overestimates the shear capacity of the interface.
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1

Introduction

1.1. IN GENERAL

With the increasing demand of concrete structures interaction between the old and new concrete has become
a primary area of concern for many researchers around the globe. The most important aspect in the interac-
tion between two adjacent concrete elements is the bond between them at the interface level. Thus, study of
interface behavior has been the main area of focus. This interface between two concrete elements becomes
important for prefabricated systems, combination of precast and in-situ concrete elements, combinations of
concrete cast at different times, repairs of existing concrete structures, strengthening of a structural element
such as beam or slab and so on.

Study of interfaces is not a straightforward topic. Many aspects influence the strength of interfaces such as
surface roughness of the adjacent concrete elements, aggregate size used in the concrete, surface preparation
techniques, mechanical devices crossing the interface, concrete strength of the adjacent elements etc. Design
codes developed to this day (ACI 318, Eurocode 2, Model Code 2010), propose guidelines to determine the
strength of the interface. As per the advancement of these codes very few parameters are considered for
calculating the interface strength. However, interaction between different factors, as mentioned earlier, and
sometimes combinations of some of these factors ultimately account for the strength of this interface.

Out of all the factors mentioned earlier, an attempt is made to understand the influence of roughness
parameters like, cohesion, tensile strength and coefficient of friction at the interface level. These parameters
define the interaction at the interface, between two concrete elements. Moreover, effect of reinforcement
bars crossing the interface is studied by using different design techniques proposed in this research to model
these bars. To validate the use of these reinforcement modelling techniques, the numerical results obtained
in this research are compared directly to the experimental findings produced by T. Paulay, R. Park and M.
H. Phillips [1]. Guidelines from the different design codes are used as a basis for the analyses presented
in this report. Since, the design codes provide guidelines on structural level, these analytical models are
not always useful to perform complex analyses on the entire structure. To perform a complete analyses of
a structure, for example a bridge or a building, these structures need to be divided into small structural
elements like slabs, beams and columns. Analyses of these individual elements can be performed, using the
analytical formulae but without 100% accuracy. Performing a numerical analysis using various finite element
software packages has proven to be very successful in order to reduce such intense labor and to improve the
accuracy of these analyses. Although, FEA may not estimate the structural response perfectly, it still gives
a conservative approach while designing.

The numerical analysis is performed by using ATENA finite element software specifically developed for
concrete and reinforced concrete structures. The standard elements available in this software, such as 2D
interface elements used in interface material model (IMM) and quadrilateral material elements used for
developing an artificial interface (ArtIM), are used for the analysis in this research. However, the ATENA
IMM has a dependency on many parameters pertaining to the roughness of the adjacent concrete surfaces.
It is difficult to accurately measure the roughness parameters with experiments. Hence, another artificial
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16 1. INTRODUCTION

interface model (ArtIM) is proposed in this research which uses quadrilateral material elements to create
an artificial interface layer with a certain thickness. Physical concrete properties such as elastic modulus,
compressive and tensile strength of the material, are defined for the artificial interface layer. To incorporate
the roughness effect, the artificial interface layer is modelled in a wave pattern with certain wave length and
amplitude. Effect of this explicit roughness profile is studied in detail.

The numerical analyses of different composite concrete specimens using the two interface models in per-
formed in three parts. In the first part, verification of the ATENA Interface Material Model (IMM) and the
Artificial Interface Model (ArtIM) is carried out by subjecting a small scale bond model to direct tension
test and shear load test. Parametric analysis is performed by varying different parameters involved in the
interaction. The next two stages after verification of the interface models, are the validation of the numerical
models. First validation is performed on a material model by comparing numerical results to the experimental
observations established T. Paulay, R. Park and M. H. Phillips. The second validation is performed on a
structural model which involves the comparison of numerical results to the research performed in the case
study of Eindhoven car parking garage.

This research thus provides guidelines on the methodology of modelling an interface and analyses of the
observations obtained by making use of the two interface models are presented to justify these guidelines.

In the next section, outline of the entire research and flow of the report is discussed for better understanding.

1.2. OUTLINE OF MASTER THESIS

Introduction ) - Chapter 1: Brief introduction about the topic
* Chapter 2 & 3: Literature review for inspiration and research
Literature review — P . . . .p .
and hypothesis question developed, importance of finite element analysis
l (FEA) in interface study discussed
Interface
modelling —) Chapter 4: Two interface modelling techniques are discussed
techniques and a check is performed for the assigned input parameters to
verify their use.
‘:ﬁlﬁ;’;:’c‘:j Artificial interface « Chapter 4: ATENA interface material model and Artificial
(ATENA IMM) model (ArtiM) interface model are used to perform bond tests on small scale
—— T composite concrete specimen
OTT T OTT o1 | * Chapter4: DTT (Direct Tension Test) and SLT (Shear Load Test)
are used to study the bond strength with FEA
Bond model | ) Chapter 5: Bond model validation is performed by comparing
validation numerical results to experimental observations
scructural model — Chapter 6: Structural model validation is performed by
validation comparing numerical results to Eindhoven airport car park
I garage failure
r‘;ig“#:;‘;’:dzzgo — Chapter 7: Conclusions and recommendations pertaining to
ns the research work are stated in detail

Figure 1.1: Flow of the research work
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| iterature review

In the study of interfaces it is noted that, various factors have a combined effect on the overall strength of
the interface. These factors include the roughness of the adjacent concrete surfaces, workability of concrete,
shrinkage and deformation compatibility, temperature effects and cement to aggregate bond in concrete.
In this research main focus is given to the roughness characteristics that affect the bond strength between
two concrete layers. A detailed literature study regarding interface strength and the different shear models
proposed by various scientists is discussed in this chapter. Limited information is present on the shear capacity
of composite concrete structures specifically focusing on the influence of bond strength. Considering the
various guidelines proposed by the old design codes, an estimate about the bond strength and its relevance
with respect to the shear capacity of a composite concrete model can be estimated.

2.1. SHEAR MODELS: A CHRONOLOGICAL OVERVIEW

Many researchers are still working to understand the influence of interface characteristics on the shear capacity
of a composite concrete section. This section presents a chronological development of the design codes and
the factors which these codes focus upon, to establish guidelines to calculate shear strength at the interface.

SHEAR FRICTION THEORY (SF)

In design codes, such as ACI 318 [11], Eurocode 2 and fib Model Code 2010, prediction of the longitudinal
shear strength of the interface between two concrete layers cast at different times, is made using the shear
friction theory. The bond strength between these two concrete layers depends mainly on the following
parameters,

e substrate roughness, the cohesion and friction parameters contribute to the surface roughness in the
models

e material strength of adjacent concrete layers along-with the aggregate interaction with the concrete is
crucial for the bond between the two concrete layers

e shear connectors crossing the interface are mainly activated once the bond breaks. Nevertheless they
provide higher ductility to the composite concrete section along-with a rise in the final shear capacity
of the interface

However, there are many others factors such as, differential shrinkage due to varying curing conditions and
differential stiffness due to different concrete Young's modulus of different layers, which are not accounted
in the design codes and separate research is to be carried out in these respective areas.

An attempt to include the effect of the aforementioned three main parameters, in a more accurate prediction
of longitudinal shear strength is made by Santos and Jalio [12]. Their research signifies that, the load transfer
mechanism of shear forces between concrete parts cast at different times results from the combination of
three main parameters: cohesion, friction and dowel action. Although, this cohesion parameter is considered

17



18 2. LITERATURE REVIEW

in many design guidelines, dowel action is usually neglected. Only the shear-friction parameter is considered
in all design provisions. A 'saw-tooth model is shown in Figure 2.1a to exemplify this concept.

1 dowel action
") Lo
@ . L
o - friction
= e
— ‘ -7
© -
[}
ey .
v cohesion
(adhesion + mechanical interlocking)
’ |
:
l »
Slip s

(a) Saw-tooth model

(b) Shear stress - slip behavior [12]

Figure 2.1: Load transfer mechanisms

Figure 2.1b, shows the contribution of roughness parameters with the increment in slip according to Santos
and Jalio [12]. In the initial phase, Van der Waals forces acting between the particles are very strong which
results in the adhesion and aggregate interlocking effect. Major contribution to the shear stress transfer
is made by these cohesion parameters at low slip values. The frictional resistance provided due to the
interaction between the two concrete layers increases gradually as the stress increases. However, once the
interface reaches the peak shear capacity failure at the interface occurs. This results in stress redistribution
and effect of Van der Waals forces almost diminishes (drop in stress value). At his stage, the stress transfer
mainly takes place due to the reinforcement bars/dowels crossing the interface. Depending on the material
strength of the dowels a bending resistance is provided in order to transfer the shear stress. This leads to a
gradual increase in the dowel action phenomenon, with a subsequent stability in shear stress transfer until
development of kinks in the dowels.

The "shear friction theory" was first proposed by Birkeland and Birkeland [13], for the prediction of ultimate
longitudinal shear stress at concrete-to-concrete interfaces in the presence of reinforcement bars crossing the
interface. The shear stress expression is given in Equation 2.1. The coefficient of friction varies as per the
surface preparation methods and has different values in different interface combinations.

1. u = 1.7, monolithic concrete,
2. u = 1.4, artificially roughened construction joints,

3. u = 0.8 to 1.0, ordinary construction joints or steel-to-concrete interfaces

Vu=ppfy (21)

where,

vy, : shear capacity

1 :coefficient of friction

o :reinforcement ratio

fy tyield strength of reinforcement bars
This expression only considers the contribution of friction thus, neglecting other important parameters namely,
adhesion and aggregate interlocking, concrete strength of the weakest layer and dowel action due to defor-
mation of reinforcing bars. Hence, further important models were proposed by various scientists.

MODIFIED SHEAR FRICTION THEORY (MSF)

One such modification to the shear-friction theory, also called as, "Modified shear friction theory" proposed
by Mattock and Hawkins [14], gives an expression (Equation 2.2) for the prediction of longitudinal shear
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stress at the interface.

vy =1.38+0.8(pfy +0,)(MPa) (2.2)

The assumed constant 1.38 N/mm?, gives the contribution of the cohesion between the two concrete layers.
Whereas, the second term in the expression gives the contribution of the clamping stresses. When rebars
are assumed to yield in tension, a compressive stress perpendicular to the interface plane is exerted which is
known as the clamping stress. A constant value of 0.8 is assumed for the coefficient of friction. o, is the
external compression acting on the specimen.

Another model was proposed by Loov [15], which includes the influence of concrete compressive strength,
on the shear strength of the interface.

vu=ky/fe(pfy+0n) (2.3)

For uncracked interfaces the value of the constant k was considered as 0.5.

Major contribution after the modified shear friction theory was done by Walraven [6] [16], who developed a
"sphere model" which considered the interaction between the aggregates, the binding paste and the interface
zone. This is also known as the aggregate interlock effect (Figure 2.2). This model, was mainly developed
for cracked concrete surfaces, which provides a more accurate prediction of the shear-friction capacity and
the shear-slip behaviour of the cracked concrete surfaces [9].

9y . '.—T;"wl’"

Tpu

Figure 2.2: Aggregate interlock effect by Walraven [6]

A large experimental study was conducted to derive some expressions considering the aggregate interlock
effect. This lead to the following nonlinear design expressions given in Equations 2.4 - 2.6.

C2
vu=Ci(pfy) (MPa) (2.4)
C1 =0.822f24%(MPa) (2.5)
C, =0.159 %39 (MPa) (2.6)

Walraven's model was credited as the best one till that time until research was not done on another important
parameter called the dowel action. Even with such an accuracy, the contribution of dowel action was still
not considered in the evaluation of shear capacity of the interface. Tsoukantas and Tassios [17] were the
first ever researchers to consider this dowel action phenomenon. However, this theory was not much refined.
Later on, Randl [9] proposed a further modified version of the shear theory, also known as the "Extended
Shear Friction Theory" which is incorporated in the fib Model Code 2010.
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DESIGN RECOMMENDATIONS IN EXISTING CODES

ACI318 [11], proposes guidelines considering mainly the friction effect, thus developing an expression given
in Equation 2.7.

vy = pfy(usina +cosa) (2.7)

The values for coefficient of friction used in this case, depend on a modification factor. This modifica-
tion factor is directly related to concrete density. Moreover, there is a limitation on the yield strength of
reinforcement to be used. Angle a is the same as used in Eurocode 2 defined in Figure 2.3.

In order to include the influence of cohesion parameter, a new set of design guidelines are proposed in
Eurocode 2 [7]. In this design code, the contribution of friction and cohesion is exclusively considered
without including the dowel action phenomenon, which is later discussed in the "extended shear friction
theory". The expression for shear resistance proposed in Eurocode 2 is given in Equation 2.8.

Uy = Cferd + Mo p + pfy(usina +cosa) < 0.5v feq (2.8)

In the Eurocode 2 expression (Equation 2.8), first term gives the contribution of cohesion. Whereas, the
other two terms show the contribution of friction due to external compression stresses and the compression
developed in the connectors, if any, crossing the interface respectively. The angle 'a’ is defined in Figure 2.3
and should be limited by 45° < a < 90°.

45°< @< 90°

h2<10d

£
<30°

- new concrete, - old concrete, - anchorage

Figure 2.3: Indented construction joint [7]

The constant values for cohesion and friction are different than the ones considered in ACI 318[11]. Thus,
different bond strength values were obtained with every other design code. To overcome this issue and to
include some other parameters in the shear resistance of the interface such as, differential shrinkage, differ-
ential stiffness and exact surface treatment procedure, Santos and Jalio [12], developed a non-destructive
technique to calculate the exact topography of the surface. A 2D Laser Roughness Analyser (2D-LRA
method) is used to gauge the exact surface profile.

Various roughness parameters were calculated using the LRA device, among all, the mean valley depth
Rym, gave the best correlation between the shear resistance and roughness (cohesion and friction coefficient
calculated using Equations 2.12-2.13). A highest coefficient of correlation was obtained for the mean valley
depth (R? >0.95) [18]. Expression for mean valley roughness is given by the scientists in Equation 2.9.
Figure 2.4 shows the roughness profile and peaks and valley depth used for the roughness calculation.

Rym =

ilvil (2.9)

|~
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Figure 2.4: Roughness profile and mean valley depth

A total of 300 test specimens and 5 small test specimens for
slant shear testing and splitting tensile strength testing each
were considered by the authors Santos and Jalio. These
specimens were prepared by using different surface preparation
techniques and changing the difference between the ages of
substrate and overlay concrete. Moreover, two different cur-
ing conditions were adopted; inside the laboratory and exterior
conditions. Thus, because of varying temperature and relative
humidity the differential shrinkage phenomenon was incorpo-
rated in to the test results. From the results obtained on test-
ing these specimens, two different failure modes were observed,
namely adhesive failure and cohesive failure. Adhesive failure
is when the bond at the interface breaks while, cohesive failure
happens due to crushing of concrete as shown in Figure 2.5.

The initial conclusions of the experiments also show that, the
bond strength of the interface, increases with increase in the
surface roughness value in both indoor and outdoor curing con-
ditions. Moreover, an unexpected observation was made about

(a) (b)

Figure 2.5: Failure modes for slant shear test (a)
adhesive; and (b) cohesive [8]

the correlation between bond strength and difference of ages between the substrate and overlay concrete
layer. This ambiguity was later explained by a particular stress state, induced by differential shrinkage, oppo-
site in sign to the stress induced by loading conditions. This stress due to shrinkage causes the bond strength
of the interface to increase with time [12]. Furthermore, number of failures occurring due to cohesive failure
criterion increase with the increase of the difference between the Young's modulus of both concrete layers.
Thus, the effect of differential stiffness is also observed in the experimental results performed by Santos and

Julio.

Hence, to further improve the accuracy of results and dependency of aforementioned parameters, the scien-
tists proposed a new design approach based on two main principles,

e Measurement and characterization of surface roughness to calculate both coefficients of cohesion

and friction, without imposing a minimum roughness amplitude for each surface condition (unlike in
Eurocode 2, where different surface classes are distinguished depending on the roughness amplitude;
for example for rough surface, minimum roughness amplitude must be 3 mm below which the surface
is classified as smooth and also in case of Model Code 2010, where roughness is classified as smooth
R < 1.5 mm, slightly rough 1.5 mm < R < 3.0 mm and rough R = 3.0 mm and for any amplitude in
the respective roughness range, the cohesion and friction coefficients are constant).

Two separate shear stresses are obtained at the interface, with and without the need to provide shear
reinforcement.

Based on the Eurocode 2 approach, the coefficient of cohesion is obtained by the Equation 2.10.

Vu

CcC=
fctm

(2.10)
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Whereas, the coefficient of friction is calculated using the Equation 2.11.

w= Vu=Cfetm (2.11)
On
Furthermore, a function is obtained considering the correlation between mean valley depth R, and coef-
ficients of cohesion and friction. These functions have the best coefficients of correlation for cohesion and
friction (R?) - 0.92 and 0.94 respectively [12]. Thus, the new expressions for design values of coefficients of
cohesion and friction are given in Equations 2.12 - 2.13.

1.06R %15
cg=—"" (mm) (2.12)
Ycoh
1.37R 004
pg = —— (mm) (2.13)
Yfr

Due to the uncertainty of these models, partial safety factors are introduced in the expressions in accordance
with the Eurocode 2. This partial safety factor is calculated using the Equation 2.14.
u—k-o 1-k-Vg

Ve W—apo u—a-p-vk (214)

where,

:1.65 for 5 % fractile of normal distribution

r : coefficient of variation

:weighting factor (0.8 for partial safety factors)
: reliability factor (3.8)

:average coefficient of friction

:standard deviation

< =

S SER I ]

Thus, with all these observations, it can be safely concluded that the surface roughness has a significant
influence on the bond strength of the interface between two concrete layers. The different load transfer
mechanisms are cohesion, friction and dowel action. fib Model Code 2010, is the first design code to
consider the effect of dowel action in the shear resistance of the interface in an "extended shear friction
theory" explained in the next section.
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EXTENDED SHEAR FRICTION THEORY (ESF)

According to Dr. Randl, regarding the most general situation of a shear interface with connectors and
possibly also external compression forces acting perpendicular to the shear plane, it is possible to identify
the following mechanisms contributing to the interface shear resistance [9].

A Mechanical interlock and adhesive bonding
B Friction
C Dowel action

D Interaction

r\) MECHANICAL INTERLOCK AND ADHESIVE BONDING

The forces acting due to chemical and physical bond between the two layers, create an adhesive bond in the
interface layer. This adhesive bond is governing and active at very low slip values (s = 0.05 mm). In case of
high slip, the effect of adhesive bond would be negligible, since, the bond would have already broken down.
This is evident from Figure 2.1b shown in the beginning where the "shear friction theory" is explained.

The "Van der Waals forces" acting due to the chemical
and physical bonding can transfer shear force through the
interface in case of a smoother surface. For this pur-
pose, the most important parameter is the surface topogra-
phy. Like in the research of Santos and Jalio [12], where
a 2D Laser Roughness Analyser (2D-LRA) method is used
to determine the exact topography of the concrete sur-
face, in this case also, laser profilometry techniques are used
to identify the detailed topography of the substrate sur-
face.

Tests were performed with surfaces that were treated with high
pressure water (HPW)-blasted joints. Another factor was de-

NEW CONCRETE

.-"HI
v ¥ 'L:‘ﬁ"mﬁ X'Hfﬂ'
OLD CONCRETE

Figure 2.6: Mechanical interlock and adhesive
bonding [9]

cisive for the shear resistance, despite careful treatment with a bond separator and with very low amounts of
reinforcement (< 0.05 %). This factor was called the "interlocking effect". This effect is prominent in cases
when surfaces are irregular and when the aggregates protrude sufficiently from the surface, i.e. R; = 1.5 mm.
Figure 2.6 shows the mechanical interlocking and adhesive bonding at the interface between two concrete

layers cast at different times.

B) FRICTION

This phenomenon gets activated due to compressive forces
acting perpendicular to the interface. These compressive
forces may be generated due to external compression ac-
tion, prestressing forces or due to the clamping effect caused
by the connectors crossing the interface. At a low slip
value, stresses due to friction start developing and even-
tually at higher slip values, contribution of this parame-
ter is almost constant which is evident from the Figure
2.1b.

In case of connectors crossing the interface, the influence of
friction is very less in case the roughness amplitude is very low
(R < 1.0 mm). The coefficient of friction value recommended
by Eurocode 2 for very smooth surface is 0.5, which is already
very low if strengthening of interface is considered. The value
of w (joint widening) shown in Figure 2.7 is also very low be-
cause of low roughness amplitude, thus reducing the overall
shear capacity of the composite concrete specimen. When the

Figure 2.7: Friction (a) Interface without
connectors, (b) Interface with connectors [9]
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interface does not have connectors crossing through it, the friction is activated by the self weight of the
overlay concrete layer [9].

This frictional resistance is directly proportional to the compressive forces acting perpendicular to the inter-

face. Friction is considered in almost all the previously stated design codes. This effect is shown in Figure
2.7.

C) DOWEL ACTION (BENDING RESISTANCE OF STEEL CONNECTORS)
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Figure 2.8: (a) Superposition of bending and tension in interface shear connectors, (b) Bending (dowel action) and kinking of
connectors [9]

This phenomenon activates in case, shear connectors are crossing interface and when top and bottom parts
of connector move in opposite directions. Due to this movement, bending stresses are developed in the
connectors as shown in Figure 2.8. This resistance to bending is known as the "dowel action". Moreover,
due to widening of the joint, axial tension is generated in the connectors as well.

At very low slip values (usually for s = 0.05 mm), adhesion and friction parameters govern the shear capacity
at the interface. The reinforcement bars/connectors crossing the interface are not activated unless the inter-
face elements attain their respective bonding strength and this happens at relatively higher slip values (s =
0.05 mm). Hence, there is no transfer of shear by dowel action mechanism at lower slip values (Figure 2.1b).
Once, the dowel action is activated, the bending resistance offered by these connectors contribute to the
shear resistance at the interface. As the slip further increases, kinks are developed in the connectors which
also influence the shear resistance but not as much as the bending resistance provided at relatively lower slip
values. This is because, the maximum bending stresses are developed at some distance from the interface
joint, whereas, shear forces are present at the interface layer itself. Hence, even at large displacements, an
increase in the shear resistance is observed [9] but in a very gradual manner (Figure 2.1b).

D) INTERACTION

In real life situation, the structures exhibit a combination of all the aforementioned phenomenons in differ-
ent proportions. As the shear slip changes, the effect on each parameter is observed. For example, when
the shear slip increases, the adhesive bond breaks and furthermore, the aggregate interlocking effect also
decreases, since the protruding aggregates get crushed [9].

The contribution of each mechanism greatly depends on the surface roughness, bond strength and the
amount of connectors crossing the interface, if any. If connectors are not present at the interface, then the
failure can be regarded as brittle with loss of adhesion.

Whereas, in case of connectors crossing the interface, a more ductile behaviour is observed and failure
occurs at larger slips [9]. In such cases, friction and dowel action mechanisms are more prominent.
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fib MODEL CODE 2010 DESIGN APPROACH

All the aforementioned mechanisms are not incorporated in the previously mentioned design codes. Dr.Randl
developed the extended shear friction theory to propose changes in the fib Model Code 2010, considering
effects of the four main parameters. The recommendations according to the fib Model Code 2010 design
approach are as follows,

ADHESIVE BOND, AGGREGATE INTERLOCKING AND FRICTION

As mentioned earlier in section 2.1, the adhesive bonding, aggregate interlocking and friction have a com-
bined effect on the shear resistance of the interface. Moreover, these parameters greatly depend on the
roughness of the surface. Here, the roughness is determined by sand patch method. In this method, certain
amount of fine sand is spread concentrically on the surface until all the surface undulations are filled with
sand. The mean surface roughness Ry, is determined by dividing the volume of sand required to cover the
surface by the diameter of the circle formed by spreading the fine sand.

The values recommended by performing various tests on concrete specimens, for the adhesive bond and

friction coefficient are given in Table 2.1. Please note, these values are valid for concrete material strength
less than or equal to C50/60.

Table 2.1: Mean shear resistance of interface with respect to surface roughness (< C50/60) [9]

Coefficient
Roughness Adhesive Bond oe .|cn.en
of friction
Smooth 0.5 - 1.5 N/mm? 0.5-0.7
Slightl hened
'8Ny roughene 1.5 - 2.5 N/mm? 0.8- 1.0
(Ry=0.5-1.0 mm)
Vi h
ery rous 2.5 - 35 N/mm? 11-14
(Ry=2.5-3.0 mm)

There is a lot of variation in the friction coefficient values obtained, depending on the confining stresses
perpendicular to the interface. The values in the above Table are obtained from a large number of test
results and the range mentioned for each roughness is considered to be a reference for calculating shear
stress at the interface. According to the fib Model Code 2010, values in Table 2.1 are considered final.

DOWEL ACTION

According to a lot of literature, for estimating the shear bearing capacity of the connectors crossing the
interface, Huber/von Mises failure criteria is referred [9]. As per this criteria, the ultimate shear load
obtained must be equal to (As-fy)/\/g, which is usually not the case, since the concrete plasticizes, which
leads to bending of the connector.

A semi-empirical approach was first proposed by Rasmussen [19], in which he uses the average values
of concrete stresses at the lower part of the connector. Thus, assuming that at the point of maximum
bending moment, shear force will be zero. The ultimate load can thus, be calculated using Equation 2.15.

Vf,max:k'(Pz'\/fc,cyl'fy (2.15)

Experiments show that the value of the constant k is 1.3. In another model, proposed by Vintzeleou and
Tassios [20], for more accuracy in the results, an eccentricity is considered between the point of maximum
bending moment and the point of maximum shear force (at the surface level). This is shown in Figure 2.9.
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Figure 2.9: Modeling a cast-in dowel under shear loading [9]

The ultimate load bearing capacity in this case is given by the Equation 2.16.

2
‘T
Vf,max:1-5‘gb4 '\/fc,cube'fy (2-16)

Based on these two and some other researcher's work, Dr.Rand! developed a parabolic expression to represent
the behaviour of load vs. horizontal displacement (slip) for the dowel action effect. This parabolic expression
is given in Equation 2.17.

0. .
) 5< AsJy (2.17)

RE]

where, Smax is the slip when Vg 4x value is attained. Also, s < spmax = 0.10¢p — 0.204.

VE(s) = VF,max . (

Smax

INTERACTION BETWEEN THE JOINT OPENING AND DOWEL ACTION

In case, when a dowel crosses the interface, some tensile stresses are developed in the dowel due to widening
of the joint, as described in section 2.1. Bending resistance of these connectors, i.e. the dowel action effect
has to be reduced, because the concrete will crush before the dowel attains it's maximum bending capacity.
Thus, a new formulation for the M — N interaction is proposed in the Model Code 2010, given by Equation

2.18.
s )0.5
Smax

The axial stress o acting in the dowel greatly depends on the surface roughness, joint opening and the
anchorage of the connector in the concrete layer. The maximum axial stress in case of high pressure water-
blasted surface and sand-blasted surfaces is about 50 % of f,. Thus, a value of 0.5 for o/ f; is recommended

[9].

VE(s) = VF,max : ( (218)

SUPERPOSITION OF DIFFERENT LOAD MECHANISMS
For superimposition of different mechanisms, various aspects have to be taken into account.

e Horizontal displacement or slip of the interface, greatly influences the contribution of the load mech-
anisms.

o All load mechanisms are inter-related and influence each other.

e In dowel action mechanism, the interaction between the tension and bending in the connectors.
Considering all these effects, two cases are developed [9]:

o Case 1: Rigid bond-slip (brittle behaviour):
TRy ($=0.05mm) = TR qdnesion + TR, friction

e Case 2: Non-rigid bond-slip (ductile behaviour):
TRy ($>0.05mm) =TRginteriocking + TR, friction + TR,dowel action
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In Case 1, a strong bond is present between the two concrete surfaces. There are no connectors crossing
the interface in this situation. Adhesion between the surfaces is the main criteria contributing to the shear
resistance of the joint. Moreover, friction develops due to external compression confinement. This situation
is prominent in cases having very less slip (s <0.05 mm). Thus, the shear resistance in this case is given by
Equation 2.19 which considers Coulomb's shear friction hypothesis.

TRA=Ca fera t 10, <05V fg (2.19)
In this equation, the constant ¢, is the adhesion constant proposed in the Model Code 2010.

Table 2.2: Design values for adhesive bond effect [9]

Surface characteristics of interface Cq

Very smooth (steel, plastic, specially treated timber formwork) 0.025

Smooth (concrete surface slightly roughened, R; <1.5 mm) 0.20
Rough (intensely roughened surface, Ry = 1.5 mm) 0.40
Very rough (Including shear keys, R; = 3.0 mm) 0.50

The values proposed in the Table 2.2, agree with the results of a study done by Zilch [21] based on the EC2
approach. Although, the ¢, values vary with different scientists’ results, Model Code 2010 recommendations
are significantly accurate as per reality.

Furthermore, when the failure occurs due to higher shear loading, Case 1 is no longer applicable. Now,
Case 2 explains the resistance more accurately as it considers the effect of connectors crossing the interface.
According to Dr. Randl [9] Case 2 will be the governing case when following situations occur:

e The shear load is so high that the adhesive bonding is not able to resist the entire load.

e In case of contamination of the substrate surface, before casting the new concrete overlay, the adhesive
bond is weaker that expected.

e The reinforcement crossing the interface is always greater than 0.05 %, hence, a more ductile behaviour
is expected.

A new formula (Equation 2.20) is proposed as a modification to the one given in Equation 2.19.

TRu = TR,interlock T - (On+K1-p- fy) K20/ Se,cube fy (2-20)

The values of x; and «; are influenced by the fact that,

— A combination of bending moment and axial stresses develop in the reinforcement or connectors
crossing the interface.

— The maximum contributions by each parameter occurs at different horizontal displacements.

The constant k) considers the extent of tensile stress that can be attained with the simultaneous bending
action. Usually the value is less than 1, k1 = 05/ f;, < 1.0. For rough interfaces this value is assumed to be
0.5 as per experimental validations [9].

Whereas, the Tginteriock, H and ko values are back calculated by using numerous test results via regressive
analyses. Furthermore, to derive the material design characteristics, the friction and dowel action terms in
Equation 2.20 are divided by partial safety factors y. = 1.5 for concrete and y; = 1.15 for steel. For the
interlocking term in the formula, a factor ¢, is multiplied to the cubic root of concrete strength. This is
done as the aggregate interlock effect varies as per the cubic root of the concrete strength [9].

TRa=Cr [P+ O@n+x10° fya) +¥2-p\/fea  fya < BeV+ fea (2.21)
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where,
1 :coefficient of friction
o :degree of reinforcement at interface
k7 : coefficient of efficiency for tensile force that can be activated in the reinforcement
0, : compressive stress due to external normal force
K2 : coefficient for flexural resistance of reinforcement (dowel action)
B : coefficient allowing for angle of diagonal concrete strut
v :reduction factor for strength of diagonal concrete strut: v =0.55-(30/ f.)'/® <0.55

Table 2.3: Values for constants in design for Equation 2.21 [9]

Surface roughness o | x1 | x2 | Be u
fac=20 | f4c =35
Very rough: R, =3.0 mm | 0.2 | 0.5 | 0.9 | 0.5 0.8 1.0
Rough: R;=1.5 mm 0105|0905 0.7 0.7
Smooth 0 |05 (11|04 0.6 0.6
Very smooth 0 0 | 15|03 0.5 0.5

The extended shear friction theory proposed in fib Model Code 2010, in accordance with the explanations
provided by Dr. Randl [9], give two critical limit situations depending on the bond strength of interface
between the two concrete layers, namely rigid and non-rigid bond. Thus, a more realistic approach to calculate
the shear resistance of the interface is proposed in this design code depending on different mechanisms -
aggregate interlock, adhesion and friction between concrete layers and dowel action.

The guidelines provided by all the aforementioned design codes are mainly related to the calculation of shear
strength on a structural level. However, it is not always possible to analyse a specific structure, for example,
a bridge or a building, by applying analytical models on the whole structure. Analysis of an entire structure
is a very complex process involving the interaction between many different structural elements. Hence, to
minimize the efforts required to analyse a structure by reducing errors and achieving efficiency in the analyses,
computational modelling or FEM analysis is essential.

2.2. NEED FOR FINITE ELEMENT ANALYSIS IN INTERFACE STUDY

According to the new fib Model Code 2010, the design shear resistance of a reinforced concrete (RC)
structure can be evaluated through analytical and numerical calculation methods that fall into four different
levels of approximations. The complexity and the accuracy of the calculated shear resistance increase with
increasing the level of approximation. Nonlinear finite element analysis (NLFEA) belongs to the highest level
of approximation (Level IV) because of their advantage to consider real material properties and some more
'hidden" capacities of the structure [22]. In today's world NLFEA is used as a basic step to simulate real-life
situations. Since in olden times such advanced models were not developed, to check the service life and
durability of existing structures, many companies especially in Netherlands, are using NLFEA.

ATENA is a finite element software package specifically developed for concrete and reinforced concrete
structures. This software provides ease in developing a numerical model with concrete material properties and
gives accurate results while studying the stress-strain relationship, creep, shrinkage and strength properties.
While developing a model using ATENA, there are many parameters which are to be considered in order to
understand the behavior of interfaces, which is the area of concern for this research. As a test case, ATENA
interface material model (IMM), which is available in this software package, is verified to understand its
response towards direct tension test and shear load test. Once the verification is carried out successfully,
actual material and structural models from the corresponding experiments are designed and the analyses
of these results are accomplished. Moreover, another artificial interface model (ArtIM) is proposed in this
report which uses the material properties and quadrilateral finite elements to develop an interface and to
thoroughly understand the response of the composite concrete models at the interface level.

It is very important that the appropriate design rules that are proposed by different codes get reflected into
the numerical models. Many parameters are involved in the NLFEA of interface study. A specific procedure
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to design the models using a FEM software is not readily available. Moreover, due to involvement of various
parameters affecting the interface strength a detailed understanding about the topic is essential. Hence, an
attempt is made to investigate with the existing numerical models, whether the behavior of the interface can
be reliably predicted using material and structural tests.






3

Hypothesis

In this chapter, a brief description about the research question is presented. Inspiration for the thesis topic
and the research questions is derived from the literature study completed in the previous chapter.

3.1. RESEARCH QUESTION

From the guidelines proposed by different design codes it is evident that, in the study of interface behavior,
the most important characteristic associated with the interface is the roughness of the adjacent concrete
elements. This roughness influences the two most important properties, adhesion and cohesion, which
represent the total bond strength between the two concrete layers. The theoretical explanation of these
characteristics is already given in the literature chapter. However, it is not always convenient to apply the
analytical approach to understand the response of an entire structure. Advanced calculation techniques
are required to accurately predict the response of structure subjected to any load combinations. Hence, to
understand the influence of different interface parameters on the shear capacity of a composite concrete
specimen, a computational study is performed with the use of finite element analysis.

One such FEM software package, ATENA is specifically developed for concrete and reinforced concrete
structures. This FEM software program is used for the non-linear analyses of various composite concrete
models in order to study the interface behavior. ATENA has a default interface material model (IMM) which
is tested under different boundary conditions in this report. These models are verified by subjecting them
to direct tension test and shear load test. A variation of this interface model is proposed in the form of an
artificial interface model (ArtIM), which is developed as an alternative to the default ATENA IMM. This is
done in order to precisely understand the crack propagation at the interface level and to investigate whether
the effects of the interface parameters involved in ATENA IMM (tensile strength, cohesion and coefficient
of friction) can be modelled manually without using the interface material model (IMM).
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3. HYPOTHESIS

Thus, the research topic to be examined is framed as follows.
Can Finite element Analysis using ATENA reliably predict the interface behavior?

To answer this question, a detailed study of the interface models is necessary along-with a validation
by comparing the numerical models to certain experimental findings. Ultimately, this thesis will
lay a foundation for future research pertaining to interface study using computational modelling.
Moreover, the report provides details of the numerical models studied by using 2D interface elements
and 2D quadrilateral material elements to understand the interface behavior using material and
structural tests. Some of the other important outcomes of this study, as discussed further, will also
be answered along-with the main research topic.

— Can the standard materials and element libraries of ATENA be used to model the interface
behavior?
— Does the behavior of the interface model agree well with the experimental results?

— Can a structural interface failure be simulated using the interface modelling techniques in
ATENA?

An attempt is made to successfully answer these research questions hereafter.




4

Verification of Interface Models

In order to use finite element analysis (FEA), to predict response of a structure, first a verification of the
numerical models is necessary. As a test case, a small scale composite concrete bond model is tested using
numerical analysis to verify the use of designated parameters . Inspiration for this specific model is taken
from the ATENA documentation manual. Guidelines from the manual are adopted to design the numerical
model. The test case model is subjected to a direct tension test (DTT) and a shear load test (SLT). Two
different interface models are introduced in the next section, that are the focal points of this numerical study.
The mechanical models used for the analysis are shown in Figures 4.2 and 4.15.

4.1. INTERFACE MODELS

In order to verify the test case, two interface models are chosen for the analyses.
— ATENA Interface Material Model (IMM)
- Artificial Interface Model (ArtIM)

First, a default interface material model (IMM) provided in ATENA is used to model the interface between
two concrete elements. In this model 2D line 4-node interface elements are used to model the interface. The
main parameters to be defined are normal and tangential stiffness, tensile strength, cohesion and coefficient
of friction at the interface. The element has zero thickness in this model. Whereas, if use of ATENA
interface material model (IMM) is to be avoided, then an alternate artificial interface model (ArtIM) is
proposed in this research. Unlike ATENA IMM, the artificial interface model is based on standard material
properties that are to be defined for the interface layer. The various roughness parameter inputs in ATENA
IMM cannot be obtained accurately in all experimental cases. Hence, by using the standard ATENA material
elements, an attempt is made to design an artificial interface layer, that can act as an interface between the
two adjacent concrete elements. In this model 4-noded linear quadrilateral elements are used to define the
artificial interface layer. A certain thickness is provided to the interface layer corresponding to, for example,
a mortar joint between two bricks. By providing thickness to the interface, the exact cracking pattern at this
level can be observed clearly. Effects of cohesion and friction (roughness parameters) can be incorporated in
the ArtIM, by designing the interface layer with an explicit roughness (wave pattern of interface elements).
The direct tension and shear load tests are performed using both these interface models starting with the
IMM and then ArtIM. In the following sections, a detailed discussion about these interface models and the
numerical analyses are performed on a small scale composite concrete model.

4.2. ATENA INTERFACE MATERIAL MODEL (IMM)

The Interface Material Model (IMM) is designed for the purpose of simulating a contact surface between two
adjacent materials, for example, a construction joint or contact between foundation and concrete structure.
This interface model is based on Mohr-Coulomb criterion with tension cut-off [10]. The failure surface for
the interface elements is shown in Figure 4.1a.
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IMPORTANT PARAMETERS IN IMM

The ATENA Interface Material Model (IMM) has two types of parameters. First set of parameters describe
the real physical properties of the interface: tensile strength (f;), cohesion (¢) and coefficient of friction (u).
These properties correspond to real material properties.

The second set of parameters are the stiffness coefficients, which are defined for numerical purposes: normal
and tangential stiffness. Each coefficient has two values, basic (K,, & K;;) that represent stiffness of the
interface in elastic state, and minimal K" & K!"/" that serves for numerical purposes in order to preserve the
positive definiteness of the global system of equations. However, these values cannot be assigned arbitrarily.
There is a certain dependence of these parameters on each other as described in Equation 4.1. Moreover,
according to the guidelines of ATENA manual and as a thumb-rule of computational design, the interface
tensile strength should be kept approximately half of the cohesion, if the interface is expected to fail before
the concrete itself [23] which is generally the case.

The basic stiffness coefficients should have a high value in order to represent well a rigid body and the
minimal stiffness coefficients should be very low in order to represent an open contact. The minimum values
to be maintained for the basic stiffness are of the order K,,;, = E/t, & K;; = G/t, where E and G are

the elastic modulus and shear modulus of the adjacent concrete elements and t is the element mesh size.

2 . .
Hence, a same value of K, = Ky = £ = 30000 Nmm- — 3,105 M/N/m3, is assigned to the normal and
tangential stiffness coefficients. Whereas, the minimal stiffness coefficients are in the order of 0.001 times

the basic stiffness values.
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Figure 4.1: (a) Mohr-Coulomb failure criteria and (b) interface model behavior in ATENA [10]

In ATENA, the evolution law depends on the equivalent nonlinear interface relative displacement

fo_ 2 2
Aug, = Auf+Avf in 2D
Where Auy and Avy are the inelastic components of the relative interface displacement on the decomposition
into elastic and fracturing (nonlinear) part (Equation 4.2).

Au=Aue+Auy

(4.2)
Av=Ave+Avy

The above relation shows the dependency of tensile strength and shear strength on each other. Typical
softening behavior for the interface model (IMM) is shown in Figure 4.1 by dotted lines. When no softening
law is defined, the default behavior of the curves is brittle and is shown in the same Figure 4.1 by solid lines.
In this research, the softening laws are not defined explicitly and hence, the effect of minimal stiffness after
interface failure is insignificant and brittle behavior is expected from the numerical models.
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PREPARATION OF NUMERICAL MODEL

The model used for the verification, is made up of two rectangular concrete elements with same concrete
material properties. The overlay concrete layer is assumed to be cast after the substrate concrete layer starts
hardening. Moreover, the substrate layer has different roughness characteristics corresponding to various
surface preparation techniques which will not be discussed here. However, a clear distinction in the surface
properties is made based on the guidelines of fib Model Code 2010 [16] for smooth, slightly rough and
rough surfaces. A steel plate is designed on top of the overlay concrete layer to ensure uniform distribution
of stresses. Dimensions of the model are shown in the mechanical model in Figure 4.2.

The model is first subjected to a tensile load (Direct Tension Test). In this test, uniformly distributed load
is enforced as prescribed deformation on the top edge of the steel plate. Whereas, the bottom edge of
substrate concrete is completely fixed. In the second case, the model is tested for its shear behavior and is
subjected to a lateral load (Shear Load Test). A point load is enforced as prescribed deformation on top left
corner of the steel plate. Specific characteristics of the numerical model are discussed further.

Steel plate

Concrete block
Interface —

Concrete block

o ES ES ES [ SR N ES ES ES E S
400

Figure 4.2: Schematization of small scale composite concrete model and finite element types used for numerical analysis (all
dimensions are in mm) using ATENA IMM

— The structure is made up of 2D elements in a 2D environment. Thickness of the elements is 300 mm;

— The steel plate is modelled as plane stress elastic isotropic elements with elastic modulus E = 210,000
N/mm? and Poisson’s ratio = 0.3;

— The concrete block elements are modelled as 3D Non Linear Cementitious 2 elements, with exponential
tension stiffening behavior, cube compressive strength of 50 MPa, Poisson'’s ratio = 0.2 and remaining
properties defined as per Eurocode guidelines;

— The interface is modelled as 2D line 4 node interface elements with previously defined stiffness coeffi-
cients and different set of physical properties depending on the roughness class that are defined in the
direct tension test section;

— The mesh is generated using quadrilateral elements with an element size of 10 mm for steel and
concrete elements and mesh refinement of 5 mm is applied at the interface;

— The bottom edge of the substrate concrete layer is restrained in both x- and y-direction.
— Self-weight of the elements is disregarded in this analysis,
— Newton-Raphson solution method is used for the calculation of the numerical results

In the next sections, detailed discussion about the direct tension test (DTT) and shear load test (SLT) is
performed.
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4.2.1. DIRECT TENSION TEST (DTT)

A direct tension test (DTT) explains the behavior of a model when it undergoes tensile stresses. In many
instances, this can be useful to have a complete perspective of what is happening in a structure. Hence,
a DTT is carried out using numerical simulations on the small scale composite concrete model. For the
analysis, half of the geometry is modelled considering symmetry about the vertical axis going through the
mid-plane of the body. This is done to reduce the computational time of the analysis. Mechanical model
for this test is shown in Figure 4.32 and Figure 4.3b shows the numerical model developed for the analysis.
Mesh size used for the analysis is 10 mm for the macro-elements and 5 mm near the interface. A constant
vertical force is applied on top edge of the steel plate in the form of a prescribed deformation (LC-2)" of
magnitude 0.0001 mm in every load step. Reason to choose such small load step size is to avoid convergence
problems and maintain accuracy of results. The bottom-most edge of the concrete specimen is constrained
in the y-direction (LC-1). Whereas, the right edge of the specimen is constrained in x-direction (LC-3) on
account of symmetry, thus, making this model statically determinate.
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Figure 4.3: Mechanical and numerical model developed with ATENA IMM using symmetry
(All dimensions are in mm)

The model is tested with different parametric combinations pertaining to the bond strength of the concrete
layers (interface strength). These cases are listed below.

- Perfect Bond (PB) The two concrete layers are rigidly connected to each other
(By assigning rigid connection type to the interface line element)

- Smooth Interface The interface properties correspond to a smooth substrate surface
(fr =0.5MPa, c=1.0MPa, 1=0.6)

— Slightly Rough Interface The interface properties correspond to a slightly rough substrate surface
(fr=1.0MPa, c=2.0MPa, u=0.9)

- Rough Interface The interface properties correspond to a rough substrate surface
(fi =1.5MPa, c=3.0MPa, j1=1.23)

The values used for the interface parameters correspond with the guidelines proposed in fib Model Code
2010 as described in Table 2.1.

1LC-# denotes the load case number used in the ATENA simulations
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Figure 4.4: Stress - Strain curve for different bond strength models undergoing direct tension test using ATENA IMM

Figure 4.4 shows the response of DTT to the different values of bond strengths. The stress and strain
values correspond to the reaction force and vertical displacement of the model respectively. Reaction at the
top edge of the steel plate is monitored. Whereas, for the vertical displacement a monitoring point is set
at the top right node of the model as shown in Figure 4.3b. The average normal stress developed at the
interface is calculated by dividing the reaction force in each load step by the normal area (perpendicular to
the prescribed displacement, in this case 200 x 300 = 60000 mm?) of the model. Similarly, strain is calculated
by dividing the vertical displacement by the vertical height of the model (in this case 100 mm). Since, the
stress distribution is uniform along the length of the model (Figure 7?), this method of stress and strain
calculation is acceptable.

Crack i, Crack
width [m] 3 width [m]
(a) Smooth interface at peak load (S-1) (b) Slightly rough interface at peak load (SR-I)
0.000E+00]
Crack
width [m]
(c¢) Rough interface at peak load (R-1) (d) Perfectly bonded interface at peak load (PB-I)

Figure 4.5: Crack distribution and normal stress at interface at peak load step using ATENA IMM
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Crack distribution and normal interface stress distribution is shown in Figure 4.57 at their respective peak
load step, for the four models with different bond strengths. An uniform stress distribution is observed at
the interface with maximum stress equal to the tensile strength of the respective roughness cases.

For non-rigid bond cases (smooth, slightly rough and rough interface Figures 4.5a - 4.5¢), cracks cannot be
observed in the adjacent concrete elements. This is because, these elements are in elastic state on account
of a very high tensile strength with respect to the interface strength. The uniform stress distribution at
the interface is shown with pink color with the maximum stress value written in black. These stress values
correspond with the tensile strength assigned to the respective models.

For a rigid bond/perfectly bonded case, the crack width distribution and the normal stress distribution at
the interface level is shown in Figure 4.5d at the peak load step. Interface is very strong in this case, thus
resisting the tensile stresses and eventually resulting in material failure. The crack initiates from the rear end
of the specimen, near the steel plate-concrete interface on account of the model attaining the peak tensile
strength.

Crack Crack
width [m] width [m]
(a) Smooth interface after peak load (S-I1) (b) Slightly rough interface after peak load (SR-II)

Crack Crack
width [m] width [m]
(c) Rough interface after peak load (R-II) (d) Perfectly bonded interface after peak load (PB-II)

Figure 4.6: Crack distribution and normal stress at interface after peak load step using ATENA IMM

With further increment of load, stresses at interface drop to zero for non-rigid bond cases as can be seen
in Figures 4.6a - 4.6b. For smooth and slightly rough interface, normal stress at interface drops to zero
and hence it is not visible in the figure. However, for rough interface, before reaching absolute zero a
stress distribution can be observed at the next load step after attaining peak tensile strength (Figure 4.6¢).
Nevertheless, this value is very small and it is safe to assume that normal stress at the interface drops to
zero once peak tensile strength of the interface is achieved.

For the perfectly bonded model, significant crack distribution and normal stress at the interface can be
clearly observed in Figure 4.6d. This figure shows the stress state at the last load step. Tensile stress at the
interface drops to almost 0.85 MPa as can also be verified from the graph 4.4. Eventually, after the initial
cracks near the edge, tensile stresses near the middle of the specimen increases (right edge of the symmetric
model) thus inducing cracks near the bottom fixed edge of the specimen.

In case of non-rigid bond cases, as the stresses at the interface reach its tensile capacity, the interface breaks.
The stress at the interface becomes zero once it has failed and the top concrete layer lifts up, thus breaking

2 yellow arrows in figures denote location of the interface
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any contact with the bottom layer. Since, any special softening law was not defined in the models (Figure
4.1), the stress value simply dropped to zero with a brittle failure response.

In case of perfectly bonded concrete layers, a linear behavior is observed (Figure 4.4) in the initial stage of
the analysis until the model reaches its peak tensile strength. As the curve reaches its peak at the tensile
strength of the material, an exponential tension softening post peak response of the specimen is obtained
as expected from the analytical models. Since, in this case, on account of a very strong interface concrete
material failure occurs, the post-peak response follows the standard exponential softening law defined in
ATENA for the 3D Non Linear cementitious element type. Thus, the input parameters assigned to the
model are verified by the results obtained from the direct tension test.
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4.2.2. SHEAR LoAD TEST (SLT)

Shear capacity along the interface is a very important characteristic of a composite concrete specimen. This
adhesive bond strength along the interface, is a result of interaction between various parameters involved
at the interface like cohesion and friction as discussed earlier in the different design codes. To understand
the co-relation between various parameters with the help of FEM analysis, a shear load test is simulated
on a numerical model. This section mainly focuses on the basic principles involved in the modelling of a
small scale concrete bond model using ATENA and the verification of results obtained from this numerical
analysis.

Here, the same composite concrete model, as the one used in the DTT, is subjected to a shear load test
(loading parallel to the interface) (SLT). The boundary conditions assigned are identical to the previous test.
A lateral load is applied to the top left corner of the steel plate in the form of prescribed deformation and
of magnitude 0.003 mm in incremental load steps. Moreover, the top edge of the steel plate is kept fixed
in order to avoid any numerical irregularities with the model. A perfect bond is assumed between the steel
plate and concrete. Whereas, bond between top and bottom concrete layers is varied as rigid (perfect bond)
and non-rigid (weaker bond with different roughness parametric combinations) depending on the model to
be verified. Unlike in the DTT, a full length model is simulated in the shear load test (SLT), since the model
is not symmetric because of the designated boundary conditions. Mechanical set-up for the shear load test
is shown in Figure 4.7.

u

[ —
Steel plate 30
Concrete block 50
Interface lay
Concrete block 50
o L L L L L <L L <L 4L L

400

Figure 4.7: Mechanical model for shear load test
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Figure 4.8: Numerical model for shear load test

The mesh size used in the numerical model shown in Figure 4.8 is 10 mm with a finer mesh (5 mm) at the
interface. Steel-concrete and concrete-concrete interfaces are denoted with red and yellow lines respectively.
The material properties and element types used for the concrete elements and the steel plate are identical
as discussed in the direct tension test (DTT).

The parameters directly influencing the surface roughness (in ATENA IMM), as discussed in the beginning
of section 4.2, are tensile strength, cohesion and coefficient of friction. In the next few sections, verification
of cohesion (along-with tensile strength) and friction parameters is performed by adopting the same surface
classification as in the DTT (smooth, slightly rough and rough).
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VERIFICATION OF PARAMETERS

COHESION (¢) AND TENSILE STRENGTH (f7)

In order to verify the cohesion and tensile strength parameters in the ATENA interface material model, several
simulations are run by changing values for these two parameters. Each set of values represent different surface
class and is classified as smooth, slightly rough and rough interface, similar to the case of DTT. These values
are assigned according to the Model Code 2010 guidelines and are also shown in Table 4.1. Additionally,
bond between the two concrete layers is classified as rigid (perfect bond) and non-rigid (smooth, slightly
rough and rough interface characteristics).

Firstly, non-rigid bond properties are assigned to the bond between two concrete layers and later, a rigid bond
case is tested. In the next few chapters these same values will be used to validate the experimental results
obtained by other researchers pertaining to interface failure in composite concrete structures. Response of
the small scale bond model to a shear load test, using the ATENA IMM is shown in Figures 4.9d - 4.9c.

Table 4.1: Input parameters in numerical model for different roughness properties

Smooth | Slightly Rough Rough Perfect

Parameters Symbol | Units | Interface Interface Interface Bond
Fig. 4.92a Fig. 4.9b Fig. 4.9c | Fig. 4.9d
Material properties
Cube compressive strength fe [MPa] 50 50 50 50
Interface parameters
Tensile strength fr [MPa] 0.50 1.00 1.50 -
Cohesion c [MPa] 1.00 2.00 3.00 -
Coefficient of friction 1] [-] 0.60 0.90 1.30 -
o
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(b) Slightly rough interface (SR-1) (Displacement multiplier - 1000)

Figure 4.9: Crack distribution and interface shear stress for a shear load test using different interface properties with ATENA
IMM
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B

Crack width [m]

(c) Rough interface (R-I) (Displacement multiplier - 1000)

Crack width
[m]

(d) Perfectly bonded concrete layers (PB-1) (Displacement multiplier - 10)

Figure 4.9: Crack distribution and interface shear stress for a shear load test using different interface properties with ATENA
IMM

Figure 4.9 shows crack width distribution in the composite concrete model in four different bond cases ([a]
Perfect bond, [b] smooth interface, [c] slightly rough interface and [d] rough interface) along-with interface
shear stress distribution in the non-rigid cases. The figures show a deformed shape of the respective models
at peak load step. The displacement multiplier, chosen to showcase the deformed model results, is 1000 for
non-rigid bond models and 10 for perfectly bonded model. This gives a more distinct outlook on the results.
Shear stress distribution at the interface is displayed at peak load. In case of perfect bond, the interface
is very strong. Hence, cracking in the model is not influenced by interface failure but rather by a material
(structural) failure, which occurs as the concrete element reaches its maximum tensile strength. Cracks
can be observed in the model starting from the point of application of load to the bottom fixed support
in a diagonal cracking pattern. This crack pattern resembles the strut-tie model explained by the theory
of plasticity. Whereas, in case of non-rigid bonds, since the interface is weaker in shear than the adjacent
concrete elements, a slip occurs immediately after the peak load at the interface is attained. Response of the
model at the immediate next load step after the peak load is shown in Figure 4.10. The interface shear stress
drops to a very low value (can be approximated to be zero for calculation purpose) with stress concentration
at the interface near the left edge of the composite concrete model.

Furthermore, in the non-rigid bond cases, minor cracks can be observed near the bottom fixed support at
the left edge (especially in case of slightly rough and rough interfaces). These cracks develop on account of
high tensile stresses, induced by the moment (caused by the point load), near the fixed support.
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Figure 4.10: Crack distribution and interface shear stress for a shear load test using different interface properties
(Next load step after peak load)

The shear stress drops drastically once the interface reaches its shear capacity in the non-rigid bond models.
Due to this brittle behavior the interface breaks and the top concrete layer slides in the direction of application
of load. The post peak behavior of the models can be explained by the constitutive relation of the softening
law assigned to the models. Since, no external compression is applied, the residual dry friction ('—po’ in
Figure4.1) is equal to zero. Responses shown in Figure 4.11 justify this behavior. Moreover, the graph
presents a direct comparison between shear stress - strain relations in different models, with rigid and non-
rigid bond strengths.
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Figure 4.11: Shear stress - strain curve with different bond strength between the concrete layers

From the graph in Figure 4.11, it is observed that shear capacity of a perfectly bonded composite model is
much higher than the non-rigid bond cases. The main reason for this is that, instead of interface failure,
like in the non-rigid bond cases, the perfectly bonded model undergoes a material (structural) failure. This
shows that if the bond between the two concrete layers is strong enough to replicate a perfect bond, then
the highest shear capacity for the composite model can be achieved.

COEFFICIENT OF FRICTION (,u)

Verification of friction parameter is performed on different roughness classes by comparing the results obtained
in this section to the Mohr-Coulomb failure criterion with tension cut-off. An external compressive stress
is applied on the top edge of the steel plate using the same numerical model, before applying the lateral
loading. In the absence of an external compression, friction parameter is not activated, which is also evident
from the formulae proposed by different design codes. With the external compression applied perpendicular
to the interface, an increase in the shear capacity is anticipated. A uniformly distributed line load on top edge
of the steel plate (magnitudes of 0.0367 MPa and 3.67 MPa) is applied as the necessary pre-compression.
The reason of choosing these specific magnitudes is because of an experimental test setup, which will be
introduced in the next chapter. The parameters assigned for this verification are provided in Table 4.1. All
the boundary conditions are exactly same as in the previous section.

As the external pressure increases, frictional resistance along the interface also increases, according to the
formula 2.20. This gives rise to an increased shear strength of the specimen as explained in the Model Code
2010 [9]. Thus, a higher shear stress can be attained at the interface, as seen from the values in Table 4.2.

Table 4.2: Maximum normal and shear stress values at the interface for different load and roughness combinations
(verification of Mohr-Coulomb failure criterion )

Interface | Friction | Precompression | o (x) | 7 (y) | tan 6°
property | coefficient [MPa] [MPa] | [MPa] | |-mg|
swaon | oo |00 05 | o
S| o0 |00t 2t g
o | o |00 AL |
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A graphical representation is presented to ex-
plain the results. The maximum normal and — — — Mohr-Coulomb failure criteria (MCFC, ;:=0.6)(smooth)
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The dotted lines in Figure 4.12, represent the
Mohr-Coulomb failure criteria (MCFC) for three
pre-defined non-rigid bond models (smooth, I
slightly rough and rough interface) in com- Smooth
pression zone. This is also explained in the de- | | | |
scription of the interface material model (Fig- 5 4 3 2 1 0
ure 4.1a) in the beginning of the section. The Normal stress o [MPa]

blue, red and black line graphs represent the
smooth, slightly rough and rough interface cases.
With the prescribed boundary conditions and
pre-compressive loads, an interface failure is achieved for smooth and slightly rough interface conditions.
Slope of the lines obtained after plotting the line graphs (bold lines) and that of the failure surface defined
by the MCFC (dotted lines) are nearly equal to the friction coefficient of the respective roughness classes.
Hence, it is possible to verify the friction coefficient parameter in these conditions.

Figure 4.12: Verification of friction coefficient in accordance with the
Mohr-Coulomb failure criteria (MCFC) for different roughness classes

However, in case of rough interface, in the presence of an external pre-compression the interface strength
increases significantly. Due to a very strong interface, the model no longer demonstrates interface failure,
but rather a concrete material failure is observed. This is also evident from the significant difference in slope
of line obtained from the line graph and the coefficient of friction assigned to the ATENA IMM. Hence,
friction coefficient couldn’t be verified in case of rough interface condition.

4.2.3. RELIABILITY OF BOND TESTS (DTT AND SLT)

There are different types of tests available to estimate the bond strength in tension and shear, for example,
pull-off test, wedge splitting test, push-out test, slant shear test etc. Drawing comparisons between tensile
and shear bond strength is difficult, as not only are these significantly affected by differences of test setups
in tension and shear, but also shear and tensile bond are differently correlated to interfacial factors (e.g.
roughness/texture). Nevertheless, for each test set-up and semi-empirical shear approach, Randl| and Zanotti
in their research [4] obtained a nearly constant cohesion-tensile bond ratio for different concretes with different
strengths (normal strength and high strength). Minimum ratio of 0.6 was obtained with push-out test to a
maximum of 2.8 with slant shear test. Other researchers work also agreed to this observation, by acquiring
this ratio approximately equal to 2.5 like in the case of Peyerl and Steiner [5].

The models designed for direct tension test and shear load test in this report do not exactly correspond to
any of the previously mentioned bond tests. However, ratio of bond strength in shear and tension can be
calculated using the results obtained from the numerical analysis of DTT and SLT adopted in this research
work. Considering the tensile strength and shear strength achieved from the non-rigid bond case models,
ratio of shear is to tensile strength is calculated by two methods. First method uses stress values from the
stress - strain curves plotted for DTT and SLT. Second method uses the peak stress values at the interface
from the crack distribution figures of the respective DTT and SLT results.

30 is the angle of Mohr-Coulomb failure criteria curve with the horizontal (i.e, the coefficient of friction); 'my’ is denoting the
slope and not unit of length
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Figure 4.13: Ration between shear strength and tensile strength obtained from two approaches for different interface
roughness characteristics

A direct comparison of shear strength to tensile strength ratio across different roughness classes is obtained
from the two previously described approaches as shown in Figure 4.13. Blue bar ('Values from stress -
strain curve’) is the ratio obtained by dividing the shear stress values from the stress - strain curves by the
tensile strength obtained in DTT. Whereas, the orange bar (' Peak stress values at interface’) is obtained by
dividing the maximum interface shear stress values (Figures 4.9) by the same tensile strength from the DTT.
A similar ratio (1.5 - 2.6) is obtained from the comparison thus, complying with the work of other researchers.
Therefore, the direct tension and shear load tests adopted for the verification of interface models, are reliable
enough to proceed with the finite element analyses.

However, for a same roughness class, difference is observed in the ratio obtained by the two techniques.
Ratio calculated using the peak stress values from the interface are obviously higher because, as the name
suggests, these are the maximum shear stress values at the interface. Since, shear stress distribution is
not uniform along the interface, peak values are used for the comparison. Moreover, in case of perfectly
bonded model, the ratio between the shear strength and tensile strength is much higher (= 4). Since, in this
case bond between the two concrete elements is very strong this leads to a material failure of the adjacent
elements. Failure at the interface cannot be achieved in the perfectly bonded model.

After using the 2D line 4-noded interface elements to model an interface, another alternative approach is
proposed using the standard material elements in ATENA. For this, 4-noded quadrilateral elements are used
to design an artificial interface layer. This interface layer has a certain thickness and physical properties
corresponding to a concrete material. An attempt is made to model the interface using artificial interface
layer by providing explicit roughness and to check reliability of this model. Hence, in the next section, an

artificially created interface element model (ArtIM) is studied with similar tests as performed for the ATENA
IMM.
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4.3. ARTIFICIAL INTERFACE MODEL (ARTIM)

The ATENA interface material model has a dependency on many factors pertaining to roughness of the
concrete surface. It is not always simple and straightforward to accurately measure these parametric values
from experiments. To address this limitation an artificial interface model (ArtIM) is proposed which uses
standard material elements available in ATENA. An attempt is made to design this model such that, an
artificial interface is created to simulate an actual interface between two concrete elements. To incorporate
the effect of different roughness classes, an explicit roughness is provided to the artificial interface layer which
uses quadrilateral finite elements shaped in the form of a wave pattern. Similar to the case of ATENA IMM,
DTT and SLT are performed using the artificial interface model (ArtIM) to study the interface behavior.

IMPORTANT PARAMETERS IN ARTIM

The artificial interface model (ArtIM) uses material elements instead of interface elements to simulate an
interface between two adjacent concrete elements. Parameters to be defined for the material element, include
the physical properties of a concrete element: elastic modulus (E), Poissons’s ratio (v), tensile strength ( f;)
and compressive strength (f;). In order to ensure localisation of cracks in the interface layer, tensile strength
of the artificial interface should be less than that of the adjacent concrete elements.

The nonlinear behavior of concrete in the biaxial stress state is described by means of the effective stress Uif
and the uniaxial strain €°7. The effective stress is nothing but a principal stress in most cases. The complete
equivalent uniaxial stress-strain diagram for concrete is shown in Figure 4.14a. Whereas, in the compression
stress state the failure function according to Kupfer [24] is used in ATENA. This failure function is shown in
Figure 4.14b.
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Figure 4.14: Stress - strain relationships for concrete material in ATENA

With the use of the above mentioned parameters, an artificial interface layer is created. Unlike in the
ATENA IMM, a constant thickness is provided to the interface layer throughout the length of the specimen.
Thickness of this layer is chosen to be between 5 — 10 mm (for example, thickness of mortar layer in masonry
structures). Specifications of the numerical model are described further.

PREPARATION OF NUMERICAL MODEL

Similar to the ATENA IMM, geometry of the concrete elements and steel plate used in this model are
identical. Main difference is in the interface layer. Previously interface elements were used to model the
interface, whereas, in this model, material elements are used to create an artificial interface layer. For this,
a third element is introduced between the two adjacent concrete elements. This third layer represents the
artificial interface layer. A constant thickness of 5 mm is maintained throughout the length of the model. To
incorporate the effect of different roughness classes, an explicit roughness is provided to the artificial layer.
This is done by modelling the layer in a wave pattern with certain wavelength and amplitude depending on
the roughness classification provided in fib Model Code 2010 [16]. Detailed discussion on this is presented
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in the direct tension test section. Figure 4.15 shows the mechanical model used to analyze the Artificial
Interface Model (ArtIM) with details about the finite elements used for the analysis. The detailing of the
artificial interface created (straight pattern) is shown in Figure 4.16. The black region represents the interface

layer

whereas, the gray regions are a part of the adjacent concrete elements. Specific characteristics of the

numerical model are discussed further.
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Figure 4.15: Schematization of small scale composite concrete model and finite element types used for numerical analysis (all

dimensions are in mm) using ArtIM
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Figure 4.16: Interface detailing (straight element)

The structure is made up of 2D elements in a 2D environment. Thickness of the elements is 300 mm;

The steel plate is modelled as plane stress elastic isotropic elements with elastic modulus E = 210,000
N/mm2 and Poisson’s ratio = 0.3;

The concrete block elements are modelled as 3D Non Linear Cementitious 2 elements, with exponential
tension stiffening behavior, cube compressive strength of 50 MPa, Poisson’s ratio = 0.2 and remaining
properties defined as per Eurocode guidelines;

The interface is modelled as 3D Non Linear Cementitious 2 elements, with exponential tension stiffening
behavior, cube compressive strength of 12.5 MPa, Poisson's ratio = 0.2 and remaining properties
defined as per Eurocode guidelines. To ensure localization of cracks in the interface layer, a weak
material strength is chosen with a tensile strength of 0.5 MPa. Constant thickness of 5 mm is
maintained throughout the length of the model;

The mesh is generated using quadrilateral elements with an element size of 10 mm for steel and
concrete elements and 5 mm for the artificial interface layer;

The bottom edge of the substrate concrete layer is restrained in both x- and y-direction.
Self-weight of the elements is disregarded in this analysis,

Newton-Raphson solution method is used for the calculation of the numerical results

In the next sections, detailed discussion about the direct tension test (DTT) and shear load test (SLT) is
performed by incorporating an explicit roughness to the model.
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4.3.1. DIRECT TENSION TEST (DTT)

In this section, similar to the case with ATENA interface material model (IMM), a direct tension test is
performed using the artificial interface layer (Figure 4.16). To ensure localization of cracks at the interface,
lower strength concrete material properties are assigned to the interface element and are as shown in Figure
4.17. The tensile strength of the interface concrete layer corresponds to the weakest interface characteristics
from the ATENA interface material, i.e, the smooth interface (section 4.2.1)*. Boundary conditions applied
are similar to the ATENA IMM case. Figure 4.18 shows the mechanical and numerical models respectively,
designed for the direct tension test (DTT).

Edit material #2:30 MNon Linear Cementitious 2

Name: |Concrete ArtIM 0.5MPal

Basic IIensiIe ] gompressi\'e} Shear] Misce\laneous]

Efastic modulus E : ’m [MPa]
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Tensile strength f, ’m [MPa]
Compressive strength f; : ’m [MPa]
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Figure 4.17: Interface element material properties
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Figure 4.18: Mechanical and numerical model developed with ArtIM using symmetry
(All dimensions are in mm)

Figure 4.18b shows the numerical model used for the finite element analysis. The wide yellow section
indicated in the figure is the artificial interface layer with a thickness of 5 mm. From the previous interface
model it is evident that the two main parameters governing the shear strength of an interface, are cohesion
and coefficient of friction. However, these parameters cannot be specifically defined for the artificial interface
layer in this model. To ensure surface roughness, a modification of the interface layer is necessary in order to
associate the effect of the roughness parameters. Therefore, an "explicit roughness" is incorporated instead

4 Apart from the concrete strength class chosen for the analysis, an additional study is also performed with stronger material
characteristics for the interface element attributing to the use of adhesive materials, for example, bonding agents. Results of
this analysis are discussed in appendix A
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of a straight interface element. This means that the interface layer is designed in a wave pattern such
that a necessary roughness (wave amplitude) is purposely provided using the quadrilateral finite elements
at the interface. This modification is made, keeping in mind the guidelines from Model code 2010 which
distinguishes the roughness classes depending on the average roughness of the substrate concrete layer.
Figure 4.19 shows the interface detailing incorporated for the slightly rough and rough substrate surface
classes respectively. The explicit interface profile is distinguished as slightly rough and rough strictly based
on the average roughness value along the interface mean line and not the physical property assigned to the
interface layer. The use of symmetry is made to minimize the computation time as done in case of straight
interface layer for a direct tension test. The numerical models designed for slightly rough and rough interface
conditions are shown in Figure 4.20. However, for smooth interface a straight interface layer as shown in
Figure 4.16 is used. Effect of explicit roughness depicting a smooth surface is investigated later into the
chapter.

Peak height (p) : 2.5 mm
Valley height (v) : 2.5 mm
Total roughness (p+v)/2 : 2.5 mm

- >

— 400 mm
30 mm |20 mm

(a) Slightly rough interface

peak height (p) : 5.0mm
Valley height (v) : 5.0 mm
Total roughness (p+v)/2 : 5.0 mm

20 mm 400 mm

(b) Rough interface

Figure 4.19: Interface detailing for explicit roughness
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Figure 4.20: Numerical models designed for slightly rough and rough interface conditions

The response of the composite model, to a direct tension test is discussed further. Crack distribution and
normal stress (0,,) results are shown in figures below.
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Figure 4.21: Normal stress - strain for different interface properties using ArtIM with explicit roughness

Figure 4.21, shows a comparison between the DTT responses, when explicit roughness is introduced for the
interface elements. The model behaves linearly in the first phase of the analysis until the cracks appear at
the interface elements. Once maximum tensile strength of the interface is attained, the curve changes path
and goes in to the softening branch. However, in the case of rough interface (top-most curve in the Figure
4.21), concrete at the interface undergoes strain hardening until it attains peak strength and with further
load increments shows softening behavior. This will be discussed in detail with a pictorial representation of
the respective interface characteristics.

Crack width [m]

Sigma yy [MPa]
Interface Interface
(a) Crack width at peak load (S-1) (b) Normal stress distribution at peak load (S-1)

’ Sigma yy [MPa]
Crack width [m]

Interface

Interface

(c) Crack width at final load step (S-II) (d) Normal stress distribution at final load step (S-I1)

Figure 4.22: Crack and normal stress distribution at smooth interface (Displacement Multiplier = 1000)
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In Figure 4.22°, the crack distribution and normal stress distribution in the composite model with smooth
interface characteristics (straight interface element) is shown. Figures 4.22a - 4.22b, are the responses at
the peak load step. The model (interface), attains maximum tensile strength at this point. The cracks are
evenly distributed starting from the mid-plane axis of symmetry. As the tensile stress increases further, the
cracks spread through the full length of the interface (Figures 4.22d - 4.22). Due to the straight shape of
the interface elements, cracks propagate uniformly in the longitudinal direction of the model.
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Figure 4.23: Crack and normal stress distribution at slightly rough interface (Displacement Multiplier = 1000)

In case of a slightly rough interface class (Figure 4.23), the behavior of the composite model is more or less
similar to the previous case, despite of the explicit roughening of the interface elements. The consecutive
peaks and valleys introduced in the interface layer, do not have sufficient heights to significantly affect the
interface strength. Moreover, cracks propagate along the mean line of the interface elements (through the
horizontal mid-plane between the peaks and valleys of explicitly rough interface element). Figures 4.23a
- 4.23b show the crack and normal stress distribution at the peak load step. Whereas, at the end of the
analysis, a minor concentration of tensile stresses can be observed near the respective peaks and valleys of
the interface element. This indicates the influence of explicit roughness (peak and valleys) on the stress
distribution in the model and that this can be controlled with appropriate regulation of the amplitude of the
interface element.

5% in the figures denote the location of the interface
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Figure 4.24: Crack and normal stress distribution at rough interface (Displacement Multiplier = 1000)

Finally, Figure 4.24, shows crack and normal stress distribution when rough interface properties are assigned
to the explicitly defined interface elements. Once the tensile strength of the interface elements is attained
(Figures 4.24a - 4.24b), concrete in this layer undergoes strain hardening until peak strength of the material is
achieved. The strain hardening mainly takes place due to concentration of tensile stresses near the peaks and
valleys of the interface layer (Figure 4.24d). Since, it is considered to be a rough interface, the amplitude
(height of the peaks and valleys measured from the mean line of interface) of the interface layer is high
enough to cause this stress concentration. Moreover, the crack distribution in the interface layer is not
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completely a straight line. It varies with the curvature of the interface, especially at the peak load (Figures
4.24c).
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Figure 4.25: Comparison of DTT results between ATENA IMM and ArtIM

Figure 4.25, shows a direct comparison of results obtained from direct tension tests, using ATENA IMM
and ArtIM. The ArtIM gives the model more ductility than in case of ATENA IMM, because softening law
is not defined for the ATENA IMM. Since the artificial interface element has a very low tensile strength
0.5 MPa (corresponding to the smooth surface class properties defined in ATENA IMM), the peak strength
achieved by using ArtIM, is equal to the tensile strength of the smooth interface with ATENA IMM. The
strain corresponding to the respective yield stress values is same for both interface models (= 1.6 x 107°). In
the next section response of the ArtIM is studied when shear loading is applied to the model.
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4.3.2. SHEAR LoAD TEsST (SLT)

In this section, response of the artificial interface model is studied when the composite concrete model is
subjected to lateral/shear loading. The boundary conditions enforced in the numerical model are identical to
the case of ATENA IMM as discussed in section 4.2.2. The main difference in this case, is with the interface
element used, and it has mesh size of 5 mm along-with the lines connecting the interface element to the
adjacent concrete macro-elements. Furthermore, effects of various parameters pertaining to the strength of
the interface element are studied in detail.
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Figure 4.26: Mechanical model for shear load test using ArtIM
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Figure 4.27: Numerical model for shear load test using ArtIM

INFLUENCE OF EXPLICIT ROUGHNESS AT THE INTERFACE ELEMENT (\\'l'l‘ll()l"l‘ EX-

TERNAL COMPRESSION)

As studied in section 4.2.2, like the influence of cohesion on the shear capacity, a similar parameter should be
chosen, which will affect the shear capacity of the composite model when ArtIM is used. Moreover, a relation
between the tensile and shear strength was also established earlier. For this purpose, the concrete class having
the weakest tensile strength is chosen for the interface elements. This will also ensure localization of cracks
at the interface. However, an additional study is also performed to check the behavior of the model, when
relatively stronger concrete is used for the interface (pertaining to different kinds of bonding agents that can
be applied as discussed in DTT) and the results are discussed in appendix A.

Unlike in the case of ATENA IMM, cohesion and friction coefficient parameters cannot be assigned for the
artificial interface while using an ArtIM. Nevertheless, a distinction can be made by modifying the straight
interface and introducing an explicit roughness, similar to the models undergoing direct tension in previous
section. Interface detailing is same as designed for a DTT (4.19), but instead of a symmetric model (BCs
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make the model asymmetric), full length specimen is tested in case of shear load test. Numerical models
designed for the slightly rough and rough interface characteristics are shown in Figure 4.28°. Mesh size used
for the analysis is same as used in DTT (10 mm for concrete and steel elements and 5 mm for interface

elements).
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A shear load is applied to the model in the same way like in the DTT. External pre-compression is not present
in this test. Response to the lateral loading for the respective interface cases are presented in Figure 4.29.

The graph (Figure 4.29), shows shear stress response of the composite model when the interface is modified
by providing explicit roughness. The response of the models corresponds to brittle behavior (of the interface
elements). There is a slight increase in the shear capacity with increase in the explicit roughness provided at
the interface. Detailed discussion on the interface response is done further by comparing crack distribution

at the interface.
-Crack width [m]

) Crack distribution at peak load step for smooth interface (S-1)

-Cfick width [m]

(b) Crack distribution at second peak load step for smooth interface (S-II)

-“‘Ck width [m]

) Crack distribution at final load step for smooth interface (S-111)

Figure 4.30: Crack distribution when smoother interface (straight element) is modelled without external compression
(Displacement Multiplier = 50)

The curve for smooth interface, drops after reaching the first peak strength value and on further load
increment a small increase in the shear stress is observed leading to a subsequent reduction in strength. This
can be explained with Figure 4.30a. In this figure it can be observed that, at the first peak shear stress,
localization of cracks in the interface occurs. Once, the interface reaches its fully developed crack phase,
with subsequent increase in the crack width, a diagonal major crack starts propagating towards the point
of application of load and a dip in the shear stress is observed. Furthermore, as the diagonal crack width
increases a second diagonal crack develops near the opposite edge of the model, again propagating from
the interface towards the bottom fixed support. Figure 4.30b, shows this behavior at the second peak shear
stress of the curve. Eventually, as the two diagonal cracks are fully developed the stress start decreasing
thus showing softening behavior of concrete (Figure 4.30c). The diagonal cracking can be attributed to the
strut-tie model in case of shear loading. As studied previously in ATENA IMM perfectly bonded condition
(Figure 4.9d), when the composite model behaves as one homogeneous material, a major diagonal crack can
be observed by connecting the weaker sections of the material, thus representing a strut-tie model. However,
in this case, since the interface material cracks first, the diagonal cracks initiate from the interface level to
the respective ends (point of application of load and bottom support).
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Crack width [m]

(a) Crack distribution at peak load step for slightly rough interface (SR-I)

Crack width [m]

(b) Crack distribution at final load step for slightly rough interface (SR-11)

Figure 4.31: Crack distribution when slightly rough interface (sinusoidal pattern) is modelled without external compression
(Displacement Multiplier = 100)

Figure 4.31, shows crack distribution in the composite material model when explicit roughness is incorporated
(roughness corresponding to slightly rough surface characteristics with amplitude 2.5 mm) at the interface.
As expected, cracks propagate predominantly in the interface elements. Due to the minor irregularity of
geometry of the interface elements, the response is more or less similar to the case of smooth (straight)
interface. Furthermore, at peak load step, since the interface is at fully developed crack stage, new cracks
cannot develop at the interface and hence, a diagonal crack starts propagating from the interface to the
point of application of load, similar to the case of smooth interface. However, in this case, cracks develop
until the right-most end of the interface, thus, inducing very small cracks diagonally propagating towards
bottom support. Hence, a second rise in the shear capacity is not observed here.

Crack width [m]

(a) Crack distribution at peak load step for rough interface (R-1)

Crack width [m]

(b) Crack distribution at final load step for rough interface (R-II)

Figure 4.32: Crack distribution when rough interface (sinusoidal pattern) is modelled without external compression
(Displacement Multiplier = 100)

Figure 4.32, shows crack profile in case of rough interface characteristics (amplitude equal to 5 mm) are
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incorporated into the model. The amplitude of the roughness profile is double than in case of slightly rough
interface. The crack propagation happens in the similar manner as in slightly rough interface condition.
However, it is important to point out here that, with increasing amplitude of the roughness profile, cracking
pattern in the interface becomes more prominent and the top concrete layer starts sliding over the substrate
concrete layer. This also leads to a higher crack width of the major diagonal crack. In the next section effect
of external compression is studied with the same set of interface models.

INFLUENCE OF EXPLICIT ROUGHNESS AT THE INTERFACE ELEMENT (\\'1'1‘11 EXTERNAL
COMPRESSION)

With the ATENA interface material model, the verification of friction coefficient was accomplished by com-
paring the slope of the plot (plotted using maximum normal and shear stress values) to the Mohr-Coulomb
failure criteria. In the artificial interface model, since friction coefficient cannot be defined, the interface is
designed in a way to replicate the effect of friction. For this the material properties of the interface layer
are kept constant throughout the comparison. By changing the wavelength and amplitude of the interface
wave pattern different roughness classes are simulated. Different pre-compressive stress levels are applied
on the top edge of the steel plate of the composite model. The maximum pre-compressive stress applied
on the model is of the magnitude 3.67 MPa, as in the case of ATENA IMM. Material properties are kept
the same for this analysis as in case of shear load test. The maximum normal and shear stresses at the
interface, obtained from the analyses are recorded in Table 4.3, for different interface characteristics. tana
in the following table denotes slope of the line plotted using these maximum stress values pertaining to each
roughness class.

Table 4.3: Maximum normal and shear stress values at the interface element for different load and roughness combinations
(using ArtIM)

Interface | Interface layer | Precompression | 0ax (X) | Tmax (y) | tana’
type Geometry [MPa] [MPa] [MPa] | |-mg|
Straight element 0.000 ~2.818 3.291 0.20
3.670 -4.975 3.729
Smooth
0.000 -3.328 3.392
wave pattern 0.56
3.670 -4.908 4.280
lightl . -3.07 .
Slightly wave pattern 0.000 3.076 3.306 0.82
rough 3.670 -3.350 3.531
Rough wave pattern 0-000 -1.334 1.786 1.27
3.670 -3.000 3.902

Table 4.4: Maximum normal and shear stress values at the interface element for different load and roughness combinations
(using ArtIM)

Interface Model Code ATENA IMM ArtiM Interface layer
type (friction coeff.) | (friction coeff.) | (slope of line-curve) Geometry
u tan6 |-myg)| tana |-mgy| (ArtIM)
2 ight el
Smooth 0.60 0.62 0.20 Straight element
0.56 wave pattern
Slightl
1ghtly 0.90 0.89 0.82 wave pattern
rough
Rough 1.30 0.62 1.27 wave pattern

Table 4.4, shows a direct comparison between slopes of the respective failure criteria lines. Second column

7q is the angle of Mohr-Coulomb failure criteria curve with the horizontal (i.e, the coefficient of friction); 'm¢y’ is denoting the

slope and not unit of length
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of the table comprises of the values proposed by the Model Code 2010 (coefficient of friction ). Third and
the forth column show slopes of the curves obtained from the respective interface models, ATENA interface
material model (IMM) and artificial interface model (ArtIM) respectively. Values from the Model Code and
ATENA IMM show an increasing trend in the friction coefficient values with the subsequent increase in the
roughness (i.e., from smooth to rough) except in case of rough interface in ATENA IMM. As explained
earlier, in case of rough interface material failure is observed as opposed to interface failure. However, in
case of artificial interface model (ArtIM), a smooth interface with elements arranged in a straight layer do
not produce a slope close to the friction coefficient value from Model Code or ATENA IMM. To mitigate
this problem and to enhance the value of slope using ArtIM, adjustments to the interface profile are made
by providing a minor explicit roughness of lower amplitude than slightly rough and rough interface. Explicit
roughness used for smooth interface to test the friction effect is shown in Figure 4.33. Furthermore, for
slightly rough and rough interface type condition, the slope of the line obtained using ArtIM complies with
the Model Code values as well as the ATENA IMM friction coefficient values. A similar rising trend is
observed in the slope values with the subsequent increase in roughness.

400 mm
50 mm 60 mm

Figure 4.33: Interface detailing of explicit roughness provided to smooth interface characteristics

This shows that when the interface layer is modified with explicit roughness (interface elements in wave
pattern), a friction effect similar to the ATENA interface material model can be achieved. Furthermore, an
additional study is performed to test the roughness at the interface, by modifying wavelength of the wavy
interface layer. Results of this study are discussed in detail in Appendix A. Important conclusion of this
study is that, with a reduction in the wavelength (pertaining to the wave pattern of the interface layer), the
post peak softening behavior becomes more and more brittle. Difference in the shear capacities for these
respective wavelength models is not significant.

45 T T T T T
ArtIM Smooth 100*BFP
4 R ER SR ArtIM 20mm 100*BFP | -
- ER HA Rough ArtiM 100*BFP
3.5 8
© 3 1
a
=
w 2.5 1
\a R
s R VII
° 2 .
3 L
K o »
B 15 © SRl
1 1
0.5 7
0 1 i i : :
0 0.5 1 1.5 2 2.5 3
Strain [-] «1072

Figure 4.34: Shear stress - strain curve for different roughness conditions in presence of external pre-compressive stresses

Figure 4.34, shows comparison between shear stress vs. strain behavior for different roughness classes
in presence of external pre-compressive stresses. The comparison is performed with same uniform pre-
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compressive stress (3.67 MPa) acting on top edge of the steel plate. The strength achieved in all the
models is comparable to each other. Strength varies by a very small magnitude. Nevertheless, rough
interface produces highest strength among these roughness classes (Strength order: Rough > Slightly rough
> Smooth). However, the post peak behavior varies significantly. Among the two models with explicit
roughness at the interface, slightly rough and rough interfaces show similar material softening in the post-
peak branch. Whereas, in case of smooth (straight) interface, post-peak response shows a certain deviation
in the intermediate load step which will be discussed in detail with the crack distribution response.

Crack width [m]

(a) Crack distribution at peak load step for smooth interface with pre-compression (S-1)

Crack width [m]

(b) Crack distribution at intermediate load step for smooth interface with pre-compression (S-I1)

Figure 4.35: Crack distribution when smoother interface (straight element) is modelled with external compressive stresses
(Displacement Multiplier = 100)

Figure 4.35, shows crack distribution in the model with smooth interface characteristics in presence of
external compressive stresses perpendicular to the interface element. At peak load step (Figure 4.35a),
cracks at the interface are localized similar to the case when no pre-compression is present. Moreover, a
diagonal crack develops near the left edge of the model. On further increment of load, another major crack
starts developing near the right edge of the model. When this crack reaches fully developed stage, the
deviation in the softening branch is observed (S-1l in Figure 4.34). After this load step, a constant softening
of the material occurs until the end of analysis. This pattern is more or less similar to the case without
external pre-compressive stresses.
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Crack width [m]

(a) Crack distribution at peak load step for slightly rough interface with pre-compression (SR-1)
(Displacement Multiplier = 50)

-‘:“‘ck width [m]

) Crack distribution at final load step for slightly rough interface with pre-compression (SR-II)
(Displacement Multiplier = 50)

Figure 4.36: Crack distribution when slightly rough interface (straight element) is modelled with external compressive stresses

Figure 4.36, shows crack distribution when slightly rough interface is used with explicit roughness modification
at the interface. At peak load (Figure 4.36a), crack distribution is similar to the smooth interface with
localization at the interface level and a major diagonal crack propagating towards the point of application
of load. However, at the final load step (Figure 4.36b), it can be observed that the second diagonal crack
localization occurs almost near the right edge of the concrete specimen. This happens because the external
compressive stresses induce crushing of the substrate concrete near the right edge. This effect can be
attributed to an increase in friction between the two concrete layers, if interface is modelled using ATENA
IMM. Moreover, there is no subsequent difference observed in the softening branch of the curve.

Crack width [m]

(a) Crack distribution at peak load step for rough interface with pre-compression (R-I)

(Displacement Multiplier = 500)

Crack width [m]

) Crack distribution at intermediate load step for rough interface with pre-compression (R-11)
(Displacement Multiplier = 50)

Figure 4.37: Crack distribution when rough interface (straight element) is modelled with external compressive stresses

Figure 4.37, shows crack distribution when rough interface characteristics are assigned to the interface layer.
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At peak load step (Figure 4.37a), the interface layer has already cracked and a diagonal major crack localizes
near the left edge of the model. At this stage, the cracks in the interface layer are in fully developed state and
the interface begins to slide in the direction of application of load. Furthermore, with the increment of lateral
loading, due to crushing of concrete near the contact area between the overlay and substrate concrete layers
(specially near the valleys of the roughness profile), minor cracks are developed in the substrate concrete
element (areas marked with yellow circles in Figure 4.37b). Again, this effect is analogous to the friction
acting between the two concrete layers.

Furthermore, an additional study is performed to understand the influence of different boundary conditions
on the small scale bond model. Detailed analysis is presented in Appendix A. Important conclusion of this
additional study is that, with the reduction in lever arm (distance between point of lateral load application
and interface level), initial stiffness of the composite concrete model also reduces. However, the post-peak
response (softening behavior) is similar to the boundary conditions used in this section.

4.4, DISCUSSION

In this chapter, verification of the two interface models was performed. The ATENA interface material model
is able to simulate the direct tension test and shear load test on a small scale bond model. It can be concluded
from the stress strain curves that, the boundary conditions assigned and parametric values provided to the
model, reliably estimate the tensile and shear strength of the composite concrete specimen. The roughness
parameters, such as the tensile strength and cohesion are verified for their respective parametric values for
the different roughness classes defined in the chapter. Coefficient of friction is verified in the presence of
external pre-compressive stress. Interface failure is observed in case of smooth and slightly rough interfaces
and thus, the Mohr-Coulomb failure criteria is satisfied in these cases. Whereas, for a rough interface,
material failure of the composite concrete model is observed since, the external compressive stress induces
higher friction resistance at the interface resulting in a subsequent increase in the shear capacity.

As an alternative to the ATENA interface material model (IMM), an artificial interface model (ArtIM)
is developed in which a third material element is designed between the two adjacent concrete elements
acting as an artificial interface layer. Explicit roughness is incorporated by designing the interface in a wave
pattern with different combinations of wavelengths and amplitudes. The different configurations chosen for
this purpose are verified by the roughness criteria defined in Model Code 2010. This artificial interface is
assigned lower strength concrete material properties in order to ensure localisation of cracks at the interface.
The tensile strength obtained from the direct tension test is the same as in the case of ATENA IMM, since
the material properties assigned to the interface element are in accordance with the parametric value range
chosen for the ATENA IMM. As the amplitude of the wavy artificial interface increases, stress concentration
at the peaks and valleys also increases. This results in strain hardening of the concrete near these higher
amplitude regions. Thus, a more ductile behavior is exhibited by the model undergoing direct tension test.

Material properties are kept constant for the artificial interface layer in the shear load test. By using the
artificial interface model (ArtIM), shear capacity obtained for the composite concrete specimen is significantly
higher than in case of ATENA IMM. This is valid, if tensile strength of the interface is kept constant for
both the interface modelling techniques. This increase in shear capacity can be attributed to the thickness
and compressive strength of the interface elements in ArtIM.

Verification of the friction parameter is carried out using the ArtIM. For this, an external pre-compressive
stress is applied before loading the model laterally. The external stress, increases the friction resistance,
ultimately increasing the shear capacity. Since, a distinct friction coefficient parameter cannot be assigned
to the artificial model, this effect is generated by incorporating an explicit roughness to the interface. An
artificial interface element (shape similar to saw-tooth model) is tested for the effect of friction in this
model. Using the guidelines of Model Code 2010 and roughness parameter 'R’ the respective wavelengths
and amplitudes are chosen for the given classification of surface roughness (i.e., smooth, slightly rough and
rough interface). At first a straight line model, depicting a smooth interface, is loaded with pre-compression
and lateral loading. Due to the absence of explicit roughness effect of friction is not observed which is
evident from the value of slope obtained for smooth surface in case of straight element geometry. However,
as a modification, an explicit roughness with a certain wavelength and lower amplitude is incorporated in
place of the straight interface element. This interface profile provides satisfactory slope of the curve (curve
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is plotted using the maximum normal and shear stress values at the interface elements) that corresponds to
the ATENA IMM and Model Code friction coefficient values. Moreover, slope obtained using the slightly
rough and rough interface profiles agrees with the ATENA IMM and Model Code guidelines for respective
roughness classes. An increasing trend is observed in all the friction coefficient values obtained by ATENA
IMM and ArtIM similar to the Model Code guidelines, with increasing roughness.

Two additional studies are performed in this chapter. First study focuses on the influence of different boundary
conditions on the small scale bond model by using the artificial interface model. Lateral loading is applied
at the middle of the top concrete layer by simultaneously providing a lateral support to the bottom concrete
on the opposite edge. With a reduced lever arm between the point of application of load and the interface
level, decrease in the initial stiffness is observed followed by a similar post peak softening behavior like with
the use of previously mentioned boundary conditions. Second study focuses on the influence of different
values of wavelength of the artificial interface element. Interface block-elements with different lengths are
used to achieve the variation in wavelength. From this test, it can be concluded that, as the wavelength of
the artificial interface reduces, a more brittle behavior is expected from the composite model. Nevertheless,
difference in the shear strength is not very significant.

In this chapter, even though the two interface models are verified successfully, it is necessary to validate
these numerical models. This validation will be performed in the next two chapters using two different
experimental test setups. First validation is performed by using the experimental findings obtained by T.
Paulay, R. Park and M. H. Phillips [1]. This involves numerical modelling on a bond model with slightly
larger dimensions than the small scale model used for the verification. A numerical analysis using both the
aforementioned interface models is performed on this composite concrete specimen. Second validation is
performed on a structural level. A case study regarding the Eindhoven car park garage failure is studied by
simulating tests related to this research with the help of reports provided by TNO [2] and Adviesbureau ir.
J. G. Hageman B.V [3]. An attempt is made to produce a numerical model depicting the same interface
failure using both the interface models.
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Validation of numerical models

Two interface models, ATENA interface material model (IMM) and artificial interface model (ArtIM), are
verified in the previous chapter using numerical analysis. However, the correctness of these numerical models
can only be justified, if the results obtained are in accordance with experimental results. To achieve this
validation, experimental results obtained from the work carried out by T. Paulay, R. Park and M. H. Phillips is
used. These researchers performed experiments on a similar kind of bond model by varying interface properties
between two concrete layers. However, the substrate and overlay concrete blocks in their experiments have
slightly higher dimensions than those considered in the previous chapter. They also used reinforcement
crossing the interface to study the influence of shear connectors at the interface and their effect on shear
capacity. To study the interface parameters in detail, first a basic validation of the numerical results obtained
in Chapter 4 is performed.

5.1. NUMERICAL MODEL DETAILING AND EXPERIMENTAL SET-UP

The geometry of the model and reinforcement detailing used in the experiments are shown in Figure 5.1.
Interface is denoted by dotted lines.
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Figure 5.1: Mechanical model used for the experiment [1]
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Figure 5.2: Test setup

Figure 5.2, shows the test setup used to perform the experiments. The specimen is placed upside down
such that, the wider section is free to move in the horizontal direction whereas, the narrower section is fixed
between the two movable stubs placed on 2 steel C-sections.

Concrete block

Reinforcement bars
crossing interface

u = 0.003 mm Interface layer

(IR

I- Concrete block -I

i I I

Figure 5.3: Mechanical model used for simulation and numerical analysis

Figure 5.3 shows the mechanical model of the test setup created for the analysis. To replicate the constraints
from the experimental setup into the numerical model, the narrower section of the specimen is supported
from all three sides such that the wider/top section (Figure 5.3) is free to move in the horizontal /x-direction.

To simulate this model using ATENA, a numerical model as shown in Figure 5.4 is proposed. The reinforce-
ment detailing in the numerical model is kept as accurate as possible. However, main attention is given to
the reinforcement bars crossing the interface. A small test is simulated to decide the length of reinforcement
bars crossing the interface. Detailed analysis of this test is presented in appendix B. The analysis of this test
concludes, that with an anchorage length of 100 mm (= 5¢), results obtained are similar to those with full
length (equal to height of experimental model) of the RF bars. Main reason for this is the bond between
the steel and concrete. Since, perfect bond is assumed in this validation there is no difference in the results
obtained. Hence, in the numerical model, the RF bars crossing the interface have a total length equal to
200 mm (100 mm on both sides of the interface). The yellow line in the numerical model is the interface
in consideration.
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Figure 5.4: Numerical model used for analysis showing mesh refinement

The aim of this validation study is to check the accuracy of interface material model (IMM) and artificial
interface model (ArtIM) by comparing the results with an experimental study. Hence, the tests simulated
hereafter, correspond to the tests performed by T. Paulay, R. Park and M. H. Phillips [1]. Similar to the
verification, validation of the model is also performed by using the previously described interface models;
ATENA Interface Material Model (IMM) and Atrtificial Interface Model (ArtIM).

5.2. ATENA INTERFACE MATERIAL MODEL (IMM)

The experimental results show a direct comparison between models with different surface roughness. In
addition to the concrete-concrete interaction, reinforcement bars crossing the interface also influence the
shear capacity of a composite concrete specimen. However, for the validation only the concrete-concrete
interaction is necessary. For this reason the effect of reinforcement bars (or dowel action) needs to be
subtracted from the final response. Hence, in the experimental results, the load - slip response shown for
different surface roughness classes is obtained by subtracting the effect of dowel action from the combined
response for each model. To obtain response of dowel action, first a 'no bond’ interface condition is
incorporated in the model.

5.2.1. NO BOND CONDITION

The first test simulated corresponds to 'no bond' condition at the interface with RF bars crossing through
the interface. The reinforcement ratio is kept identical to that used in the experiments (p = 0.69%). 1-D
discrete reinforcement (RF) bar elements are used to model the RF bars crossing the interface. Interface
material properties and RF properties used for this analysis are given in Figures 5.5 - 5.6. To replicate a
no bond condition, strength of the interface needs to be very low and hence, these specific properties are
chosen.
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Figure 5.5: Interface properties used for the analysis (No Bond condition)
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Figure 5.6: Reinforcement detailing used for the analysis (No Bond condition)
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Figure 5.7: Shear stress - slip comparison between numerical model and experimental results [1] (No Bond condition)

The nature of graph shown in Figure 5.7, for the numerical model (solid red curve) resembles the trend
of the experimental results (dotted red curve). However, in the initial part of the curve, stiffness of the
numerical model is slightly lower than the experimental model. This reduced stiffness value only considers
the axial stiffness of the reinforcement bars and not the bending and shear stiffness values. This problem will
be discussed in this chapter in the last section. At a slip of about 1.5 mm, the numerical model has shear
strength almost equivalent to the experimental model. Furthermore, the results obtained from the numerical
analysis, at higher slip values, agree with the experimental findings.

Figure 5.8, shows the crack distribution at the interface as well as the axial stress distribution in the rein-
forcement bar elements for a no bond condition. Cracks develop near the reinforcement bars, since there
is not much interaction between the adjacent concrete elements (because of the no bond condition). The
maximum crack width is observed at the interface level near the RF bars placed at the middle. Cracks near
the edges of the substrate concrete layer are very small in magnitude and only develop near the concrete-RF
bond. Moreover, the RF bar in the middle yields first than the remaining two bars near the re-entrant corners.
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Figure 5.8: Crack and RF axial stress distribution near the interface (No Bond condition) (NB-I)

In the next sections, interface properties are varied by changing the parameters using both the interface
models; ATENA Interface Material Model (IMM) and Artificial Interface Model (ArtIM). The effect of
concrete-concrete interface is studied by subtracting the results of 'no bond' conditions from the respective
load - slip responses of the different interface conditions, since the no bond condition yields only the response
of reinforcement bars (dowel action).

5.2.2. ROUGH INTERFACE CONDITION

In this section, the influence of rough interface characteristics are validated with the experimental results.
Different surface preparation techniques are used in the experiment to create variation of roughness. Similarly,
different parameters are varied in the ATENA IMM, to have a good resemblance with the experimental
techniques.

First, the same roughness characteristics are assigned to the interface as prescribed by the Model Code 2010
similar to the previous chapter. Eventually, different combinations of tensile strength, cohesion and friction
coefficient are also tested. Material properties are given in Table 5.1. Each roughness parameter class is
analyzed one by one. Discussion is made on every model once all the results are presented.

Table 5.1: Interface material parameters used to represent different surface roughness classes

Interface properties Unit | Parameter 1 | Parameter 2 | Parameter 3 | Parameter 4
Tensile strength (f;) MPa 1.50 1.50 2.00 3.00
Cohesion (c) MPa 3.00 3.00 4.00 6.00
Coefficient of friction (u) - 1.30 2.60 2.60 2.60
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Figure 5.9: Shear stress - slip comparison between experimental and numerical results for rough interface condition usin IMM
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Figure 5.10: Crack and RF axial stress distribution

at first peak load step (rough parameter-1) (ParaBC4-IA)

(b) Reinforcement stress distribution (o xx) [MPa]



5.2. ATENA INTERFACE MATERIAL MODEL (IMM) 71

-4.553E-01 -1.531E-01  2.349E-0;

-3.854E-01

3.397E-0

-1.235E+00

Crack width [m]

(a) Crack distribution near interface [m]
(b) Reinforcement stress distribution (o xx) [MPa]

Figure 5.11: Crack and RF axial stress distribution at next load step after peak (rough parameter-1) (ParaBC4-1B)
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Figure 5.12: Crack and RF axial stress distribution at second peak load step (rough parameter-1) (ParaBC4-IC)

Figure 5.9, shows the comparison between numerical and experimental results pertaining to different rough-
ness conditions. Figures 5.10 - 5.12 show evolution of the crack distribution in case of parameter 1 roughness
condition. These parameters are chosen as per the Model Code guidelines and the response of the bond
model is observed. Minor cracks initiate near the re-entrant corners of the specimen due to high stress
concentration. However, with further load increment the interface fails and stress in concrete drops to zero.
Hereafter the load is carried by the reinforcement (RF) bars. Hence, crack width near the middle RF bar
increases and the bars undergo bending. RF bars in the middle attain their yield strength before the bars
near the edges. Due to the combined stiffness of concrete and RF bars, stresses develop in the adjacent
concrete elements and the rise in stress values is observed from the graph in Figure 5.9a.
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Figure 5.13: Crack and RF axial stress distribution at first peak load step (rough parameter-2) (ParaBC4-11A)
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Figure 5.14: Crack and RF axial stress distribution at next load step after peak (rough parameter-2) (ParaBC4-11B)
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Figure 5.15: Crack and RF axial stress distribution at second peak load step (rough parameter-2) (ParaBC4-11C)

Figures 5.13 - 5.15 show evolution of the crack distribution in case of parameter 2 roughness condition. In
this case, the coefficient of friction obtained in the experiment is double the value considered in the previous
case. Due to the increment in friction coefficient, shear stress does not drop to zero after the interface failure
but drops to a value corresponding to dry friction at the interface (ou, where o is the self-weight of the top
concrete element). Eventually the stresses again increase with further load increment (Figure 5.9b) similar
to the previous case. A more ductile behavior is observed, in the post-peak response of the model.

PARAMETER 3
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(a) Crack distribution near interface [m] (b) Reinforcement stress distribution (o xx) [MPa]

Figure 5.16: Crack and RF axial stress distribution at first peak load step (rough parameter-3) (ParaBC4-111A)
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Figure 5.17: Crack and RF axial stress distribution at next load step after peak (rough parameter-3) (ParaBC4-111B)

-1.247E+08.268E+0 -3.273E+00

1.654E+02 1.010E+02

& 446E+01

-6.859E+00 -6.925E-01

(a) Crack distribution near interface [m] (b) Reinforcement stress distribution (o xx) [MPa]

Figure 5.18: Crack and RF axial stress distribution at second peak load step (rough parameter-3) (ParaBC4-111C)

Figures 5.16 - 5.18 show evolution of the crack distribution in case of parameter 3 roughness condition. In
this case, the tensile strength and cohesion at the interface are increased to understand the influence of these
parameters on the shear strength of the interface. However, the tensile strength of the interface is close
to that of the adjacent concrete elements. Due to this the interface strength increases in relation to the
adjoining concrete elements and diagonal cracks start developing in the top and bottom concrete elements.
With further load increment, the interface fails and the stress in the concrete drops. A subsequent rise in
the stress value is observed in the post-peak response of the curve in Figure 5.9c.

PARAMETER 4
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(a) Crack distribution near interface [m] (b) Reinforcement stress distribution (oxx) [MPa]

Figure 5.19: Crack and RF axial stress distribution at peak load step (rough parameter-4) (ParaBC4-IVA)
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Figure 5.20: Crack and RF axial stress distribution at last load step exhibiting significant stress drop (rough parameter-4)
(ParaBC4-1VB)

Figures 5.19 - 5.20 show evolution of the crack distribution in case of parameter 4 roughness condition. In
this case the tensile strength of the interface is higher than the adjacent concrete elements. This means
that, the concrete material will fail even before the interface reaches its strength. This case corresponds
to a perfect bond situation between the two concrete elements. Interface is very strong and hence, cracks
develop in the concrete elements in a diagonal fashion. From Figure 5.9d, it can be observed that the shear
capacity of the model is very high as compared to the previous cases and also than the experimental results.
Eventually, brittle failure of the concrete material occurs and a sudden drop in the stress value is observed.
Stress in the RF bars is induced due to the displacement of the top concrete layer after disintegrating near
the interface level.

DiscussioN

A discussion about the results presented earlier is done in this section. Only rough interface is used in the
numerical models for the validation because, results available from the experiment only correspond to rough
surface condition. A no bond condition is tested in the beginning in order to identify the contribution of
dowel action in the shear transfer between the two concrete elements. Once the dowel action contribution
is obtained then, it can be subtracted from the shear capacity of remaining roughness models to obtain only
the concrete-concrete interaction.

Unlike in the small scale bond model from Chapter 4, there are two re-entrant corners present at the two
ends of the interface in the model. Due to this singularity, cracks initiate near these nodes on account of
high stress concentration, in the beginning of the analysis. However, these cracks have very low crack widths
and hence do not cause any significant stress re-distribution. The interface is still activated due to the lateral
loading and stress at this layer keeps on increasing until it reaches its shear strength (first peak). As soon
as the peak stress is attained, the interface fails and the reinforcement bars crossing the interface have a
sudden stress increment.

With a subsequent rise in cohesion at the interface, an increase in the shear capacity is observed. After
attaining the first peak strength, failure at interface occurs with a sudden drop in stress. This brittle
behavior is expected from the model on account of the default softening evolution law present in ATENA.
Since, any specific softening law is not defined in the model, the curve follows the same trend as described
in the verification of small scale bond model. Furthermore, as the lateral load increases, the stress starts
increasing because of the combined stiffness of the concrete and reinforcement bars crossing the interface.
Thus, a second peak strength is achieved on account of the concrete strength of the adjacent macro-elements.

In the last parameter 4 case, the tensile strength is higher than the adjacent concrete elements. This means
the concrete elements will fail even before the interface attains its maximum strength. Due to this strong
interface condition, diagonal cracks from the re-entrant corners propagate further into the concrete elements.
This results in a very high shear strength of the composite model which is evident from the stress-strain
diagram (Figure 5.9d).
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The cracking pattern observed in all these above cases, especially at the re-entrant corners is compared to
the models mentioned by Schlangen in his thesis work [25]. He studied various fracture processes in concrete
using experimental and numerical analyses.

(a) Crack pattern in num.er.ical model (parameter 4 (b) Crack pattern in double-edge-notched beam simulated
condition) by Swartz and Taha [25]

Figure 5.21: Crack pattern from numerical model and experimental observation by Swartz and Taha

While comparing his numerical results with different experimental findings, Schlangen came across a research
that was performed by Swartz and Taha, in which they explain the influence of boundary conditions on the
cracking pattern of a laterally loaded concrete specimen. A double-edge-notched beam was loaded in shear
and the cracking pattern observed had most similarities with the experimental results obtained by Schlangen.
Cracks initiated at both ends of the beam near the notches. On further loading, a curvature in the cracks
was observed as shown in the Figure 5.21b. Similarly, in all the cases inspected in this chapter, cracks initiate
near the re-entrant corners of the composite concrete model. Re-entrant corners have the same effect as
notches in a beam and generate singularity as a result of which high stress concentration is observed in the
initial stage of analysis. Furthermore, a curvature of these cracks can be observed in the figures above. For
non-rigid bond cases as the bond strength at the interface reaches its ultimate capacity (for parameter 1,
2 and 3 conditions), the interface cracks and top concrete layer moves in the direction of lateral loading.
However, in case of a very strong/rigid bond (parameter 4 condition) this cracking pattern is clearly visible
in Figure 5.21a. In the next section, the artificial interface model (ArtIM) is used instead of ATENA IMM
and same tests are carried out keeping the boundary conditions constant.
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5.3. ARTIFICIAL INTERFACE MODEL (ARTIM)

Influence of explicit roughness on the shear capacity of a composite model is studied in the previous chapter.
Although different configurations of the interface layer were considered in the parametric analyses, the
material strength of the interface element was always kept constant. As evident from the research on a small
scale rectangular bond model, difference in the shear capacities using various wavelengths and amplitudes
(pertaining to the interface layer wave pattern) at the interface, was quite insignificant. Hence, in this section,
influence of different material strength classes is studied for the similar explicit roughness as considered in
the previous chapter. Results of the tests are compared with IMM models, from the preceding section and
a direct comparison with the experimental results is also presented.

The variation of material properties used for the interface layer, corresponds to the tensile strength assigned
to the interface in the preceding section. However, from verification of the artificial interface model in
Chapter 4, it is evident that the ratio between shear strength and tensile strength is significantly higher than
in case of ATENA IMM. This means that for a certain tensile strength a very high shear strength is achieved
if ArtIM is used to model the interface. Taking this into consideration, the material properties chosen for the
analysis are as given in Figure 5.1. Hereafter, the results are presented for the different material properties
using the artificial interface model. The contribution of dowel action is considered same as in the ATENA
interface material model.

5.3.1. HIGH STRENGTH INTERFACE MATERIAL CONDITION (USING EXPLICIT ROUGH-
NESS)

In this section, variation in the interface material class is tested for its influence on the shear capacity.
Material properties are varied corresponding to the tensile strength of the interface element, as modelled in
previous sections using ATENA IMM. Basic material properties used here for the analyses are given in Figure
5.22.

Properties CC0.5 CC15 CC3.0

Elastic modulus E : [ 22106404 [MPa) [ 2.675E+04 [Mpa) | 33256404 [MPa]
Poisson’s ratio  : [ 0.200 (] [ 0200 (3 [ 0200 ]

Tensie strength f, : ,m [MPa] lm [MPa] lm [MP3]
Compressive strength f_ : ’m [MPa] lm [MPa] lm [MPa]

Compressive strength cyl f_cu: 1 .245E+01 [MPa] 2.352E+01 [MPa] 4.859E+01 [MPa]

Figure 5.22: Basic material properties used for the analysis (stronger interface material)
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Figure 5.23: Shear stress - slip comparison between experimental and numerical results for rough interface condition using
artificial interface model (ArtIM)

CC 0.5

(a) Crack distribution near interface [m]

Crack width [m]

g-1.016E+01
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(b) Reinforcement stress distribution (o xx) [MPa]

Figure 5.24: Crack and RF axial stress distribution at peak load step (CC0.5) (ArtIM 0.5MPa (A))
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Crack width [m]

(a) Crack distribution near interface [m] (b) Reinforcement stress distribution (o xx) [MPa]

Figure 5.25: Crack and RF axial stress distribution at final load step (CC0.5) (ArtIM 0.5MPa (B))

Figure 5.23, shows the shear stress - strain response in different roughness conditions and a direct comparison
between the ATENA IMM results and experimental observations. As expected from the results obtained in
verification of the bond model, shear strength of a low strength material is very high with respect to the
tensile strength of the material. Unlike in case of ATENA IMM, a brittle response is observed while using
ArtIM irrespective of the material strength. Figures 5.24 - 5.25 show the evolution of crack pattern at the
interface layer. Although, localisation of cracks is observed at the interface, stress in concrete does not drop
to zero magnitude after peak strength has been attained. Concrete at the interface layer undergoes softening
and only a certain part of the stress is carried by the reinforcement (RF) bars. The RF bars are well within
their yield limit and deform elastically.

CC 1.5

[7 -2.254E8:660E+01:

1.349E4 08T

8. 173E+0(

Crack width [m]

(a) Crack distribution near interface [m] (b) Reinforcement stress distribution (o xx) [MPa]

Figure 5.26: Crack and RF axial stress distribution at next load step after peak (CC1.5) (ArtIM 1.5MPa (A))

Crack width [m]

(a) Crack distribution near interface [m] (b) Reinforcement stress distribution (o xx) [MPa]

Figure 5.27: Crack and RF axial stress distribution at second peak load step (CC1.5) (ArtIM 1.5MPa (B))
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A direct comparison between the two interface models is clearly shown in Figure 5.23b. In this case, the
tensile strength assigned is same for the interface in ATENA IMM and material property in ArtIM. There is
a significant difference in the shear capacities obtained by both the interface models. This can be mainly
attributed to the ratio between shear strength and tensile strength for the respective interface models. Since,
shear capacity, in case of ArtIM, entirely depends on the material characteristics, this value is very high as
compared to the case of ATENA IMM, where shear capacity mainly depends on the cohesion parameter of
the interface model. Moreover, after attaining maximum stress, a brittle response is exhibited by the model
unlike the ATENA IMM results. Localisation of cracks is observed in the initial stage of the analysis with
subsequent diagonal cracking developing overtime into the adjacent concrete elements. Interface is relatively
very strong in this case as compared to the lower strength material interface condition and hence, response
of the model becomes analogous to a perfect bond condition.

CC 3.0

1.092E+02
9. 998E:

2876E+01

Crack width [m]

(a) Crack distribution near interface [m] (b) Reinforcement stress distribution (o xx) [MPa]

Figure 5.28: Crack and RF axial stress distribution at next load step after peak (CC3.0) (ArtIM 3.0MPa (A))

1.723E+01

Crack width [m]

(a) Crack distribution near interface [m] (b) Reinforcement stress distribution (o xx) [MPa]

Figure 5.29: Crack and RF axial stress distribution at second peak load step (CC3.0) (ArtIM 3.0MPa (B))

In case of a high strength material at the interface (CC 3.0, f; =3.0MPa), bond strength becomes very
strong and the model exhibits a response similar to that of a perfectly bonded condition. The maximum
shear strength obtained using both interface models is same in this case, since, in both the cases brittle
material failure of the adjacent concrete elements is observed. Diagonal cracks are clearly visible in the
adjacent concrete elements in Figures 5.28 - 5.29.

DISCUSSION

A discussion about the ArtIM and its influence on the shear capacity of the composite concrete model is
done hereafter. A similar observation regarding the crack pattern is noticed during the initial stages of the
analyses, irrespective of the material strength of the interface element. The cracks always initiate at the re-
entrant corners similar to the ATENA IMM condition as explained in the previous section. On increasing the
load further, localization of cracks in the interface element is observed in the models with relatively weaker
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(than the adjacent concrete macro-elements) interface element strength (CC 0.5 and CC 1.5). However,
the shear capacities obtained for these models are much higher than in case of ATENA IMM. The artificial
interface layer exhibits a very high shear strength which is also evident from the verification of a small scale
bond model. Required shear capacity can be achieved using this interface model but a brittle response of the
composite model will be exhibited. Unlike in the previous cases, when stresses in the interface elements drop
to zero and the RF bars bear the stresses in the post-cracking stage, in this case, on account of a stronger
interface element, the RF bars never attain their respective yield strength.

After these analyses comparison of the cracking patterns should be made between the numerical and experi-
mental results. Following figures show cracking pattern at the interface level as observed in the experiments.
Detailed pictures for each roughness scenario are not available hence, only the two patterns are compared.

(a) Trowelled bonded joint (b) Keyed joint

Figure 5.30: Failure planes along a (a) trowelled bonded joint and (b) keyed joint of experiment performed by T. Paulay, R.
Park and M. H. Phillips [1]

Figure 5.30a shows the failure plane at the interface level where the two concrete elements are bonded
by a trowelled joint. This resembles the ATENA interface material model (IMM) and can be compared
to the results presented earlier. Whereas, Figure 5.30b, shows the failure plane in case the two concrete
elements are bonded by a keyed joint. This resembles with the artificial interface model (ArtIM), where an
explicit roughness is incorporated at the interface level instead of just roughening the surface of the substrate
concrete element. In both the figures the crack pattern observed initiates at the re-entrant corners and the
curvature of the cracks is the same (Figure 5.21b) as explained by Schlangen in his paper [25].

In case of no bond condition, it was observed that the initial stiffness of the load displacement curve was
lower than the experimental results. The reason behind this is the 1-D discrete reinforcement bar model
used in ATENA to design steel reinforcement. This model only considers the axial stiffness of the bars
without considering the contribution from bending and shear stiffness. To mitigate this problem influence of
reinforcement bars crossing the interface is studied in detail, in the next section, with different reinforcement
modelling techniques.

5.4. INFLUENCE OF DIFFERENT REINFORCEMENT MODELLING TECH-
NIQUES

Sometimes, mechanical devices such as reinforcement bars are used at the interface level to connect the two
adjacent concrete elements. Apart from concrete-concrete interaction, the shear capacity of a composite
model also depends on the resistance provided by these reinforcement bars crossing the interface. In this
section the composite concrete layers are connected with shear connectors and then shear load test is
simulated on the model to understand the influence of shear connectors. A bi-linear material type is assigned
to the reinforcement bars in the ATENA model.

The dowel action phenomenon studied in section 5.2.1, cannot be apprehended completely just with the
use of 1-D discrete reinforcement bar elements. This is because these elements only have an axial stiffness
and hence, bending and shear component of the connectors cannot be studied using this default model. An
attempt is made to design the RF bars using different techniques to have a holistic view about the dowel
action phenomenon and its influence on the bond strength at the interface level.
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Various techniques are undertaken to design the shear connectors in order to obtain best representation of
actual experimental results. Some of the techniques use the 1-D discrete RF bar elements to model the RF
bars but with some altercations to make use of the bending and shear stiffness. However, another one of the
four techniques to be discussed make use of a macro-element to model the RF bar with dimensions equal to
the area of the actual RF bars used in the experiment. Loading and boundary conditions are similar to the
previous cases of shear load tests when shear connectors are not present. The following Figures 5.31 show
the numerical models used for analysis of different reinforcement modeling to understand the dowel action
phenomenon.

(a) 1-D discrete reinforcement bar element

(c) 1-D discrete reinforcement bar elements crossing each
other

(d) Macro-elements assigned steel properties

Figure 5.31: Numerical models showing different techniques to model reinforcement bars

The ATENA IMM interface model is used for this study and the parameters assigned to the interface
correspond to that of a no bond condition like in the previous sections. This is done in order to activate the
stresses in the reinforcement bars as soon as the lateral loading is applied. Thus, only the contribution of the
RF bars, and not the concrete-concrete interaction, is recorded. The reinforcement ratio is kept constant in
all the models (p =0.69%) (equal to the reinforcement ratio of the experimental set-up discussed previously).
Hereafter, a comparison between four different reinforcement models is shown, where 3 models use the 1-D
discrete reinforcement bar elements to design the reinforcement. Whereas, a macro-element is used to design
reinforcement in the fourth model. The geometry of the reinforcement bars used in the following models are
as shown below.

A 1-D one discrete reinforcement bar element
1 bar area (A; = £9.5% = 71 mm?); Interface area (Acins = 61800 mm?) - p = 6x Ag/ Acins = 0.69%

B 1-D two discrete reinforcement bar elements
1 bar area (Agq = As/2 = £95° = 36 mm?); Interface area (Aciny = 61800 mm?) - p =
12x Ag1/Acint = 0.69%

C 1-D discrete reinforcement bar elements crossing each other
1 bar area (A; = £9.5% = 71 mm?); Interface area (Acin; = 61800 mm?) - p = 6xAg/ Acins = 0.69%

D Macro-element assigned with steel properties and cross-section according to the reinforcement ratio
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1 bar area (A = 2-Ag = 12x12 = 144 mm?); Interface area (Acine = 61800 mm?) - p =
3XA52/ACint = 0.69%
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Figure 5.32: Shear stress - slip comparison between different RF modelling techniques and experimental results

The black dotted curve corresponds to the experimental no bond condition of the model. All the results
obtained with different RF modelling techniques are compared with this curve.

The blue curve corresponds to the 1-D discrete reinforcement bar element as used in the previous sections,
when no bond condition of the interface is analysed in detail. A decent estimation of the shear capacity is
obtained when only 1 bar element is used to model one RF bar with the main difference in the initial stiffness
of the curve. Only axial stiffness of the RF bars is accounted for with this modelling technique.

The bottom-most curve in Figure 5.32, shows the shear stress - slip behavior of the numerical model when
RF bars are modelled using 2 RF bar elements of half of the area of the original RF bar. These two bars are
placed at the geometric centers of the two halves of one bar when one RF bar is divided in two equal parts
(as shown in Figure 5.33). Shear and bending stiffness is accounted for in this case, since concrete between
these 2 bar elements, contributes to the stiffness of the bars. However, the combination of these two bar
elements with concrete in between, underestimate the shear capacity of the entire model. Distance between
these two RF bar elements is crucial for the bond strength at the interface level.

Figure 5.33: Cross-section of reinforcement bar divided in two equal parts to account for bending and shear stiffness

A cross pattern of RF bars is used to model the RF at the interface, and the stress - slip behavior is shown
with a yellow curve in the Figure 5.32. The shear capacity certainly resembles the experimental nature of
the model. The main difference is between the initial stiffness of the curve. A relatively higher stiffness
is observed in the initial stage pertaining to the shear and bending stiffness. Although, the cross RF bar
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pattern overestimates the stiffness, this can be adjusted by varying the inclination of the RF bar elements
in the model. This cross pattern effect of the RF bars gives a very accurate estimation of the actual shear
capacity of the real life composite specimen.

The upper-most curve is the stress - slip behavior when RF is modelled using a steel macro-element. This
gives a very high stiffness to the RF bars. The same reflects from the curve as well, since the initial stiffness
exhibited by the curve is the highest of all cases. Moreover, the shear capacity of the composite specimen is
strongly overestimated.

Out of all these techniques, the stiffness and overall stress - slip response is accurately estimated when RF
bars are modelled in cross pattern across the interface. However, to improve the response even further, a
variation of the cross pattern technique is studied. In this variation study, angle between the RF bar and the
interface (horizontal) is increased (from 67.4° — 80.5° ) and the response is analysed. Numerical model for
this variation is shown in Figure 5.34.

(a) Original cross bars crossing the interface (b) Inclination of cross bars changed

Figure 5.34: Numerical models showing variation in inclination of crossbars crossing the interface
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Figure 5.35: Sear stress - slip response of two different RF orientations corresponding to cross bars crossing the interface

Responses of the two variations adopted to model reinforcement (RF) bars in cross pattern are shown in
Figure 5.35 along-with the experimental results, for no bond condition at the interface. As the inclination
of the bars with the horizontal (interface) increases (the orientation of bars becomes similar to 1-D bars
perpendicular to the interface), the initial stiffness of the composite concrete specimen decreases thus,
complying with the initial stage of the experimental curve. However, there is a gradual dip in the shear stress
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after the first crack develops at the interface level. With further increment in loading, shear stress rises due
to concrete-concrete interaction pertaining to the complex geometry near the connection between concrete
and RF bars. Eventually with an increase in the slip at the interface, a conservative stress-strain behavior
is obtained corresponding to the experimental results. Thus, by varying the inclination of RF bars, crossing
the interface, a good estimation of the shear response can be predicted by using cross-pattern technique to
model the RF bars.

However, variation of inclination angle between RF bars and interface layer studied in this section does not
promise the validity to implement the same in a generic sense. The magnitude of this inclination will vary
for different roughness characteristics. Nevertheless, comparison in this section shows that the technique
adopted to model RF bars in a cross-pattern can be helpful in considering the bending and shear stiffness
contribution of the reinforcement bars crossing the interface. Further research is required to address the
inconsistency in shear stress development using cross-pattern RF bars.

In the next chapter, validation of the numerical models using both ATENA IMM and ArtIM is performed on
a structural level. For this a case study from Eindhoven about a car park garage collapse is selected. Failure
of a weak interface bond strength of the top floor slab led to the collapse of one part of the entire structure.
An attempt is made to simulate tests related to this research with the help of reports provided by TNO [2]
and Adviesbureau ir. J. G. Hageman B.V [3].
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Validation of numerical models with
a structural test

6.1. [N GENERAL

In the previous chapter, the numerical model was validated by comparing the results with a bond model from
the experiment carried out by T. Paulay. However, the model tested in the experiments was still a small scale.
To incorporate the phenomenon of interface strength on a structural level, a second validation is required.
For this validation, case study of Eindhoven airport car parking garage is studied. On 27" May, 2017, a car
parking garage near Eindhoven airport collapsed due to weak connection between the prefabricated slab and
the in-situ concrete poured over it. In this case, interface between the slabs was crucial and hence this case
study is chosen for validation of the numerical model on structural level.

Figure 6.1 shows the experimental setup of the model, constructed in a laboratory with a four-point bending
load combination.
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Figure 6.1: Experimental setup simplified from the structural model

The setup is made of two prefabricated bubbledeck slab placed side by side with insitu concrete poured over
it to make the connection. The balls marked with red cross in the figure mean that they are not included
in the experimental setup. However, while designing a numerical model all the balls are omitted from the
model since, the stress transfer through these plastic balls is insignificant. There is an added limitation of
ATENA 2D that does not allow modelling of such a shape for numerical analysis. A coupling reinforcement
is provided in the middle section of the specimen above the connection of the two bubbledeck slabs. Material
properties used for the setup are provided in Tables 6.1 - 6.3.
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6. VALIDATION OF NUMERICAL MODELS WITH A STRUCTURAL TEST

Table 6.1: Concrete material properties

Structural Bubble-deck In-situ .
Unit
element slab slab
Material type 3D Non Linear | 3D Non Linear
Cementitous 2 | Cementitous 2
Elastic Modulus E 36280 34080 MPa
Poisson’s ratio U 0.2 0.2 -
Tensile strength I 3.80 3.21 MPa
Compressive strength | f; 53 43 MPa
Crack model Fixed Fixed

Table 6.2: Steel bolts/reinforcement material properties

Structural Reinforcement | Steel bolts | Unit
element
Material type Bilinear B:;rzz;i\:gh
Elastic Modulus E 210 200 GPa
Yield strength oy 500 640 MPa
Maximum strength | o, - 800 MPa

Table 6.3: concrete-concrete interface properties

Structural element Concrete-concrete Unit
Material type 2D Interface

Normal stiffness Kun 3x108 MN/m3
Tangential stiffness | K, 3x10° MN/m?
Tensile strength fr 0.15 MPa
Cohesion 0.30 MPa
Friction coefficient 7 0.60 -

Numerical model used for the analysis is shown in Figure 6.2 for unreinforced and fully reinforced model.
Mesh sizes used for the analysis are, 35 mm for the bubbledeck slab, 70 mm for the in-situ concrete slab and
20 mm for the steel plates. A four point bending test is simulated on this numerical model. A small 6 mm
wide notch is present at the connection of the two bubble-deck slabs near the bottom fibre. Since, it is a
very long specimen, use of symmetry can be done to reduce the computation time. For this, results obtained
from both full length model and symmetric model are compared to the experimental results to verify the use
of symmetry. Numerical model using symmetry is shown in Figure 6.3.

S

(a) Partially reinforced model (no shear reinforcement in the flexural span)

Figure 6.2: Full length numerical model of Eindhoven case study
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(b) fully reinforced model (shear reinforcement crossing the interface in the flexural span)

Figure 6.2: Full length numerical model of Eindhoven case study
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(b) fully reinforced model (shear reinforcement crossing the interface in the flexural span)

Figure 6.3: Symmetric numerical model of Eindhoven case study

Results of the analysis are presented hereafter with a direct comparison between the full length and symmetric

models.

Ll L

Crack width [m]

(a) Crack pattern in partially reinforced model (no shear reinforcement in the flexural span)

Figure 6.4: Crack distribution in full length numerical model of Eindhoven case study
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! ..!.I._“ ! Crack width [m]

(b) Crack pattern in fully reinforced model (shear reinforcement crossing the interface in the flexural span)

Figure 6.4: Crack distribution in full length numerical model of Eindhoven case study

Crack width [m]

. N F

(a) Crack pattern in partially reinforced model (no shear reinforcement in the flexural span)

LA

--—, Crack width [m]

(b) Crack pattern in fully reinforced model (shear reinforcement crossing the interface in the flexural span)

Figure 6.5: Symmetric numerical model of Eindhoven case study
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Figure 6.6: Load - displacement comparison between full length and symmetric models

Figure 6.6, shows a direct comparison between a full length model and a symmetric model undergoing
bending in an unreinforced and fully reinforced model. The initial stiffness for all cases is exactly same with a
sudden stress drop once the interface fails. There are some differences in the post-peak response for the full
length model and a symmetric model. However, these differences occur as a result of certain computation
error which can be neglected. For most of the post-peak behavior, a ductile response is exhibited by all the
models. Moreover, the crack distribution in the symmetric model resembles to that of the full length model.
Hence, it is safe to assume that a symmetric model will behave in a similar manner as a full length specimen.
Henceforth, all the numerical analyses will be performed on a symmetric model with appropriate boundary
conditions. Similar to the verification and first validation of the bond models, even the structural model will
be tested using both interface models.

6.2. ATENA INTERFACE MATERIAL MODEL (IMM)
For a validation of the numerical model, results of the analysis are now compared with the experimental
findings using ATENA interface material model (IMM). Figure 6.7 shows the load displacement curves for

the numerical model and the experimental set up. Numerical models used for the analysis are the same as
shown in Figure 6.3.
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Figure 6.7: Load - displacement comparison between numerical and experimental results
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Initial stiffness obtained from the numerical analysis is slightly higher than the experimental stiffness. Nev-
ertheless, a good estimation of the first peak load carrying capacity is obtained from the numerical analysis
using ATENA IMM (Load ~ 100 kN). On attaining the maximum interface strength, a sudden drop in the
curve is observed pertaining to the default softening behavior as explained in the verification and validated
again with a bond model. The ATENA IMM in a structural model exhibits same post softening response
as the experimental load displacement curve. However, the difference in the load values in the post peak
branch of the curve can be explained by the softening evolution law present in the ATENA software, which
exhibits a brittle response right after the first peak load is achieved. This is valid in both cases tested with
the numerical analysis for unreinforced and fully reinforced specimen. Figure 6.8 shows the crack pattern
at the interface and the subsequent propagation in the top in-situ concrete slab for both experimental and
numerical analysis.

(a) Experimental crack pattern

(b) Numerical crack pattern

Figure 6.8: Crack pattern in (a) experiment and (b) numerical model

The yellow lines in both the figures denote the cracked surface. First crack initiates at the notch near the
bottom fibre of the bubble-deck slab. It propagates through the interface between the bubble-deck slab and
the cast in-situ concrete slab. Eventually, a vertical crack propagates to the top concrete slab at the end of
the coupling reinforcement (RF) bars. Coupling RF bars are shown clearly in Figure 6.1 which end at the
first ball of the bubble-deck slab.

6.2.1. MESH SENSITIVITY ANALYSIS

Meshing is an important aspect of numerical modelling and it is crucial to select the right mesh size to
obtain satisfactory results. In the analysis with ATENA, first a very fine mesh was tested (= 10-15mm) but
unfortunately the analysis could not proceed further than 2-3 mm of slip distance. There is a limitation
of ATENA 2D software that any file beyond 2Gb computation memory cannot run the analysis further this
limit. To overcome this problem a mesh sensitivity analysis is performed in order to validate the choice of
mesh size used for the analyses in previous section.

Different mesh sizes are chosen for the bubble-deck slab, 20 mm, 35 mm and 50 mm. Mesh size for the
in-situ concrete slab is kept higher than the bubble-deck slab since, thickness of this layer is much higher
than the bottom slab. Mesh sizes chosen for the in-situ concrete slab vary approximately in the same ratio,
50 mm, 70 mm and 100 mm respectively. Boundary conditions are kept constant throughout the mesh
sensitivity analysis. Figure 6.9 shows the load-displacement curves for the respective mesh sizes along-with
the crack distribution at the end of each analysis.
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Figure 6.9: Load displacement curves for numerical models with different mesh sizes
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(a) Bubble-deck slab mesh size 20mm

Crack width [m]

(b) Bubble-deck slab mesh size 35mm

Crack width [m]
(c) Bubble-deck slab mesh size SOmm

Figure 6.10: Crack distribution in structural model using different mesh sizes (a) 20mm, (b) 35mm and (c) 50mm of
bubble-deck slab

Simulations for 20mm mesh size stopped at a displacement value of about 10.5mm without finishing the
analysis. It is considered that accuracy of the results increases with a finer mesh. However, in this case results
corresponding to 35mm mesh size are also quite satisfactory since, there is not much difference between the
values obtained from these two mesh sizes. Moreover, a complete analysis can be performed using 35mm
mesh size for the bubble-deck slab. If the mesh size is increased further up to 50mm, an overestimation of
the first peak load as well the overall load carrying capacity is exhibited by the model. This is not good for
the model on account of safety of the structure. Thus, the mesh size of 35mm for the bubble-deck slab is
considered optimum for the numerical analysis on account of the significant mesh dependency.

In the next section influence of the artificial interface model is studied on the structural model.
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6.3. ARTIFICIAL INTERFACE MODEL (ARTIM)

Estimation of the load carrying capacity of the model is carried out quite successfully using ATENA IMM.
However, influence of ArtIM on the structural model is necessary in order to validate the use of this interface
model. The interface between the bubble-deck slab and the cast in-situ slab has properties corresponding
to a very smooth interface. Thus, a straight element layer is assumed as an artificial interface in this case.
Considering that ratio between shear strength and tensile strength is significantly higher than '2', very weak
concrete material properties are assigned to the interface. Tensile strength of the interface material is 0.15
MPa and thickness is 5mm. Figure 6.11 shows the numerical model used for the analysis.
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Figure 6.11: Symmetric numerical model of Eindhoven case study using ArtIM
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Figure 6.12: Crack distribution in structural model using ArtIM
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Figure 6.13: Load - displacement curve comparison between ArtIM, ATENA IMM and experimental results

From the load - displacement curve in Figure 6.13, it is clear that the shear strength in case of ArtIM is
very high. In fact, the load carrying capacity of the partially reinforced model using ArtIM is higher than
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the fully reinforced model using IMM. However, important observation in this case is the response of the
numerical model once first peak load is attained. A stress drop cannot be observed unlike in case of IMM,
thus, complying with the experimental response in the post peak branch. Furthermore, the number of finite
elements in the interface layer is very high thus making the computation very difficult and time consuming.
If mesh size is to be increased in order to make the computation run quicker, then compatibility between the
adjacent finite elements will be lost near the interface layer.

Figure 6.12, shows the crack distribution in the structural model using ArtIM. Crack width at the end of
coupling reinforcement bars is limited due to the artificial interface layer. Due to the overestimation of the
load carrying capacity of the model, use of ArtIM for structural model is not advisable.
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Conclusions and recommendations

The aim of this research was to investigate whether ATENA software reliably predicts the interface behavior
using the standard finite elements available in the software. For this purpose, two different techniques are
adopted to model the interface between adjacent concrete elements. The models used for the analysis are,
the ATENA interface material model (IMM) which uses 2D line 4 node interface elements with zero length
to represent the interface and an artificial interface model (ArtIM) which uses 2D linear quadrilateral 4-noded
material elements to create an artificial interface layer. Characterisation of the roughness parameters in each
of these models is performed with utmost detailing and influence of these roughness parameters as well as
reinforcement bars crossing the interface are studied from composite concrete bond tests and structural test.
Verification of both the interface modelling techniques is performed successfully. The eventual comparison of
experimental and numerical results led to a validation of the models and their practical usability in estimating
shear capacity of composite concrete bond models and load bearing capacity in structural tests.

7.1. CONCLUSIONS

7.1.1. ATENA INTERFACE MATERIAL MODEL (IMM)

— ATENA IMM was able to simulate direct tension test and shear load test successfully on a small scale
bond model. The response appears to be more brittle because of the absence of softening law to the
interface model. Characteristics of the bond between the adjacent concrete elements are changed as
per the different roughness criteria

- According to convention and from the work of various researchers such as Randl and Zanotti [4],
Peyerl and Steiner [5], bond strength of the interface in shear should be approximately twice the bond
strength in tension. The ATENA IMM exhibits a similar ratio (1.6 - 2.4) between the shear strength
and tensile strength in the small scale bond model.

— Shear capacity of the interface increases with the increasing cohesion and tensile strength of the
interface and is of the similar magnitude as the cohesion value inputted in the model. Similarly,
friction coefficient inputted for the respective roughness classes, follows the Mohr-Coulomb failure
criteria. A successful check is established for the input parameters.

- In a no bond/very smooth interface condition IMM is able to accurately estimate the dowel action
contribution. However, the initial stiffness could not be reliably predicted because the 1-D reinforcement
bar element only takes into account the axial stiffness of the bar whereas, bending and shear stiffness
are neglected. While estimating the concrete-concrete interaction, only the initial stiffness obtained
from the numerical analysis complied with the experimental bond test. Once the interface fails, IMM
fails to rightly predict the shear response of the model by exhibiting a brittle response.

— In case of a structural model, a very smooth interface is assigned between the bubble-deck slab
and the case in-situ concrete slab. From the comparison between load-displacement curves obtained
from experiment and numerical modelling, a good estimate of the first peak load carrying capacity
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is achieved. However, once the interface elements attain their tensile strength, a sudden stress drop
is observed which does not comply with the experimental results and eventually a conservative shear
response is predicted by IMM. Crack distribution obtained from the numerical analysis complies to the
crack pattern obtained in the experimental test findings.

Moreover, there is a huge mesh dependency while simulating a structural interface failure case using
IMM.

7.1.2. ARTIFICIAL INTERFACE MODEL (ARTIM)

In the artificial interface model (ArtIM), an artificial layer is introduced between the two concrete
elements that acts as an interface. To replicate different roughness classes, an explicit roughness or a
modified surface profile is provided to the interface layer. Lower strength concrete material properties
are assigned in case of small scale bond models. The direct tension test exhibits same tensile strength
of the interface as in case of IMM. Moreover, a ductile response is observed as opposed to the brittle
nature while using IMM.

An overestimation of shear strength is predicted by using ArtIM while simulating a shear load test
on a small scale bond model. Thus, ratio between the shear strength and tensile strength increases
significantly when material elements are used to create an artificial interface layer.

Explicit roughness provided to the interface layer (artificial interface created in wave pattern) in ArtIM
is able to simulate the effect of friction. This is done because a friction coefficient cannot be defined
specifically for ArtIM.

By increasing material strength of the artificial interface layer, shear strength of the composite concrete
specimen is significantly overestimated. This result does not comply with the experimental observation
for interface strength in shear. Moreover, shear strength predicted using ArtIM is significantly higher
than that estimated using the IMM.

Shear strength of the artificial interface layer depends on the concrete compressive strength and tensile
strength assigned to the material elements representing the artificial interface layer. However, for IMM,
cohesion provided to the interface elements is mainly responsible for the shear bond strength. The
degree of increment of these parameters cannot be assumed to be the same, i.e, if cohesion in IMM
is doubled the shear strength is also approximately doubled however, if tensile strength of material
elements in ArtIM is doubled shear strength exhibited by the composite concrete specimen increases
significantly. Hence, use of the artificial interface model (ArtIM) should not be done to calculate the
shear strength of the composite bond model on account of its strength overestimation.

In case of structural validation, similar response like in the case of experimental bond model test is
exhibited by using ArtIM. Since, in this scenario, the shear strength of the interface is very important
in order to transfer stresses, a significant overestimation of the load carrying capacity of the model
is noticed. Even with very weak material properties, load carrying capacity of a partially reinforced
structural model is estimated to be significantly higher than the fully reinforced case of IMM. However,
an important observation while using ArtIM is that the first stress drop exhibited by IMM after first
crack initiation cannot be observed here. This stress drop is not observed in the experimental results
as well.

Due to a very high number of finite elements in the interface layer, computation of the model using
ArtIM is very difficult and time consuming. If mesh size of the elements is increased, then there is
a possibility that the model will become incompatible. Hence, use of artificial interface model is not
advisable to simulate the interface behavior.

Modelling of the reinforcement (RF) crossing the interface is also studied. While using 1-D RF bar elements
perpendicular to the interface, the initial stiffness of the load-displacement curve is underestimated and
does not comply with the experimental results. This is because the 1-D RF bar element only considers the
axial stiffness of the bar and the shear and bending stiffness contributions are neglected. To overcome this
limitation, different RF modelling techniques are tested. Out of all the different approaches implemented, RF
bars modelled in cross pattern give a good estimation of initial stiffness for the dowel action contribution in
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shear stress transfer. By varying the angle between the RF bar and the interface, stiffness of the composite
model can be adjusted. The optimum angle between the RF bars and horizontal (interface layer) should be
maintained close to 90°. In this project, only one model is tested for RF modelling hence, further research
should be done to understand this technique in more detail.

According to the numerical analysis performed in this research, both the techniques used to model an interface
do not predict the interface behavior perfectly under the prescribed roughness characteristics. While using
ATENA IMM, once the interface fails, stress redistribution occurs due to which the post-peak behavior does
not comply with the experimental results. On the other hand, in ArtIM very few parameters can be defined to
the interface layer which are not sufficient to replicate the different roughness characteristics for an interface.
Ratio between the shear strength and tensile strength of the interface is very high in case of ArtIM which
does not comply with experimental findings of Randl and Zanotti [4], Peyerl and Steiner [5].

After studying the two techniques implemented to create an interface on bond level and structural level, it
can be concluded that, the ATENA interface material model (IMM) using 2D line 4-node interface elements
and an artificial interface model using 2D linear quadrilateral 4-node material elements do not predict the
interface behavior reliably with the finite element analysis in ATENA.

7.2. RECOMMENDATIONS
Recommendation pertaining to this research and future prospective research topic are stated in this section

— The effect of creep and shrinkage is not accounted in this research while considering the bond between
concrete cast at different times.

— Detailed research should be done in case of reinforcement modelling techniques, relation between angle
of inclination of reinforcement bars with the interface should be obtained.

— Any other finite element software should be tested in order to study interface behavior considering the
test cases of this report
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Verification of model

While designing the artificial interface element, an additional study with respect to the material properties of
the interface was performed. The concrete strength class chosen for the interface element is varied according
to the tensile strength of the interface model as considered in the Table ?? of ATENA IMM. The increase
in the tensile strength and subsequently the strength of this interface layer can be attributed to the different
bonding agents (epoxy resin, synthetic resin or super strong concrete bonding adhesives) used in real life,
between two concrete layers. The material properties used for this analysis are given in Table A.1. Direct
Tension Test (DTT) and Shear Load test (SLT) are performed on the model with interface having different
material strength properties. Results are discussed below.

Table A.1: Input parameters in numerical model for different roughness classes using ArtIM

Smooth Slightly Rough
Parameters Symbol | Units Inte?r?face Rouil; Int. Intei!r;ace
Material properties
Cube compressive strength ‘ fe.cube ‘ [MPa] ‘ 50 50 50
Interface material properties
Cube compressive strength fecuve | [MPa] 12.45 17.27 23.52
Cylinder compressive strength feeyt [MPa] 10.15 14.09 19.18
Tensile strength fi [MPa] 0.50 1.00 1.50
Young's modulus Ecm [MPa] 22100 24381 26747

A.1l. DIRECT TENSION TEST (DTT)

A DTT is conducted for different concrete strength class for the interface by using the ArtIM. In the report,
results of the interface with properties corresponding to a tensile strength of 0.5 MPa are compared in order to
ensure localization of cracks at the interface. Whereas, an additional study is performed using two more higher
strength concrete classes (tensile strengths: 1.0 MPa (f¢ cupe = 17.27 MPa), 1.5 MPa (f;,cupe = 23.52 MPa))
assigned to the interface elements.
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Figure A.1: Stress - strain curve for models with different interface material strength using ArtIM

The peak normal stress achieved in each case, corresponds to the tensile strength of the respective concrete
strength class used for the interface elements. Important observation in this case is about the post-peak
response of the model. The composite model exhibits ductile behavior once the interface has cracked. On
the contrary, in case of ATENA IMM, an immediate drop in the interface stresses was observed, pertaining
to the breaking up of the interface layer (when non-rigid bond properties are applied to the interface). In this
case, since, the interface element is assigned the properties of a concrete material (possibly, corresponding
to a concrete adhesive bonding agent), a post-peaking softening curve is obtained.
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Figure A.2: Normal stress - strain comparison between ATENA IMM and ArtIM with different roughness classes
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Figure A.2, shows the comparison between normal stress - strain behavior when ATENA IMM and ArtIM
are used respectively. The maximum tensile strength for the ArtIM, depends on the tensile strength of the
interface element. Similarly, for ATENA IMM, the interface parameters assigned at the interface of the
composite model, vary as per the classification of the roughness classes (Model Code 2010).

A.2. SHEAR LOAD TEST (SLT)

Similar to the DTT, a shear loading test is conducted using a straight interface element. Higher concrete
strength values for the interface are tested in order to understand the influence of material strength. Results
of the tests are shown below.
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Figure A.3: Shear stress - strain curve for different interface material properties

From Figure A.3, a clear distinction is observed between the three cases considered for the models. The
lower-most curve corresponds to the smooth surface roughness class and has tensile strength of 0.5 MPa.
Whereas, the upper-most has a material strength corresponding to rough surface characteristics in ATENA
IMM, with a tensile strength of 1.5 MPa.

From the graph, it can be observed that all the three curves, after attaining their first peak value, drop to a
small extent and then again rise until a second peak value is achieved. After the second peak, a constant drop
in the curve is observed, pertaining to the fully developed cracks in the interface element and thus, denoting
softening of concrete in this branch. For smooth and slightly rough interfaces, the first peak is reached on
the onset of cracking of the interface. Whereas, for rough interface characteristics, after the development
of cracks near the bottom edge, diagonal cracks can be observed in the material near the interface. This
means that, for relatively weaker interface elements, cracks appearing at the interface element imply an
interface failure (interface material failure). Whereas, a material failure is observed in the composite model
with relatively stronger interface element.

Due to the initial cracking at the interface, a drop in the shear stress is observed as a result of redistribution of
stresses. However, on further increment of load, shear stresses increase with relatively lesser stiffness than in
the initial stage of the analysis. Once, all the cracks are fully developed at the interface element (for smooth
and slightly rough interfaces) diagonal cracks develop near the edges of the concrete element starting from
the weaker sections of the interface. Whereas, for rough interface model, this state is reached when diagonal
cracks near one of the edges of the material, influence the cracking at the interface element. Fully developed
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cracks appear when the model approaches its maximum shear capacity (second peak). Furthermore, at peak
load, second big diagonal crack develops near the opposite edge of the model again propagating from the
weaker sections of the interface element. Thus, a softening behavior is observed in the post peak branch of
the graph indicating reduction of the shear strength of the composite concrete model.

VARIATION OF WAVELENGTH FOR THE ARTIFICIAL INTERFACE LAYER WITH EXPLICIT
ROUGHNESS

In this section, an effort is made to understand the influence of wavelength of the interface layer on the
shear capacity. Similar to the previous section, the interface layer is modelled in a wave pattern but here,
with different wavelengths (repetitiveness of the wave pattern). For this purpose, size of one interface block-
element (small blue-marked element in Figure A.4 with dimensions nx2.5 mm?) is varied to incorporate the
change in wavelength. n is the length of one element and has values equal to 60, 30 and 20 mm respectively
(Figures A.5d, A.5f and A.5h). The wavelength of the interface layer (like the wavelength of a wave profile)
decreases with subsequent reduction of the interface block-element size. It might seem that the roughness
in all these different cases is identical, however this is not the case. If the interface of the model is divided
into 5 equal sampling lengths, then roughness is calculated by the maximum peak and valley heights in
these respective sampling lengths (lengths separated by green dotted lines in Figure A.4). This phenomenon
is clearly explained by Santos and Julio in their research on roughness quantification methods for concrete
surfaces [26].
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Figure A.4: Division of length into five equal sampling lengths to calculate roughness

The mechanical models used for the analyses and the interface detailing are given in Figure A.5. The
numerical model is shown in Figure A.6. The mesh size used in the numerical model is 10 mm for the
concrete macro-elements as well as for the steel plate on top and 5 mm for the interface elements. The
interface detailing is such that the block-elements in black color constitute the actual interface. Weaker
material properties are assigned to these block-elements to ensure localization of cracks in the interface
layer, between the two concrete layers. The dimensions of the elements are also shown in the figures for
better understanding.
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(a) Mechanical model with straight interface element
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(b) Interface detailing (straight element)

(c) Mechanical model with sinusoidal interface element (element size=60mm)
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(d) Interface detailing (sinusoidal element 60mm)

Figure A.5: Mechanical models and interface detailing for layered interface elements
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(e) Mechanical model with sinusoidal interface element (element size=30mm)
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(f) Interface detailing (sinusoidal element 30mm)

(8) Mechanical model with sinusoidal interface element (element size=20mm)
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(h) Interface detailing (sinusoidal element 20mm)

Figure A.5: Mechanical models and interface detailing for layered interface elements
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Figure A.6: Numerical model used for modified interface layering (30mm interface element size)
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The interface is divided into small layers of 2.5 mm thickness each. The grey-colored regions are part of the
adjacent concrete macro-elements and have the same material properties as those concrete elements. The
cube compressive strengths assigned to the interface layer is 12.45 MPa (f; = 0.5 MPa) (corresponding to
a weaker/smooth interface).
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Straight interface element
60mm interface element

3r 30mm interface element
20mm interface element

2.5

1.5

Shear stress [MPa]

0.5

0 0.5 1 1.5 2 25 3 3.5 4 4.5
Strain [-] 1073

Figure A.7: Shear stress - strain curves with different interface element sizes

Figure A.7, shows the shear stress - strain behavior of the composite concrete models when different interface
detailing is incorporated. The maximum shear capacities for all the different interface designs are more or
less same. However, important factor here is the post-peak response of these models. Model with a straight
interface layer shows higher ductility than the models with wavy interface. Moreover, the ductility decreases
as wavelength of the artificial interface elements is reduced. This behavior can be attributed to the orientation
of weak points in the interface layer. This means that, in a straight line-interface, although the weak points
are distributed randomly, but the transfer of stress between the elements make the entire assembly more
ductile than in the case of explicitly rough interface.

INFLUENCE OF BOUNDARY CONDITIONS

The boundary conditions used so far are chosen according to the manual details of ATENA engineering
software package. However, there can be many different combinations possible for boundary conditions to
test the shear capacity of the interface. Hence, an additional test is performed using different boundary
conditions (BC2), details of which are shown in the mechanical model (Figure A.8). In this model, the top
and bottom layers are fixed in vertical direction, to ensure failure at the interface. Lateral loading is applied
to the top concrete element through a steel plate and support in horizontal direction is provided to the
bottom concrete element on the opposite edge of the model.
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Figure A.8: Mechanical model for different boundary conditions (BC2)

The interface layer shown in the above figure is varied in the same manner as in the previous shear test
model; straight layer (for smooth surface class) and wave pattern with two different amplitudes (for slightly
rough and rough surface classes). The material property used for these interface layers is same as before,
corresponding to a weaker concrete class (f; = 0.5 MPa).
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Figure A.9: Shear stress - strain comparison between old and new boundary conditions

Figure A.9, shows a direct comparison in the stress - strain curve between the two boundary conditions (old
and new). The dotted curves represent old boundary conditions (BC1) and the solid line curves represent new
boundary conditions (BC2). The trend of both the curves is in correspondence with each other. However, the
initial stiffness of the model when loading is applied directly to the concrete layer from the side (BC2 case)
is much lower than the case when, load is applied to the top steel plate by using the old boundary conditions
(BC1 case). Moreover, use of BC2 underestimates the shear capacities of the respective models. The shear
response does not vary significantly for the different roughness classes when new boundary conditions are
used. Crack distribution in the respective models is displayed hereafter.



A.2. SHEAR LoAD TEsT (SLT) 107

Crack width [m]

Crack width [m]

(a) At peak load step (S-I)

(b) At final load step (S-II)

Figure A.10: Crack distribution when smooth interface (straight element) is modelled using BC2
(Displacement Multiplier = 100)

Crack width [m]

(a) At peak load step (SR-I)

Crack width [m]

(b) At final load step (SR-II)

Figure A.11: Crack distribution when smooth interface (straight element) is modelled using BC2
(Displacement Multiplier = 100)
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Crack width [m]

(a) At peak load step (R-I)

Crack width [m]

(b) At final load step (R-II)

Figure A.12: Crack distribution when smooth interface (straight element) is modelled using BC2
(Displacement Multiplier = 100)

The crack distribution shown in Figures A.10 - A.12 clearly shows that in every roughness condition, cracks
are always localized in the interface element. However, by using BC2, the cracks initiate at the right most
end of the interface unlike in case of BC1, where cracks initiated at a weaker section somewhere near the left
end of the interface because of the stress flow following the strut-tie model. Here, no such stress distribution
is observed and hence, no diagonal cracks develop.
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Validation of the model

Length of the reinforcement (RF) bars crossing the interface/anchorage length is an important aspect in
designing the numerical model. In the experimental set-up the bars run through the entire height of the
composite concrete specimen. However, while designing the numerical models, various different techniques
are undertaken to model the reinforcement bars (**section**). In some techniques, it is practically not
possible to maintain full length of the bars, for example, in case of cross pattern bars, small length is
necessary to ensure encasing of the RF bars into the concrete elements. While in case of RF bars designed as
macro-elements, since meshing is provided to the bars in addition to the concrete and steel plate elements,
a fine mesh takes a considerable amount of computation time to run the analysis. Thus, to decrease the
computation time, small length of the RF bars needs to be chosen. Hence, a small test is simulated to select
the appropriate length of the RF bar.

A numerical model as shown in Figure 5.4, is used for the simulation. According to the Eurocode 2 guidelines,
the anchorage length should not be less than 5¢ (¢ is diameter of the RF bar). Nevertheless a total length
of 200 mm is chosen for the short RF bar design (100 mm anchorage on both sides of interface, diameter
of RF bar being 9.5 mm).

Stress - strain
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Stress [WMPa)

[ary

0 0.1 0.2 0.3 04 0.5 0.6 0.7 D8
slip [m]
—+— Short bar Rough IMM ~—m— Long bar Rough IMM
Short bar Smooth IMM Long bar Smooth IMM

Figure B.1: Stress - strain curve for smooth and rough interface using ATENA IMM

Figure B.1, shows that the responses for both the lengths, chosen for the RF bars, are exactly same. Hence,

109
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a shorter length of the bar is appropriate for simulating any other model using different RF modelling
technique.
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