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Abstract

Shear failure is one of the most critical failure modes of reinforced concrete members,
especially for those without shear reinforcement. Despite the extensive research
programs in the last decades, there is still no general agreement on a rational theory to
assess their shear capacity. In the recent years, researchers have focused on developing
mechanical models for shear design that are based on a predefined crack pattern and
kinematics assuming that the shear force can be transferred through a critical shear
crack by various shear transfer mechanisms. These mechanical models need to be
validated by detailed kinematic measurements taken from experiments. This
information could not be acquired before, however, in the recent years, new
measurement technology has developed quickly, amongst others, Digital Image
Correlation (DIC) provides new opportunities to obtain the crack pattern and kinematics
through the displacement field of the whole surface of the target specimen.

In this research, the possibility of using DIC measurements to apply a detailed analysis
on the contribution of the shear transfer mechanisms (uncracked concrete, aggregate
interlock, dowel action, and arch action) is explored in order to obtain a better
understanding of the shear failure process.

The analysis is based on ten representative tests on reinforced concrete beam specimens
with a height of 1200 mm. The tests are selected from an experimental program
designed to study the shear behaviour of reinforced concrete slab strips without shear
reinforcement. A new algorithm is developed to automatically determine the
contributions of the different shear transfer mechanisms along a crack from the
displacement field obtained by DIC measurements. A comparison between the
experimental results and the sum of the calculated contributions yield to a reasonable
agreement, with an error of 40% when the shear failure is presented just after the
formation of the flexural shear crack.

With the help of the new algorithm, new insights on the three different shear failure
modes observed in the experiments (flexural shear failure, shear compression, and
dowel failure) are discussed. Flexural shear failure is attributed to the loss of aggregate
interlock when a sudden increase of the shear displacement of the critical shear crack is
observed. However, such decrease occurs earlier before the actual failure occurs.
Therefore, the actual shear failure mechanism should be studied at an earlier stage. In a
shear compression failure, the arch action turns out to be dominating. For members with
large depth and exceptionally low reinforcement ratio (< 0.3%), a different failure mode
may occur: dowel failure. Which is defined by the opening of the secondary branch of a
major flexural crack along the tensile reinforcement. In the three failure modes, the
importance of the crack opening in vertical and longitudinal direction is demonstrated,
since the increase of them directly result in the drop of shear force that can be
transferred through aggregate interlock.

Finally, the results are a valuable input to further improve the Critical Shear
Displacement theory. It is suggested that the assumed simplified crack profile is
modified to a crack with an angle between 60° to 70° to represent more accurately the
results and to allow for larger shear displacements. It is demonstrated that an increase of
the shear displacement A is critical to triggering the shear flexural failure as proposed
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by this theory and the actual value of the critical shear displacement is larger than the
proposed value based on regression analysis.

Keywords: shear, concrete members, without shear reinforcement, DIC, kinematics,
shear transfer mechanisms, critical shear displacement theory, aggregate interlock.
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Notation

Abbreviations

CSDT
DIC

LVDT

Critical Shear Displacement theory

Digital Image Correlation, a photogrammetry measurement
technique to track the full deformation of a surface

Linear Variable Differential Transformer, a sensor used to measure
deformations in a single direction

Roman Upper Case

Ax, Ay

Dmax
Ec
Nai
Nc

PCF
Py

Vai
Ve

Ver

V4
Vu

projected contact areas for a unit crack length, which are
functions of the normal and tangential displacement (n,t) of the
two crack faces

aggregate size

maximum aggregate size

elastic modulus of concrete

resultant compressive force component carried by aggregate interlock
resultant compressive force component carried by uncracked concrete
applied load

load level at which the critical inclined crack opens

maximum load level

load level at which yielding of the reinforcement is observed. It
equals to Py when no other failure occurred after a further increase of
the deflection

distance from the center of the crack to the point with computed
displacements

shear force

shear force carried by aggregate interlock

shear force component carried in the uncracked concrete compression
zone

inclined cracking load, the shear force needed to open the critical
inclined crack

shear force component carried by the dowel action

maximum shear force



Roman Lower Case

a
b
c

d
fe

fc,cube

fet
ke

|cr,m

Ne

Scr

Wb; Wm

X0

Xer,b

Xer,m

Xer0

Zc

distance from the center of the support to the center of the loading
point

width of the structural member

thickness of the concrete cover

effective height of the tested specimens

concrete compressive strength

concrete compressive cube strength determined by testing concrete
cubes with dimensions 150x150x150 [mm?®], casted during the casting
of the specimens

concrete tensile strength

slope of the stress line to distribute localized load/deformation to the
whole section

total height of the tested specimen

mean crack spacing of the major cracks

normal displacement along the crack profile

elastic stiffness ratio between Es and E¢

crack height after it is stabilized

tangential displacement along the crack profile

crack opening in the longitudinal direction

crack opening in the longitudinal direction at reinforcement and mid-
height level

distance between the center of the support and the root of the crack
profile

distance between the shear crack at the bottom reinforcement level
and the center of the support

distance between the shear crack at the center line of the specimen
and the center of the support.

distance between the center of the support and the root of the critical
crack

length of the internal lever arm

height of the uncracked compressive zone



Greek Upper Case

A

Ab, Am

ACI’

relative vertical displacement of the crack faces

relative vertical displacements of the crack face at the reinforcement
and mid-height level

critical shear displacement of the crack faces at the level of the

tensile reinforcement for the opening of the dowel crack

Greek Lower Case

crack angle

crack angle of the critical shear crack

average angle of the major cracks

angle of direct compressive strut, from the point load to the support
strain of the cross-section in the longitudinal direction
diameter

coefficient of friction

reinforcement ratio of the specimens

relative aggregate volume fraction

normal stress

crushing strength of the cement matrix under confinement

shear stress

Xi



1 Introduction

1.1. Background and motivation

Shear failure is considered as one of the most critical failure modes in concrete
structures, especially for members without shear reinforcement. In contrast to other
failure modes, shear failure occurs without any warning and can be defined as a brittle
failure that can lead to catastrophic events. Thus, the importance of understanding its
behavior.

The shear strength of concrete members with and without shear reinforcement has
always been a topic of interest, this has led to extensive experimental and theoretical
research. There are some well-established theories to assess the shear capacity of
members with transverse reinforcement such as the truss-analogy (Mérsch, 1909) and
the Compression Field Theory (Vecchio & Collins, 1986; Bentz et al., 2006). On the
contrary, for members without transverse reinforcement, there is still no general
agreement on a rational theory. Some researchers have developed different theories to
assess the shear capacity, however, most of them are empirical formulators (Zsutty,
1968; Bentz, 2005). In recent years, researchers such as Muttoni & Ferndndez Ruiz
(2008); Mihaylov et al. (2013) and Yang (2014), have put special effort in
understanding the shear transfer mechanisms and in developing mechanical models for
shear design. These mechanical models are usually based on the interpretation of a
crack pattern after failure and on measured kinematics before it happens using
traditional measuring techniques such as LVDTs that fail in tracking the full
development of the failure process. The developing of new measuring techniques, such
as the Digital Image Correlation (DIC), provide a new insight to this problem since this
tool allows having detailed information about the evolution of the cracks even an instant
before failure. With DIC, information about the kinematics and crack pattern during the
failure process can lead to a better understanding of the shear failure process.

This Master’s Thesis will be based on the results of ten representative tests on
reinforced beams selected from an experimental program designed to study the shear
behavior of reinforced concrete slab strips without shear reinforcement. The main
objectives of this thesis are to explain the observed failure modes based on the crack
patterns and kinematics obtained from the DIC results concerning the role of the various
shear transfer mechanisms and to give recommendations to improve the Critical Shear
Displacement theory.

12



1.2 Objectives

1.2 Objectives

The goals of this master’s thesis are to explain the failure modes observed on an
experimental program on concrete members without shear reinforcement based on
Digital Image Correlation (DIC) results regarding the role of the different shear transfer
mechanisms and to check some of the assumptions made in the Critical Shear
Displacement theory. From these goals the following research questions arise:

e What is the contribution of each of the shear transfer mechanism? Which one is
governing?

e Can the observed failure modes be explained with the analysis of the shear
transfer mechanisms?

e How can the obtained insights be implemented to improve the available shear
models?

1.3 Research Methodology

This research is based on the results of ten representative tests on reinforced concrete
beam specimens selected from an experimental program designed to study the shear
behavior of reinforced concrete slab strips without shear reinforcement. The program is
an extension of the previous study reported in Yang (2016) on the transition between
the flexural and shear failure modes.

Besides the traditional measuring techniques (LVDTs), DIC measurements were
implemented for which several photographs were taken throughout the development of
each of the test. The main results of this research were obtained by post-processing the
data of the DIC using Matlab scripts.

To accomplish the research goal of explaining the observed failure modes in the
experimental program, a new algorithm is developed to calculate the contribution of the
shear transfer mechanisms based on the DIC measurements, which provide the crack
pattern and the crack kinematics that are used as an input to compute the calculated
shear transfer by the different actions. These steps or units are schematized in the
following flowchart:

Digital Image

. Crack Shear transfer
Correlation

kinematics mechanisms

Crack pattern
calibration

Fig. 1.3.1 Schematic diagram of the methodology
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1.4 Outline of the thesis

In Unit 1 the implementation and calibration of the DIC technique are explained. Then,
in Unit 2, the crack pattern is identified from the distribution of the strains obtained
using the DIC. Once the crack pattern and the angle of the cracks are found, the crack
kinematics is obtained relating the displacements, this procedure is explained in Unit 3.
Next, in Unit 4 the methodology followed to calculate the contribution of the shear
transfer mechanisms is given.

1.4 Outline of the thesis

This thesis mainly contributes to gaining a more comprehensive understanding of the
shear failure process through the kinematics that can be obtained using Digital Image
Correlation in combination with an experimental study on concrete structures without
shear reinforcement. A brief description of the organization of this thesis is provided
below.

Chapter 2 is dedicated to reviewing the background knowledge on the different shear
transfer mechanisms and to a literature review on the available shear mechanical
models. It also contains an explanation of the fundamental principles of Digital Image
Correlation.

In Chapter 3, the selected tests are presented. It also contains a summary of the
properties of the specimens and the DIC test set up.

The objective of Chapter 4 is to explain the methodology followed to develop the
algorithm that determines the contributions of the different shear transfer mechanisms.
To do this, the methodology is divided into four units that include the calibration of the
DIC results, the identification of the crack pattern, the calculation of the crack
kinematics and finally the co.

Chapter 5 presents the results of cracking patterns and crack kinematics. On the basis of
these results, an analysis of shear transfer mechanisms is performed where the
governing shear transfer action is identified.

Chapter 6 provides recommendations to improve the Critical Shear Displacement theory
based on the results in Chapter 5.

Finally, the main conclusions of this project and recommendations for further research
are presented in Chapter 7.

14



2.1 Shear transfer mechanisms

2 Literature Review

This chapter provides a description of the shear transfer mechanisms and some of the
available mechanical models to assess the shear capacity of reinforced concrete
members without shear reinforcement. Finally, a revision of the fundamentals of Digital
Image Correlation is given.

2.1 Shear transfer mechanisms

An effective technique to understand the forces acting on a concrete element is to draw
a free body diagram along a certain section and ensure that the external and internal
forces are in equilibrium.

Regarding the shear strength of reinforced concrete members without shear
reinforcement, it has been generally accepted that if a free body diagram is taken from a
beam along a flexural crack, the shear force can be transferred by the following four
mechanisms (Fig. 2.1.1), as summarized by ACI-ASCE Committee 445 on Shear and
Torsion:

Shear stress in the uncracked concrete zone

Aggregate interlock caused by the tangential displacement of the crack faces
Residual tensile stress occurring at limited normal opening of the cracks
Dowel action caused by the longitudinal bars

AN

direct shear transfer

aggregate interlock

Fig. 2.1.1 Free body diagram with three shear transfer mechanisms (Yang, Walraven, &
Den Uijl, 2016)

In addition to the shear transfer mechanisms list above, when the shear can be directly
transmitted to the support by an inclined strut, arch action develops.

In the following sections, a description of these four mechanisms will be given.

Information about the constitutive laws and their theoretical backgrounds will be
presented.

15



2.1 Shear transfer mechanisms

2.1.1 Shear in the uncracked concrete zone

The uncracked concrete zone in a cracked concrete section contributes to the shear
resistance, however, its contribution is limited to the depth of the compression zone of
the cross-section. In a relatively slender beam, the shear contribution due to the
uncracked compression zone becomes relatively small due to the small depth of the
compression zone. (Transportation Research Board, 2006)

As long as a concrete cross section remains uncracked, the stress distribution will
follow the elastic theory. Simplifications can be done, depending on whether the height
of the compression zone varies or not. When the height of the compression zone is
assumed to be more or less constant, the simplifications allow considering the boundary
conditions between two flexural cracks. In the early 1900°s, Mdrsch (1909) derived the
shear stress contribution for reinforced concrete beams containing flexural cracks.
Marsch predicted that the shear stress reaches its maximum value at the neutral axis and
then remains constant from the neutral axis to the flexural reinforcement level. Above
the neutral axis, a parabolic stress distribution was assumed, see Fig. 2.1.2. Researchers
like Taylor (1974), Fenwick & Pauley (1968) and Sherwood et al. (2007) have derived
more complex expressions for the shear stress distribution curve but Morsch’s
formulation has proven to be accurate enough.

The shear force carried by the concrete compressive zone can be expressed by:

Loy 2.1)

V=St
Z

c

w(nN

with
z: the lever arm equal
z, - the height of the uncracked compression zone

S A 6. N m——

: |
X Cleenaa ey 6 '
: ¥ :
PPN S, § - i i e - Te
4
- AL . ;
e © 00| T
8 8’

Fig. 2.1.2 Shear stress distribution (Mdrsch, 1909)

When the variation of the lever arm is governing, the shear force is transfer by the
mechanism denoted as ‘Arching action’. In this case, the flow of forces can be modeled
using the Strut and Tie method, which was proposed in the late 1980’s (Marti, 1985;
Schlaich et al.,1987). This method can describe the capacity of beams failing in shear
compression, which is governing in members with a/d ratios less than 3.0. In this failure
mode, after the critical crack has developed, an increase of the shear strength is
observed since shear can be transmitted directly to the support by an inclined

16



2.1 Shear transfer mechanisms

compressive strut in the uncracked concrete part and the rebar can be considered as a
tension tie. The uncracked concrete part and the reinforcement form an arch-like
structure, like the one illustrated in Fig. 2.1.3. The vertical component of the force is
considered as the contribution for the uncracked concrete part.

= tensile chord =
Fig. 2.1.3 Arch-like structure

2.1.2 Residual tensile strength

The residual tensile strength of concrete consists of the capacity to transfer tensile
stresses across cracks. Concrete can transmit tensile stress when the crack widths are
smaller than 0.1 mm. The relationship between tensile stress and crack widths was first
investigated by Evans & Marathe (1968). The importance of the residual capacity to
transfer tensile stress was recognized in the Fictitious Crack Model developed by
Hillerborg et. al (1976). Since then, research has been carried out to study the tension
softening behaviour of concrete. A widely accepted tensile stress — crack width
relationship is the exponential relationship proposed by Hordijk (1991).

Regarding the contribution of the residual tensile strength to shear behaviour, its role is
not widely agreed yet. In models based on fracture mechanics such as Jenq and Shah’s
model (1990) or Gustafsson and Hillerborg’s model (1988), the contribution of the
tensile stress along the crack plays a major role. However, according to some
researchers like Reineck (1991), the tensile stress in shear cracks is very limited, since
its presence is restricted to the vicinity of the crack tips of the inclined or flexural
cracks. When the crack opening is small, the contribution is significant. However, in
large concrete members, the contribution of the crack tip tensile stresses is minimal due
to the large crack widths that occur before the failure of such members (Transportation
Research Board, 2006).

Yang (2014) mentions that the contribution of the tension softening force to the shear
resistance is about 10 times smaller than the aggregate interlock effect, thus in this
thesis, it is neglected when the crack width is larger than 0.1 mm.

2.1.3 Dowel action

One of the principal types of shear transfer mechanisms is the so-called dowel action.
The dowel force is a result of the interaction between the reinforcing bars and the
surrounding concrete when the reinforcing bars resist forces perpendicular to their axis.
Walraven (1978) described the dowel deflection (A) as the total distance between the
axis of the un-deformed parts of the bar at both sides of the crack. (Fig. 2.1.4) The total
deflection is the result of the deformation of the concrete surrounding the bar and the
deformation of the bar over the free length (W).

17



2.1 Shear transfer mechanisms

Fig. 2.1.4 Dowel deflection (Walraven J., 1978)

Paulay et al. (1974) identified three different mechanisms for the deformation of the bar
occurring over the free length (Fig. 2.1.5):

e Bending: the capacity of this mechanism is limited by the formation of plastic
hinges in the bar

e Shear: the load is transferred by pure shear

¢ Kinking: if there is a considerable shift between the two main bar axis, the axial
force in the locally derived part results in a component perpendicular to the bar
axis.

kinking

Fyp =
/_Tdu=Asfsycosp
F

Fig. 2.1.5 Mechanisms of shear transfer over the free length according to Paulay et al.
(1974)

There are two possible failure modes under the dowel action mechanism:

1. Failure Mode I: Yielding of the bar and concrete crushing under the dowel
2. Failure Mode IlI: Concrete splitting

According to Vinitzeleou & Tassios (1986), the concrete cover (C) is the main
parameter upon the failure modes depend. When the concrete cover is greater than 6 to
7 times the bar diameter, the failure occurs due to failure mode I. When the concrete
cover is smaller (which is the case of reinforced concrete beams), the governing failure
mechanism is the concrete splitting, the splitting cracks can be present either at the faces
of the section or at the bottom.

2.1.3.1 Empirical Formulas

Many researchers have carried out experiments (Fig. 2.1.6) to investigate the dowel
strength when the failure mode is due to the splitting of concrete, thus only empirical
formulas are available. The main parameters considered in most of these formulations
are the bar diameter, concrete strength and concrete cover. Some of the expressions
proposed for the prediction of the dowel force (V, ) are:

18



2.1 Shear transfer mechanisms

1 Krefeld and Thurston (1966)

180p 1
V,=bf |1.30|1 c+d 2.2
; “[ LWfijﬁ(xl/d) @2

p . is the percentage of reinforcement

C : is the concrete cover

d : is the effective depth

X, : is the distance of the diagonal crack from the beam support

f_: is the concrete compressive strength

where

2 Taylor (1969)

\Y

d max

=9.1+0.0001] ¥ (¢, +¢)] f, (2.3)

where
C, : is the side cover

¢, : is the horizontal distance between consecutive bars
f, . is the concrete tensile strength

The relationship between the dowel deflection and the load is defined by the
following curve:

V, =155V, A%® (2.4)

d max

3 Baumann and Risch (1970)

where
b, : is the net width of the beam (b —ng)

The relationship between A and V,, for this set of experiments is:

V, :Avdmax,A<O.08mm (2.6)
0.08
4  Houde and Mirza (1974)
Vy e =370, 3/, @2.7)

The load-dowel deflection relation is given by:

V, =78AV, . (2.8)
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2.1 Shear transfer mechanisms
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Fig. 2.1.6 Test experiments (Walraven J., 1978)

The typical results from Baumann and Risch (1970) experimental research are shown
in Fig. 2.1.7. It can be observed that during the experiments the post-peak behavior was
investigated. The results show that large plastic shear displacements can be expected
after the peak load, which evolves into the splitting crack approximating to the support
at the reinforcement level.

. 320

vV 110

450 ~ 450" 450

»

10F ¢,=20;d, =20 (‘/‘f60:c/,,:20

[ g b =3d =0
/7 ¢,=40;d =16

0

0 012 0.4 v [mm]
Fig. 2.1.7 Test results from Baumman and Risch (1970)

In this thesis, large shear displacements are expected similar to the results found by
Baumman and Rusch (1970) due to the dimensions of specimens (1200 mm of height),
thus their equation will be used to calculate the contribution from dowel action.

2.1.4 Aggregate Interlock

Aggregate interlock is defined as the effect that allows developing shear and
compressive stresses caused by the tangential and normal displacements between two
cracked surfaces due to the protrude aggregates in the concrete.

Some researchers have proposed models to calculate the aggregate interlock stresses

based on the relative displacements of the surface of the cracks ( (Walraven J. C., 1981)
and (Gambarova & Karakoc, 1983)). The model proposed by Walraven (1981) reflects

20



2.1 Shear transfer mechanisms

the physical background of aggregate interlock, since it allows relating the opening (w)
and slipping (A) between to cracked surfaces to the normal (o) and shear () stresses
transferred along the crack (Fig. 2.1.8), thus this model will be used for the
development of this thesis.

1
a a,

Fig. 2.1.8 Aggregate interlock scheme mechanisms (Walraven J. C., 1981)

The compression (N, ) and shear (V,;) forces acting at the crack can be calculated by
integrating the stresses along the crack:

v A A
where

o, ' Is the compressive strength of the cement matrix

o, =6.39F%

u . is the coefficient of friction

D : is the diameter of the aggregate

P, - 1s the relative aggregate volume fraction

A, A, : are the projected contact areas between the surfaces of the aggregates
and the cement matrix, which are functions of the normal and tangential
displacements in both axes (n,t) of the crack faces. The expressions to obtain
the projected areas, depend on the magnitude of the normal (n) or tangential (t)
displacements and are:

Case 1, normal situation when t <n:

t

Dinax 4 D
Ay = Jn2+t2 pk ; F (D_maijl(n,t, D)dD

Dmax 4 D
A= J.n2+t2 Py ; F [D_JGZ (n,t,D)dD

t max

Case 2, when t>n:
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2.1 Shear transfer mechanisms

D

n?+t? 4 D .
A= pk;F(D—jG (ntD)dD+In+tzpk—F[D JGl(n,t,D)dD

max

n? +t 4 D 4 D
A=l P p (Dmax JG (nt,D)dD + [,7 i P F [D—]GZ(n,t, D)dD

max
with

Aggregate size distribution as:

05 4 6 8 10
F(D)=0532) 2| —02122) 2| —0.0722| 2| —0.0362] -2 | —0.0252) >
Dmax Dmax Dmax Dmax Dmax

G,(n,t,D) = D?*(/D? —(n* +1?) ¢ u._ —nu_ —u®_)
Jn? +1?
(1= D7~ (17 +1) Uy, + (U 1) 5= (0 )

D> , D* . (w+u D> . (2n
-Nn,[— —n° + —arcsin| ——™ |- ——arcsin| — |dD
4 4 D/2 4 D

G,(n,t,D)=D" (%— nj

2 2
G,(n,t,D)=D" Zp2_ 1/D——n —D—arcsm@
8 4 4 D

Additionally, accounting for the tension softening effect, the experimental research
carried out by Keuser and Walraven (1989) showed that when the tangential
displacement is smaller than the crack width and the crack width (n) is smaller than
0.2mm, it is possible to neglect the influence of aggregate interlock on the tension
softening relationship.

G,(nt,D)=D"

The complexity of the integration of Walraven’s formulation makes it difficult to solve
without numerical procedures, which cannot be implemented in the engineering
practice. In most cases, researches proposed simplified formulations as in Reineck
(1991), Vecchio & Collins (1986) and Yang (2014). In this thesis, the integration of the
stresses is performed with the help of a Matlab script.
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2.2 Mechanical models

A simple and widely accepted theory for the prediction of the shear strength of
reinforced concrete members without shear reinforcement does not exist yet. There are
several models that have been developed. Nevertheless, many of these theories are
empirical formulas based on the available experimental data. In the last decades,
researchers have focused on developing physical models that account for the
contribution of the different transfer mechanism assuming a given crack pattern and
kinematics at failure. Some of these physical models are the so-called “Tooth model”
developed by Kani (1964) and Reineck (1991), the Critical Shear Crack theory by
Muttoni & Fernandez Ruiz (2008), the Two-parameter kinematic theory based on the
deformation patterns of deep beams introduced by Mihaylov et al. (2013) and the
Critical Shear Displacement theory by Yang (2014).

In the following sections, a review of the models mentioned previously will be given. A
detailed review of the assumptions made for the Critical Shear Displacement theory
(CSDT) (Yang, 2014) will be presented with the objective to give recommendations to
improve them based on the observations obtained from the experimental program and
the DIC results.

2.2.1 Tooth model

One of the first models was proposed by Kani (1964), where it is suggested that under
an increasing load a reinforced concrete beam transforms into a comb-like structure.
The flexural cracks create more or less vertical concrete teeth, while the compressive
zone represents the backbone of the concrete comb.

Fig. 2.2.1 Kani’s teeth model (Kani, 1964)

Reineck (1991) inspired by the tooth model proposed by Kani (1964), developed a
mechanical model where equilibrium is assessed in a “tooth” (Fig. 2.2.2b). The
considered shear transfers mechanisms were:

e Friction in the cracks with the vertical component Vv_, which refers to the

aggregate interlock
e Dowel force of the longitudinal reinforcement V,

e The shear force component V. in the compression chord

ai’?
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2.2 Mechanical models

a) end support region b} tooth c) D-region with load application

Fig. 2.2.2 Reineck’s mechanical model (Reineck, 1991)

Reineck’s model considers the crack shape as a straight line at an angle £, =60°,

which propagates horizontally by a length Al,, (Fig. 2.2.2). The crack spacing between
primary cracks is derived as:

S, =0.7(d —c) (2.10)

The vertical force equilibrium was assessed considering a free body diagram of the end
support region of the beam (Fig. 2.2.2a) as follows:

V =V, +V, +V, (2.11)

The shear force transfer in the compression zone V, is the result of integrating the stress

over the depth of the compression zone (c), considering a parabolic shear stress
distribution, which yields in:

2¢C . c
V. ===V th z=d-= and ¢ =0.4d
©737 Wi z=a-3 (2.12)

The limiting value of dowel action V,, was derived by Reineck and corresponds to the
one given in Baumann (1970) and Vintzeleou & Tassios (1986).

© bd,f,  withb =b,~>d,

Vdu :W n-b 'ct
The Vv, component must be determined by integrating the stresses along the crack. To

simplify this integration, Reineck made some assumptions. The stress distribution due
to friction along the cracks z, was divided into a constant part z,, and a parabolic part

7;,. Considering equilibrium and the condition of maximum and equal shear stress at

the neutral axis of a rectangular cross-section, the shear force component is defined as
follows:

V, =b,(d-c)r, —%vd (2.13)
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2.2 Mechanical models

The maximum value 7z, follows from the constitutive relation from Walraven’s

proposal (Walraven, 1981) that states that for a constant crack width the friction in the
cracks is linear and decreases with the increasing crack width (An).

A :
7, =0.45f, (1——”) with An, =0.9mm (2.14)
The corresponding critical slip is:
As, =0.336An+0.01Imm (2.15)

The corresponding crack width (An) is derived from the kinematic considerations (see
Fig. 2.2.3), where the crack width at mid-depth is considered to be half of the value of
the longitudinal reinforcement.

An=0.71g;s, (2.16)

The detailed derivation of can be found in Reineck (1991).

Fig. 2.2.3 Kinematic considerations (Reineck, 1991)

2.2.2 Critical shear crack theory

The Critical Shear Crack Theory (CSCT) was first introduced by Muttoni & Schwartz
(1991) and since then further improvements have been made for shear of one and two-
way slabs (Muttoni & Ferndndez Ruiz, 2008; Muttoni, 2008). This theory states that the
shear strength of reinforced concrete members without shear reinforcement depends on
the opening and roughness of a critical shear crack transferring shear (Muttoni &
Fernandez Ruiz, 2008).

This theory parts from the consideration that initially, the tensile stresses that lead to the
development of the critical shear crack are initiated by the following shear transferred
actions:
e Cantilever action (Fig. 2.2.4a). Refers to the shear carried by an inclined
compression chord by means of the concrete between two flexural cracks, as a
cantilever beam or the so-called “tooth” defined by Kani (1964).
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2.2 Mechanical models

e Aggregate interlock ((Fig. 2.2.4b)
e Dowel action (Fig. 2.2.4c)
¢ Residual tensile strength of concrete (Fig. 2.2.4d)

Once the critical shear crack develops, the mechanism responsible for transferring the
shear is the arching action (Fig. 2.2.4e-f). This action accounts for the inclination of the
compression chord and its strength depends on the aggregate interlock capacity
(Muttoni & Ferndndez Ruiz, 2008). The parameters governing the arching actions and
thus the shear strength are the location and crack width of the critical shear crack and
the aggregate size.

(e)

K
e
=+ -

Fig. 2.2.4 Shear-transfer actions: (a) cantilever action; (b) aggregate interlock; (c) dowel
action; (d) residual tensile strength of concrete; and (e-f) arching action (Fernandez Ruiz,
Muttoni, & Sageseta, 2015)

2.2.3 Two-parameter kinematic theory

The two-parameter kinematic theory (2PKT) for deep beams was first introduced by
Mihaylov et al. (2013) and it can describe the deformed shape of deep beams and
predict the ultimate shear strength of such members. It has been extended to the non-
linear five spring model (Mihaylov B., 2014), which predicts the complete load-
displacement response of shear-critical deep beams and the three-kinematic theory
(3PKT) (Mihaylov et al., 2016) to account for the shortening of the members caused by
axial forces.

The two-parameter kinematic theory assumes that the shear failure of a deep beam
occurs along a crack that extends from the inner edge of the support to the loading plate
(see Fig. 2.2.5). The concrete above the critical crack is modeled as a rigid block that
has a critical loading zone (CLZ), which is the area located below the loading plate and
is highly stressed. The concrete below the critical crack is represented as radial struts
that connect the loading point to the longitudinal reinforcement.
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Fig. 2.2.5 Assumption of 2PKT (Mihaylov, Bentz, & Collins, 2013)

The main assumptions of this theory are that, with respect to the loading plate, the
motion of the concrete block above the critical crack can be described as a rotation
about the top of the crack and a vertical translation, as shown in Fig. 2.2.5. The rotation
is proportional to the average strain in the bottom longitudinal reinforcement (¢, ),

while the translation equals the vertical displacement A of the critical loading zone
(Mihaylov, Bentz, & Collins, 2013). Thus, the two degrees of freedom (DOF) are the
& g and A, (Fig. 2.2.6). The elongation of the longitudinal reinforcement causes the
rotation of the radial struts around the loading point which increases the crack width,
while the transverse displacement results in widening and slipping of the critical crack.
DOF &, 5, DOF A, A,

(.

=0

zﬂ‘c

7

8=8,=0 1z

A A X
t a+ e, , qdcoto | c A

Fig. 2.2.6 Degrees of freedom (Mihaylov, Bentz, & Collins, 2013)

The angle of the critical crack («, ) is related to the a/d ratio and should be determined

as the smallest of the angles o or @, see Fig. 2.2.7. The angle « forms when
connecting the inner edge of the support to the outer edge of the effective width of the
loading plate, while angle € can be determined from the simplified Modified
Compression Field Theory (MCFT) (Bentz, Vecchio, & Collins, 2006) or can be
assumed to be equal to 35°. For deep beams, the angle « is governing while the angle
0 represents the transition to slender beams when the a/d ratio increases.
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Fig. 2.2.7 Modification of the angle ¢, for long beams (Mihaylov, Bentz, & Collins, 2013)

Based on the above-mention assumptions, the vertical and horizontal displacements of
each of the points in the shear span can be expressed in terms of the two DOFs, as

shown in Mihaylov et al. (2013).

A free body diagram of a deep beam is shown in Fig. 2.2.8 and as it can be observed the

shear resistance is expressed as:

V =V, +V,, +V,+V,

where

(2.17)

V.., . are the shear forces resisted by the critical loading zone, which depend on

the effective width of the loading plate, the average compressive stress and a
crack shape coefficient that accounts for the fact that in slender beams the

critical crack is not straight.

V,,: are the forces resisted by aggregate interlock and determined as expressed

by Vecchio & Collins (1986)

V, 1 is the shear resisted by the stirrups

V!

is the shear resisted by the dowel action which depends on the number of

bars, the bar diameter, the length of the dowels and an effective yield strength.
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Fig. 2.2.8 Shear transfer mechanisms in deep beams (Mihaylov, Bentz, & Collins, 2013)
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2.2.4 Critical shear displacement theory

Yang (2014) based on experimental observations, developed a new theory for the shear
capacity of reinforced concrete members without shear reinforcement. The theory
proposes that the shear displacement of the critical inclined crack can be considered as a
failure criterion for the shear capacity of a structural member, it considers that the
opening of the critical inclined crack starts with the opening of a dowel crack, that
develops along the tensile reinforcement. The opening is triggered when the shear
displacement of an already form flexural crack reaches a critical value. This process is
illustrated in Fig. 2.2.9.

splitting cracking

reinforcement

Fig. 2.2.9 Crack kinematics at failure, according to (Yang 2014).

Yang’s theory is based on the following shear force transfer mechanisms that occur on a
critical inclined crack or flexural shear crack:

e Shear force transferred in the compression zone (V. ) determined with Mdrsch’s

approach (1909)
e Dowel action (V, ) using the expression proposed by Bauman and Riisch (1970)

e Shear force transfer by aggregate interlock (V, ) adopting the expressions
proposed by Walraven (1981)

Concerning aggregate interlock, the aspects that contribute the most to the shear force
transmission are the crack shape and the normal and tangential displacements along the
crack profile. Since Walraven’s formulations must be solved with numerical
integrations, a simplified crack profile was proposed to facilitated and simplify the
relationship between V_;, the crack width (w) and the shear displacement (A).

To arrive at the simplified crack pattern some assumptions were made:

1. The crack is composed of two branches: the major crack or main branch and
the secondary branch located in the compressive zone. The latter contributes to
increasing shear displacement in the major crack part when the shear force
increases

2. The major crack can be simplified as perpendicular to the longitudinal
direction of the beam.
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-

A
crack profile simplified by
from experiment straight lines "'I |" Wo
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Fig. 2.2.10 Simplified crack profile (Yang, Walraven, & Den Uijl, 2016)

Based on these two assumptions, the simplified crack profile shown in Fig. 2.2.10(b)
was derived. In the main branch of the crack, the shear displacement generates
aggregate interlock stresses while the secondary branch allows additional shear
displacement in the major crack. This simplification allows the normal crack opening
and the shear displacement of the major crack to be independent.

To simplify the shear force-displacement relationship, the distribution of the crack

opening was assumed to vary linearly, with a crack width at the top of the main branch
(w,) equal to 0.01 mm. While the crack width at the reinforcement level ( w,) is

estimated considering the crack spacing and the steel stress as follows:

Wb = Icr,mgs (2-18)

If the height of the fully develops crack is s, and the slope of the stress line is k_, the
space between a fully developed crack and the next possible cracked section is:

= (2.19)

It is assumed that for a major crack, its total height is reached directly after its formation
and determined by cross-sectional equilibrium, the height is equal to:

Sy = b+ o.N, —\/Zpsne + (psne)z}j (2.20)

The simplification of V,is based on the shear stress-crack width relationship under

constant shear displacement, where at the same shear displacement, the smaller crack
widths result in larger shear stresses. Thus, the total V_,was estimated considering the

upper part of the crack (where the crack width is much smaller compared to the one at
the reinforcement level) to a chosen w,, of 0.04mm. Thus, the expression for aggregate

interlock is simplified into a function depending just on the shear displacement, as
follows:

0.003

V, =6.39f h————
w, —0.01

(—978A% +85A —0.27) (2.21)
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2.2 Mechanical models

The remaining unknown is the critical shear displacement A, . Yang (2014) carried out

a back analysis based on the shear test results from existing databases, more information
can be found in the reference document. With the results, a plot of the A against the

depth of the beams was constructed, as shown in Fig. 2.2.11
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Fig. 2.2.11 Calculated critical shear displacement against effective height (Yang, 2014)

These results show that the values of A, fall in a range between 0.005 and 0.05 mm
presenting a relatively large scatter. An expression for A_ based on a regression
analysis was formulated as follows:

_ 9 0005<0.025mm (2.22)

ACI’
29800

To account for the influence of the rebar diameter on A_ , Eq. (2.22) was adjusted to:

cr 7

or 25d +0.0022 <0.025mm (2'23)
306104

Considering the advantages of DIC, the simplification of the crack profile and the
assumed kinematics of the crack at failure will be analyzed in Chapter 6.
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2.3 Digital Image Correlation

Despite the large number of experimental programs conducted to test specimens in
shear, there was almost no information about the actual crack development during the
failure process until recent years, when the use of photogrammetric techniques started
to be used in experimental programs to investigate the actual crack patterns and
kinematics (Cavagnis et al., 2015). One of these techniques is the Digital Image
Correlation (DIC) which can be defined as a digital measurement method that provides
measurements of an entire specimen surface by comparing a reference image in an un-
deformed state to a series of deformed images tracking points or patterns between them.

This method has some advantages over traditional measurements (LVDTS) since it is a
non-contact technique that provides full-field measurements and allows to continuously
track the evolution of each individual crack, even an instant before failure. Fig. 2.3.1
shows the typical output results in terms of displacements in pixels and equivalent

strains obtained from DIC.

Fig. 2.3.1 Typical results from DIC. Displacement field in pixels (left). Equivalent strains
(Right)

DIC has proven to be an adequate tool to help to track and to understand the shear
failure process of reinforced concrete members without shear reinforcement as
demonstrated by Campana et.al., 2013; Cavagnis et al.,2017, 2018; and Huber et al.,
2016, where experimental programs in combination with DIC measurements were
carried out to study the various shear transfer mechanisms.

The following sections present a review of the fundamental principles of 2D DIC and
the implementation of the technique.

2.3.1 2D Digital Image Correlation

In general, the implementation of 2D digital image correlation method is simple and can
be summarized in the following three steps, as shown in Fig. 2.3.2 (Pan, Qian, Xie, &
Asundi, 2009):
1 Specimen and experimental preparations
2 Recording images before and after loading
3 Processing the acquired images using a computer program to obtain the
displacements and strains.
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Fig. 2.3.2 Typical experimental setup using 2D DIC technique (Pan et al.,2009)

The typical DIC set up used in this research is explained in Section 3.2.

2.3.1.1 Specimen preparation and image recording

Regarding the preparation of the specimen, its surface must have a random speckle
pattern, which can be the natural texture of the specimen or made by applying black
and/or white paint to increase the contrast. The quality of the speckle pattern is highly
related to the accuracy of the DIC results, it must reflect image contrast and the size
depends on the test requirements and the resolution of the camera. The ideal pattern
must be non-periodic and without a preferred orientation. Fig. 2.3.3 shows examples of
patterns with different properties found in the literature.

¥ ¥
n‘m. L
b) Good patterns
Fig. 2.3.3 Examples of patterns with poor and good properties (AN-1701)

It is important to note that the quality of the pattern affects the selection of the subset
size, the subset must be large enough to ensure that there is enough distinctive pattern to
be distinguished from other subsets. The pattern used in the tested specimens can be
found in Section 3.2 Fig. 3.2.1.

To ensure accurate results, the camera must be placed with its optical axis perpendicular
to the specimen surface (see Fig. 2.3.2) and a stable and even illumination must be
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2.3 Digital Image Correlation

guaranteed during the loading procedure. It is also important to use a high-resolution
camera with high-quality low noise charge-coupled device sensors (CCD) and
telecentric lens. The details of the camera and lens used to record the images in this
thesis are given in Section 3.2.

Since the image is a 2D projection of the specimen surface, to ensure that the estimated
displacements and the actual displacements are the same, the following requirements
must be met (Pan, Qian, Xie, & Asundi, 2009):

e The surface of the specimen must be flat and remain parallel to the charge-
coupled device sensors (CCD) of the camera and the out of plane motions of the
specimen should be small enough to be neglected.

e The image should be distortion free. However, if the influence of the distortion
cannot be neglected, correction techniques should be implemented to provide
accurate measurements.

In this research, the influence of the radial distortion was corrected using the distortion
function of the length along the radius direction as:

r=ar’+br’+cr?+dr +e (2.24)

Where r1 and ro are the distances from the center of the image to the center of define
points in the image using the real coordinates and the photo coordinates respectively.
The results from this calibration are shown in Section 4.1

When all the above requirements are met, highly accurate results can be obtained as
reported in (Tung et al., 2008; L Reu et al., 2009) where accuracies in a range of 0.01
to 1 pixel were found.

2.3.1.2 Fundamental principles

DIC technique is performed between two digital images acquired before and after
deformation during the test of a specimen, these images are referred as the reference (or
undeformed image) and the target (or deformed) image, respectively (Pan, Xie, Guo, &
Hua, 2007). It uses random speckle patterns applied on the surface of the specimen to
obtain full-field displacements by tracking and matching subsets before and after
deformation. A subset, as illustrated in Fig. 2.3.4, is a square of (2M+1) x (2M+1)
pixels taken from the reference image where the center point P(X,,Y,) is tracked to

determine its corresponding location at the deformed image.

o X

 Ja8

Raference subset

Reference image Deformed image
b4 | b |
Fig. 2.3.4 Reference and target subsets (Pan, Xie, Wang, Qian, & Wang, 2008)
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To evaluate the degree of similarity between the reference subset and the deformed
subset, a cross-correlation (CC) criterion or sum-squared difference (SSD) correlation
criterion must be predefined (Pan, Qian, Xie, & Asundi, 2009). The matching procedure
iIs performed by searching the peak position of the distribution of correlation
coefficients. Once the maximum or minimum correlation coefficient is detected, the
position of the deformed subset can be determined. The difference in the locations
between the subsets results in the in-plane displacement u and v.

The images used in this thesis are post-processed using the Matlab-based DIC code
programmed by Jones (2015). The code computes the normalized cross-correlation

coefficient, C, for a range of theoretical displacements (u’,v') (see Fig. 2.3.5), in 1-pixel
increments by convolving the deformed subset with the reference subset according to:

x4y y) ~ru)(d(x'-u' y-v) -d) |

C(u',v)= — 72
(Zxy e y)—ren)? [ X xy [d(c-u' y-v) -d)? |

(2.25)

where
r : is the intensity of the pixels in the reference subset
d : is the intensity of the pixels in the deformed subset
(x',y") : are the local subset coordinate axes with origin at the center point

_x)
Deform E
| specimen [
| —>
¥ .r.,f':.;“;a':?‘f'. AR
N TR TSN o, S ‘3
W_ﬁ%}‘g‘f ;;mi’,;;g"f\.;’
S St Rt e 2
Deformed image
y
Legend
D Ref. image subset D Def. image subset + Control points

Fig. 2.3.5 Schematic of DIC method used in Matlab code (Jones, 2015)

A grid of control points (purple crosses in Fig. 2.3.5) must be defined, at this points the
displacements are computed. Then the strains are calculated by interpolating the
displacements using finite element shape functions. Fig. 2.3.6 shows a schematic
example using a 16-node finite element (green box) which is drawn through the control
points (black circles). The element is mapped to a master element, with local
coordinates &and 77, and the displacements are interpolated over the master element

using bi-cubic element shape functions. The derivatives of the interpolated
displacements are calculated at the nine Legendre-Gauss points (green stars), and then
mapped back to the original element (Jones, 2015).
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Fig. 2.3.6 Schematic of finite element used for strain calculations (Jones, 2015)

The procedure followed to carry out a typical DIC using the code developed by Jones
(2015) is summarized in the following figure.

Fig. 2.3.7 Steps for a typical DIC

In this thesis, first, the reduced images were correlated using a large subset size and
grid. Then the full-sized images were correlated using a denser grid, a typical subset
size consisted of 121 pixels. The displacements were computed at grid points located
every 50 pixels in the region of interest, as shown in Fig. 2.3.8. The region of interest
had a dimension of approximately 3850 x 5500 pixels.

Fig. 2.3‘.84Typical grid size of 50 pixels
The strains were calculated by interpolating the raw displacements using 4-noded

elements with linear shape functions for the identification of discrete cracks in the
specimens. Fig. 2.3.9 shows a scheme of a 4-noded rectangular element.
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Fig. 2.3.9 Four-node rectangular element

With N1, N2, N3, and N as the bilinear shape functions described as:

1
N1 = Tab(x_ Xz)(y_ y4)

1
N, = —(X=Xx)(y—Ya)
4ib (2.26)
N, =——(X—-X —
0= X Y.)
N, == (X=)(y - )
Y 4ab : '
Then, the strain-displacement relationship is given by:
EX
&= Sy
yxy
o
aN,(x,y) aN,(x,y) AN,(x,) oN,(x,y) I
oX 0 OX 0 oxX 0 OX 0 u, | (2.27)
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LVa |
2.3.2 DICin shear tests

The application of DIC in concrete structures has been continuously increasing due to
the evolution of the technology (high-resolution digital cameras) and the advantages

that it has over traditional measuring techniques.

In recent years, DIC has been implemented in several research programs (Campana et
al., 2013; Huber et al., 2016 and Cavagnis et al.,2017, 2018) to investigate the shear
failure process of reinforced concrete members without shear reinforcement. The
investigations are usually focused on providing the calculated contribution of the

37



2.4 Conclusion

various shear transfer actions based on the measured kinematics and by using
constitutive laws.

Campana et al. (2013) carried out an experimental program to investigate the activation
of the various shear transfer mechanism for one way RC members. The details of the
crack pattern and crack kinematics were obtained using a high-precision distance
measurement device gluing metallic targets on the concrete surface. Similar calculations
were performed by Huber et al. (2016), implementing the DIC technique using two
cameras of 2352 by 1728 pixels resolution. The results from these studies showed that
the governing shear transfer action depends on the crack shape and kinematics. The
studies considered the following transfer mechanisms: the aggregate interlock
contribution, the residual tensile strength, dowel action and the contribution of the
stirrups. Huber et al. (2016) neglected the contribution of the uncracked concrete zone
because of the limited measurements in the compression zone.

The most extensive research program was carried out by Cavagnis et al.,2017, where
the governing contribution at failure (peak load) was investigated. The DIC technique
was implemented using two cameras of 36.3 megapixels with a speckle pattern of
approximately 0.35 mm. The considered transfer mechanisms were: inclination of the
compression chord, arching action, residual tensile strength, dowel action, and
aggregate interlock. The comparison between the calculated actions and the
experimental shear force had a good agreement (average ratio of 1.01). With the results
from the analysis, a mechanical model consistent with the main assumptions of the
CSCT was developed.

These studies focused on the behavior governing the shear strength during the final
instant before failure. However, limited information is available on the moment of the
opening of the unstable crack along the tensile reinforcement which has been found to
be critical to the shear failure process and occurs earlier before the final failure. This
thesis will focus on analyzing this critical moment.

2.4 Conclusion

The following aspects have been learned from exploring the topics discussed in the
previous sections:

e The main shear transfer mechanism considered in the mechanical shear models
are mainly the shear transfer in the uncracked concrete zone, the dowel action,
and aggregate interlock. The dowel action is usually calculated with empirical
formulas and aggregate interlock with Walraven’s formulation. The contribution
of the uncracked concrete zone depends on the variation of the lever arm and is
either calculated with Moérch’s approach or with a strut and tie model.

e The most important aspects considered in the available shear models are the
shape of the critical crack and the kinematics involved, which were usually
developed based on measurements obtained from traditional measuring
techniques and need validation using detailed kinematic measurements from
experiments.
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2.4 Conclusion

e A simplification of the crack pattern allows simplifying the relation of the
displacements along the crack and thus, facilitates the calculation of the
aggregate interlock stresses.

e To ensure accurate DIC measurements, the following requirements need to be
met: Good speckle pattern (random and high contrast), high-resolution camera,
parallelism between the camera and the surface and a proper calibration.

e Digital Image Correlation presents the advantage of providing a full field of
continuous measurements that can be used to obtain kinematic measurements
and crack patterns of individual cracks. Combining these measurements with
constitutive laws the contribution of the various shear transfer mechanisms can
be computed.
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3 Experimental Program

In this section, a summary of the properties of the specimens and the test set up is
presented. This project is based on the results obtained from an experimental program
proposed to study the size effect of reinforced concrete members without shear
reinforcement. This experimental program is an extension of the previous study
reported in Yang (2016) on the transition between the flexural and shear failure modes.
For this project, the results from 10 beams are selected for the analysis, the data for the
complete experimental program can be found in the lab measurement report (Zarate
Garnica & Yang, 2018).

3.1 Test set up and properties of the specimens

The tested specimens were simply supported and loaded by a point load. The position of
the supports and loading points are given in Fig. 3.1.1

a

1200 mm

Sm
10 m

Fig. 3.1.1 Test set up

Regarding the dimensions, the specimens of this experimental program have a height
h=1200 mm with a length of 20000 mm and 300 mm wide.

The reinforcement configurations of the specimens vary among the test series. In
general, the reinforcement ratios are roughly indicated by the number of the specimen.
A detailed drawing is given in Fig. 3.1.2 and Table 3.1-1 presents the information of the
selected specimens. The reinforcement consists of plain bars (test with the letter 1) with
an average Yield strength of fym = 296.8 MPa and an average tensile strength of fum =
425.9 Mpa and for ribbed bars (test with letter H) usual steel bars grade 500 MPa are
utilized.

Table 3.1-1 Summary of selected specimens

Specimen Rebar femax h d p

No. config [MPa] [mm] [mm] [%0]
H301A 3¢ 20 86.92 1200 1160 0.27
H352A 4 ¢ 20 78.33 1200 1160 0.36
H401A 3¢ 25 80.15 1200 1158 0.42
H402A 3¢ 25 80.15 1200 1158 0.42
H403A 3¢ 25 78.33 1200 1158 0.42
H404A 325 78.33 1200 1158 0.42
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3.1 Test set up and properties of the specimens

H121A 8¢ 25 80.15 1200 1151 1.14
H121A 8¢ 25 80.15 1200 1151 1.14
I60A2 4 ¢ 25 78.75 1200 1158 0.57
I60A3 4 ¢ 25 78.75 1200 1158 0.57
H30 H35 H40 H12 160
3820 4220 3@25 8225 4925
g

o o o 0 0006 o o o 8888 o000

loading area: 4750 mm
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28-100

zsn_J 5000 | | 4450

10000

Fig. 3.1.2 Reinforcement layout

During all test, several measurements were performed, for the complete information
refer to (Zarate Garnica & Yang, 2018). In the list below, some of the measurements are
indicated:

1 The force in the actuator measured by a load cell (1 in Fig. 3.1.3)

2 The maximum deflection under the loading point, measured by a pair of laser
triangulation displacement sensors at both sides of the member (2 in Fig. 3.1.3)

3 Crack opening in an LVDT array, which consists of longitudinal LVDT’s at the
level of reinforcement, and at the mid-height of the specimen with vertical
LVDT’s in between (3inFig. 3.1.3)

ey (A il

s |
% ? "2 /) &

Fig. 3.1.3 Measurements
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3.2 Digital Image Correlation measurements

3.2 Digital Image Correlation measurements

In addition to the conventional LVDTSs, the use of Digital Image Correlation (DIC)
measurement was implemented. For this purpose, images were recorded during the
entire experiment and post-processed to find displacements and strains.

To implement the DIC technique, a paint roller was used to uniformly apply a random
speckle pattern with black and white paint on one of the faces of the specimen. The size
of the speckle pattern varies from 1 to 2 millimeters, a detail of the pattern is shown in
Fig. 3.2.1.

I;“ig."é.é:i t)"eie{ilfof th]‘ewap‘p‘lied 'splecl.de b'éft'e'fﬁ

The typical DIC set up used during the experimental program is shown in Fig. 3.2.2
and it consisted of a high-resolution camera of 8688 by 5792 pixels (Canon EOS 5DS
R) with a wide-angle lens (Sigma 20 mm), two studio flashes (Falcon eyes TE-500A) to
keep a constant illumination and a LED screen to record the applied force during the
experiment. The parallelism between the camera and the planar specimen surface was
guaranteed by mounting the camera in rigid metallic support fixed to the floor. The
flash was controlled with a remote to avoid vibrations caused by the manual operation
of the camera.

Fig.32.2 Typical IC test set up
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3.2 Digital Image Correlation measurements

At each load step, photos were taken of the surface with the pattern, for instance, Fig.
3.2.3 shows the loading scheme and the moment of the photo shooting.
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Fig. 3.2.3 Loading schemes (applied load vs time) and the moment of the photo shooting
for test H301A(left) and H401A(right)
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4 Methodology

This chapter presents the details of the methodology carried out to develop the
algorithm that calculates the contribution of the shear transfer mechanisms. The general
procedure is divided into four steps or units as shown in the flowchart presented in Fig.
1.3.1 and are as follows:

Unit 1: DIC calibration

Unit 2: Crack pattern

Unit 3: Crack kinematics

Unit 4: Shear transfer mechanisms

In the following sections, each unit is described. The Matlab codes designed for the
computation of the contribution of the shear transfer mechanisms can be found in the
repository as an additional file.

4.1 Unit 1: DIC calibration

The aim of this unit is to explain the implementation and calibration of the DIC
measurements. The process starts with the correlation of the images using the Matlab-
based DIC code programmed by Jones (2015), which was described in Section 2.3.1.2.
The direct output of this correlation is the full-field displacements of the surface in units
of pixels. Thus, an accurate scale for the conversion from pixels to millimeters must be
obtained.

The scale is found by employing a target of nine red markers (see Fig. 4.1.1) that is set
perpendicular to the camera and is in the same plane as the specimen. The distance
between the red points is known (80 mm), thus the relationship between the pixels and
millimeters can be found. The typical relation for the tested specimens is of
approximately 0.31 mm/pixel.

Fig. 4.1.1 Location of the target (Left) and detail of red markers (Right)

As learned in the literature review, to achieve accurate results, it is important that the
images are distortion free. In this research, the influence of the radial distortion was
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4.1 Unit 1: DIC calibration

corrected using Eq.(2.24) and the image with 532 red markers shown in Fig. 4.1.2. The
distance between each marker is of 10 mm.

Fig. 4.1.2 Picture of 532 red markers used for the correction of radial distortion.

The coefficients of the 4" order polynomial were: 6.777848e-14, 5.838949¢-10,
-5.680687e-06, 1.010089e+00, -5.719554e+00. These coefficients were used to evaluate
the function and correct the pictures from radial distortion. It is important to note that
the coefficients fit the data of a picture taken with the same characteristics as the
pictures taken during the experiments:

e F-stop:f/13

e Exposure time: 1/80 sec

e 1S0:100
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Fig. 4.1.3 Influence of radial distortion. In red markers without correction and in blue
corrected markers.

Finally, before performing any further analysis, the accuracy of the displacement
measurements from DIC analysis must be evaluated and compared with the LVDT
readings. For example, taking test H301A, for which Fig. 4.1.4 presents the LVDT
array and the determination of the location of the nodes of the LVDT grid in the DIC
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4.2 Unit 2: Crack pattern

side. At these locations, the relative displacements in the horizontal direction of the
nodes are compared with the measurements of the LVDT1-4. Fig. 4.1.5 shows the
comparison between the LVDT and DIC measurements, it can be observed that the
difference relays mostly within 0.1 mm (0.3 pixels). Considering that the crack pattern
and the displacement field are not completely the same for both sides of the specimen,
the accuracy is considered as acceptable. Comparable results were found on the other
specimens; therefore, it is considered that the DIC analysis is accurate for this research.

WEL

B (VOT1 LVDT2

0 0.5 1 15 2
LVDT measurement[mm]
Fig. 4.1.5 Comparison between LVDT and DIC measurements for Test H301A

4.2 Unit 2: Crack pattern

One of the most important aspects of this project is the determination of the crack
pattern. For that purpose, the raw output of the DIC (strains) is filtered to remove the
noise and reveal a defined crack profile. The filtering is performed by dividing the
region of interest into squares and then applying the mean, dispersion and standard
deviation filtering, this was performed using a Matlab script developed by Celada
(2017).

The filtering transforms the image into a binary image by changing each pixel
according to whether the original value is inside or outside a specific range. The
threshold values of mean, standard deviation and dispersion are set by the user. The
result from this process is a filtered crack profile that consists of several pixels that are
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4.2 Unit 2: Crack pattern

transformed in x and y coordinates that represent the various small segments that
constitute the filter crack profile. Fig. 4.2.1 illustrates the procedure for the test H122A.

c) Mean filtering 'E) Dispersion fiIte-ring
0 T T T T
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e) Filtered crack profile
Fig. 4.2.1 Filtering procedure for beam H122A

The script from Celada (2017) was modified to fit the coordinates of the filtered crack
profile with piecewise linear interpolation. Thus, the crack profile is approximated to a
series of continuous linear segments (see Fig. 4.2.2), this is done with the aim of
smoothing the crack profile by eliminating any abrupt changes that could result in an
overestimation of the forces transferred through the crack. Each segment has its own
pair of x and y coordinates as illustrated in Fig. 4.2.2 and the angle of each segment can
be calculated with the following relation:

dy,
tang, = —~
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4.3 Unit 3: Crack kinematics
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Fig. 4.2.2 Approximation of crack profile for beam H122A

The total angle a of the crack is determined by calculating the average of the angles of
the segments located at the mid-region of the crack.

A Matlab script was developed to manually select the coordinates or points in the crack
pattern when a specific part of the crack needs to be analyzed. These points are
approximate into a polyline. Fig. 4.2.3 shows an example of this manual selection of
points for beam H401A.

Filtered data through all the filters

Fig. 4.2.3 Manual selection of crack profile for beam H401A

4.3 Unit 3: Crack kinematics

The crack kinematics are computed using the DIC measurements that provide full-field
displacement of the surface of interest. The crack kinematics can be divided into two
depending on the method in which they are computed: Projected displacements along
the crack profile and the displacement difference in x and y-direction, as shown in Fig.
4.3.1.
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4.3 Unit 3: Crack kinematics

i o
»
C]— - I\— J
i o
»
L >

Fig. 4.3.1 Division of the crack kinematics

Displacements along the crack profile (normal and tangential)

Once the crack pattern and the crack angle of each of the segments are obtained, the
next step is to compute the displacements along the crack profile since these projected
displacements are needed as an input for Walraven’s formulation (Eq. 2.9) for the
computation of aggregate interlock stresses. The algorithm developed to get these
displacements requires that once the center of the crack is found, a distance R is set to
find a point to the right (Pr) and to the left (PL), as illustrated in Fig. 4.3.2a. R is an
important parameter since the points (Prand P.) cannot be located within the pixels that
conform the contour of the crack profile, choosing points adjacent to the center would
lead to wrong results which would cause an overestimation of the forces transferred
along the crack, this influence will be discuss further in Section 4.4.2.

Then, the displacements at each point are calculated by linearly interpolating the
measurements of a pair of points P1-P» for the left side and Ps-P4 for the right side of the
grid. The displacements along the crack profile can be derived from the relative
displacements in the X and Y direction. Fig. 4.3.2b shows the relationship between

relative displacements (dx, dy) and the normal and shear displacements (n,t) and it

can be calculated by:
(nj (sina —cowj(dxj
= ) (4.2)
t cosa sina )\ dy

b) kinematic
relation

a) Crack angle (a) and selection
of points

Fig. 4.3.2 Kinematic relationship of a crack
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4.3 Unit 3: Crack kinematics

Displacement difference in x and y-direction (w and A)

In some mechanical models (Reineck, 1990; Yang, 2014) the crack kinematics are
expressed as the displacement difference in x and y-direction. For a given crack, the
crack opening w is defined as the displacement difference in the x-direction and the
shear displacement A refers to the displacement difference in the y-direction as
illustrated in Fig. 4.3.3. Moreover, A is an input parameter to describe the dowel action
in Baumman and Risch formulation (see Eq. 2.5)

X

1

shear displacement " <

in y-direction (A) crack opening in x- direction (w)

Fig. 4.3.3 Crack opening and shear displacement for a given crack

The first step to obtain these displacements is to recognize the crack of interest from the
strain distribution in the longitudinal direction (exx) and to select the level at which the
information is required. Then, the exx distribution along the longitudinal direction of the
beam is plotted (see Fig. 4.3.4b), the peaks represent the center of a crack and the
location of the two measuring points to the left and right can be determined considering
that whenever the strains become zero the edge of the pixels that conform the contour of
crack is found. An example of the measuring points is given in Fig. 4.3.4 for H401A.
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4.4 Unit 4: Shear transfer mechanisms

a) Exxdistribution to identify the cracks
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b) &Exxdistribution along the longitudinal axis of the beam at the selected level
Fig. 4.3.4 Strain distribution exx and selection of points for w and 4

4.4 Unit 4: Shear transfer mechanisms

The algorithm developed to calculate the contributions from the shear transfer
mechanisms uses as an input the crack profile and kinematics of the final critical shear
crack of each specimen, which is obtained from the DIC results.

The forces considered to be acting along the shear flexural crack are illustrated in Fig.

V, shear transfer in the uncracked concrete
V.. aggregate interlock

al

V, dowel action.
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4.4 Unit 4: Shear transfer mechanisms

\—r‘ Vs
\%

Fig. 4.4.1 Shear transfer mechanisms

The methodology followed to calculate the amount of shear transferred is summarized
in the flowchart below and it is based on the measured crack kinematics and using the
constitutive models described in Chapter 2.

Shear transfer mechanisms

Eq.(2.9) Eq. (2.9)

Eq. (2.1)

Fig. 4.4.2 Methodology to calculate the contribution of the considered shear transfer
mechanisms

In the following subsections, the methodology will be explained in more detail.
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4.4 Unit 4: Shear transfer mechanisms

4.4.1 Uncracked concrete compression zone

The contribution of the uncracked concrete zone is computed depending on the
development of the flexural cracks. When a tooth-like structure is observed (see Fig.
4.4.4) and the variation of the internal forces can be assumed to be acting over a
constant lever arm, the shear is calculated with Moérsch’s formulation (Eg. 2.1). In this
case, the height of the uncracked compression zone is computed from the coordinates of
the crack profile and the lever arm is taken as 0.9d .

7 Fi
Fig. 4.4.3 Tooth-like structure

On the other hand, when the internal forces are considered to be acting over a variable
lever arm and an arch structure develops, its contribution is calculated from the section
located at the tip of the critical crack (see Fig. 4.4.4). This is performed by computing
the strains in the longitudinal direction (ex) using the nodal displacements obtained from
the DIC measurements considering one four-node element at the compression zone with
a width of approximately 70 mm and implementing the strain-displacement relationship
given in Eq. (2.27) .

The & strain is used to calculate the concrete horizontal force N, as:

N, =&, EA (4.3)
where,
e Ecis Young's modulus of concrete
e Acis the area of the compression zone

Assuming N_is acting at a distance equal to 1/2z_from the top compressive fiber, the
vertical component of the force acting in the uncracked concrete zone is calculated by:

V. =N tan(p) (4.4)
where
e [ is the angle of the direct strut that forms from the point of application of the
load to the support.
N
& ‘

4 noded
quadrilateral
lement
compute
strains

Fig. 4.4.4 Arch action and detail of the 4-node quadrilateral element
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4.4 Unit 4: Shear transfer mechanisms

4.4.2 Aggregate interlock

The aggregate interlock stresses are computed using the normal and tangential
displacements obtained directly from the DIC results as an input to Walraven’s
formulation (Eq. (2.16)). The forces are obtained by integrating the stresses along the
crack profile. Additionally, to the two cases presented for aggregate interlock in
Chapter 2, a third case is included to assume that no aggregate interlock stresses are
active when the crack width is smaller than 0.1 mm. This with the aim of considering
that the sections with small crack widths are closed and avoid overestimation of the
forces.

During this analysis, it was noted that the results of aggregate interlock are sensitive to
the magnitude of the distance k. This sensibility was studied by analyzing the influence
of R on the aggregate interlock forces for a given crack profile. As an example, the
results for specimen H401A using the crack pattern shown are given in the following
figure.

Evaluated points V, [kN]
-195 K
-205 +
-210 +
-215
-220
-225 +
-230 +
R
-235 - ‘ : - - »
0 1.0 1.5 20 25 3.0 35

Fig. 4.4.5 Crack profile (Left) and influence of R for aggregate interlock forces (Right)

As it can be observed, as the value of the parameter R increases, at first there is a linear
decrease in the aggregate interlock forces but after a value of Ris reached, the
aggregate interlock forces become constant with respect to any further increment of the
value of R. In this case, R is chosen to be equal to 3. It is important to note that the
units of R are based on grid points or positions where displacements are computed.
This analysis was always performed before computing the aggregate interlock forces to
choose the most suitable value for each case. The range of R in the tested specimens is
between 1.2 and 3.5. This shows that choosing two points close to the center of the
crack results in inaccurate displacements that produce an overestimation of the
aggregate interlock forces. The displacements must be located at a reasonable distance
from the center.

4.4.3 Dowel action

The contribution of the dowel action is calculated using Baumman and Risch
formulation (see Eq. (4.5)). The vertical displacement (A) used as an input to the
equation is obtained directly from the DIC results as the displacement difference in y-
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4.4 Unit 4: Shear transfer mechanisms

direction of a pair of points located at the reinforcement level. The model assumes a
linear elastic behaviour up to a A of 0.08 mm, after that, the shear force is constant with

respect to any further shear displacement. Thus, when A > 0.08 mm, Vq is equal t0 Vdmax
and calculated using Eq. (2.4).
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5 Results

In this section, the results from the analysis of the failure modes and the shear transfer
mechanisms will be presented. The results are based on ten beams which represent the
failure modes observed in the test series.

5.1 Test results
5.1.1 Typical failure modes

In the tested beams, four types of failure modes were typically observed: Flexural shear
failure, flexural failure, shear compression failure, and dowel failure. Further
explanation will be given in the following subsections.

5.1.1.1 Flexural Shear failure

In this thesis, the shear failure is referred to as a flexural shear failure, since it denotes
its origin. The definition is that a critical inclined crack originates from a flexural crack
and then develops two secondary branches (see Fig. 5.1.1), one at the rebar level
approaching the support and the other at the compression zone. The specimen loses its
capacity when the unstable secondary branches develop.

Contour plot of ¢, (infinitesimal strain) (Curront image #: 100)
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Fig. 5.1.1 Flexural shear failure test H403A. Equivalent strain distribution an instant
before failure (Left). Load vs deflection (Right)

5.1.1.2 Flexural failure (yielding of tensile reinforcement)

The flexural failure mode is defined by the yielding of the tensile reinforcement during
the loading process. Once this failure mode was obtained, the specimen was unloaded,
and the point load was moved. The same procedure was repeated until the flexural shear
failure was obtained.
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5.1 Test results
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Fig. 5.1.2 Flexural failure test 1604A. Equivalent strain distribution an instant before
failure (Left). Load vs deflection (Right)

5.1.1.3 Shear compression failure

This failure mode occurs when the specimen does not lose its capacity after the
formation of the flexural shear crack. Instead, a compressive strut is formed from the
loading point to the support, allowing a much higher load level.

Contourplot of ¢ (infinitesimal strain) (Current image #: 119)
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Fig. 5.1.3 Shear compression failure test H122A. Equivalent strain distribution an instant
before failure (Left). Load vs deflection (Right)

5.1.1.4 Dowel failure

In this failure mode, the detachment of the tensile reinforcement from a flexural crack
close to the loading point was observed. Due to the proximity to the loading point, no
secondary branch was developed in the compression zone and during the loading
process, the applied load could not increase further, while the dowel crack developed on
the longitudinal direction until it reached the support, see Fig. 5.1.4. In this failure
mode, the detachment is attributed to the dowel action.
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5.1 Test results
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Fig. 5.1.4 Crack pattern after dowel failure beam H352A

5.1.2 Summary of test results

In total 15 tests were carried out, 8 of them presented a flexural shear failure, 1 was
shear compression, 1 dowel failure and the remaining were flexural failure. From the
DIC results, it was possible to identify the shear force level just before the opening of
the unstable crack along the reinforcement level and it was denoted as V,, .

Table 5.1-1 shows a summary of the 10 specimens considered. In the table, the values
of x_, and x indicate the position of the critical flexural shear crack at the

cr,b cr,m
reinforcement level and at the middle of the beam as indicated in Fig. 5.1.5. X, is used
to calculate the resulting shear force V, or V_ considering the self-weight of the

specimen at the location of the shear crack. In the table, a is the shear span, d is the
effective depth, p is the longitudinal reinforcement ratio, Py is the maximum load and Py
is the load at which the yielding of the reinforcement is observed.
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—

pay

Xg|

Xam

Fig. 5.1.5 Definition of the shear crack location at the bottom reinforcement and center of
the specimen
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5.1 Test results

Table 5.1-1 Summary of tested specimens

Pu P Xer,m Xer,b Vu Ver
Testno. | iy | kg | MO% | pmmy | ommy | kN | kN
H301A | 222 S 2530 2260 | 136.0
H352A | 225 D 3989 2079 | 116.9
HA01A | 264 S 3070 2350 | 1425
HA02A | 322 S 3180 2860 | 172.9
H403A | 350 S 2563 2161 | 1024 | 1424
HA04A | 269 S 2049 2277 | 1584
H121A | 341 S 1955 1710 | 236.7
H122A | 1032 SC 2160 1710 | 6956 | 190.9
1602A | 274 F
1602B | 279 F
1602C | 298 | 295 F 2144 1851 174.4
602D | 337 | 333 F
1602E 40 S 2144 1851 | 366
1603A | 299 | 298 F 2216 1691 1571
16038 5 S

These results show that the test that presented dowel failure had the lowest capacity of
this test series and it is presented in the specimen with a reinforcement ratio of less than
0.4 %.

Fig. 5.1.6 shows the cracking patterns of the selected beams, drawn from the DIC
results taken at the final instant before failure. It can be observed that the patterns differ
between the specimens, even for the beams with the same rebar configurations and
MV/d ratios. However, the major and secondary cracks can be identified. In Fig. 5.1.6,
the cracks in blue represent the major cracks; the cracks in black indicate the secondary
cracks and the cracks in red are the critical shear cracks. The line in grey indicates the
possible formation of the direct strut form from the location of the applied load to the
support.

The change in the inclination of the cracks is linked to the MV/d ratio of the cracked
cross-section, larger M/Vd results in steeper cracks, this will be discussed further in
Chapter 6.

As it can be seen in Fig. 5.1.6, the location of the tip of the critical shear crack
determines whether the direct strut of the arch action develops or not. Regarding the
beams reinforced with plain bars, the flexural cracks develop at cross sections closer to
the loading point, allowing the formation of a direct strut however since they presented
a flexural failure, the loading point was moved, and they finally failed by flexural shear
failure.
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Fig. 5.1.6 Observed cracking patterns for selected beams at an instant before failure.

In the following sections, selected examples of the different failure modes will be
presented and discussed further.

5.2 Flexural shear failure

H401A

From the eight test that presented a flexural shear failure, test H401A is selected since it
failed in shear just after the formation of the critical inclined crack. As it can be
observed in Fig. 5.2.1, the critical inclined crack originated from a major crack that
merged into two secondary cracks, which allowed larger displacements. Then, the major
crack developed two secondary branches one approaching the support and the other
approaching the load point. The measurements on the crack relative displacements show
that large tangential displacements occurred at the top steep part of the crack, which
indicates that aggregate interlock stresses are activated in this region. This can be
checked by looking at the shear and normal stresses computed along the critical crack
profile. For example, Fig. 5.2.2 shows the shear and normal stresses at the instant just
before failure, it can be observed that aggregate interlock stresses are active in the steep
and upper sections of the crack profile.
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Fig. 5.2.1 a) Loading procedure and b) development of normal (left) and tangential (right)
displacements for H401A
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Fig. 5.2.2 Shear and normal stresses along the crack profile for H401A at V/Vcr=1

Investigating further, the contribution of the shear transfers mechanisms is computed
based on the profile of the critical shear crack obtained from the moment just before
failure and considering that the crack pattern of the beam resembles a tooth-like
structure, the contribution of the uncracked concrete zone was calculated using
Morsch’s formulation with a constant zc of 100 mm found from the coordinates of the
critical crack profile. Fig. 5.2.4 shows the contribution of the considered shear transfer
mechanisms during the loading procedure, for comparison, the shear force is also
plotted and Fig. 5.2.3 illustrates the crack evolution at the chosen representative load
levels.

V/V=0.70
1=2482s

V/Ve=0.83 V/Ve=0.91
t=32965 : t=4060s

3.5

25

VN.=097 f — V/Ve=1.00
t=4612s : t=4728s

0.5

o

H401A

62



5.2 Flexural shear failure

6r : 16
- Dowel action
5 | | EEEEE Uncracked concrete | {5
[ JAggregateinterlock |
v E
Representative points| |
4r i 14
G 3F ; 43 G
2 <
= =
[N}
2r ! 12
Cracking shear force !
1r 1
0 1 1 1 0
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

t[s]
Fig. 5.2.4 Contribution of shear transfer mechanisms for H401A vs time

It can be observed that shear is mainly carried by aggregate interlock, which is activated
just after the cracking shear force is reached. The first peak of the aggregate interlock
forces corresponds to the formation of the secondary cracks and it is followed by a
sudden decay, then the contribution stays constant until the major crack merges with the
secondary cracks, at this moment the relative displacements between the crack increase
and as a result, the force from aggregate interlock decreases significantly. Comparing
the contribution of the different transfer mechanisms with the capacity of the beam at
this final moment, the result is XVi/V¢=1.3.

H403A

Another specimen that presented a flexural shear failure was the beam H403A,
however, this specimen could increase about a 7% of the load after V¢ was reached,
while the secondary branches gradually developed (see Fig. 5.2.5). The crack pattern of
this beam shows that 3 major cracks developed in the shear span and according to the
relative displacements comparable aggregate interlock stresses were active along them
before Vcr was reached. Investigating further, two of these potential critical shear cracks
are considered: Crack 1, which is a major crack that did not become governing and
Crack 2, which is the critical shear crack. Fig. 5.2.8 shows the contribution of aggregate
interlock during the loading procedure for both cracks and the applied shear force. The
crack profiles considered for the computation of these results are highlighted in Fig.
5.2.6.
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b) Crack kinematics for beam H403A
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5.2 Flexural shear failure

It can be observed that just after the cracking shear force is reached both cracks present
a comparable amount of aggregate interlock contribution. However, while Crack 1
presents a constant amount of aggregate shear contribution, which is about three times
more than the applied shear force, Crack 2 presents a peak of high stresses that
correspond to the moment when the major crack joins the associated secondary crack
followed by a decay in the contribution that accentuates after V- is reached. At the
moment just before failure, the contribution of Crack 1 was less than the applied shear.

These differences can be explained by looking at the crack stresses along the crack
profile, for instance, see Fig. 5.2.9. Crack 1 due to its steep shape was able to develop
aggregate interlock stresses along its full crack profile, while for Crack 2 the stresses are
mainly localized in the top section of the crack. In general, shear stresses are higher
when the crack width is small, where the larger contact area can be expected, and this
will result in the largest contribution. It is important to note that the crack kinematics
results showed that Crack 1 presented significantly less amount of normal and
tangential displacements than Crack 2 after V/V¢=1 and until failure.

6.1

T shear stress[MPa] o Normal Sress[MPa]

-7.49

-10.01

Fig. 5.2.9 Shear and normal stresses along the crack profile for H403A at V/Vcr=1
1603B

Specimen 1603 failed in shear at a load level of just 5kN after the point load was moved
500 mm further from the support since the first test, I603A, presented a flexural failure.
Investigating the causes of this sudden failure, the aggregate interlock contribution of
test 1603A is plotted with the applied shear force in Fig. 5.2.10. Comparing this figure
with Fig. 5.2.11, it can be observed that after V/Vi=1 the aggregate interlock
contribution decreases significantly until it is equal to zero and the relative
displacements between the crack faces were significantly large. Despite this, the beam
did not fail and resisted even higher load levels. This is attributed to the formation of a
direct strut in the uncracked concrete zone, however, when the point load was moved,
the major cracks interfered with the formation of the strut and the beam failed because
of the lack of aggregate interlock.
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5.3 Shear compression failure

Specimen H122A was the only one that failed in shear compression, it can be observed
that the critical inclined crack developed at an early stage during the loading procedure
(approximately 30% of Vy) however the beam could resist significantly higher load
levels (see Fig. 5.3.2a). The crack tip of the critical shear crack is located just under the
loading plate, allowing the development of a direct strut in the uncracked concrete zone
increasing the shear capacity. It is important to note that the results of the crack normal
displacements are significantly high, which indicates that the contribution of aggregate
interlock is minimal. Fig. 5.3.1 illustrates the shear and normal stresses along the crack
profile at the moment that V/Vc is equal to one. It shows that the amount of tangential
stresses is almost negligible, which means less contribution of aggregate interlock.

T shear stress [MPa] 0 Normal Sress[MPa]

-1.0
-040

.18

000 000 000
Fig. 5.3.1 Shear and normal stresses along the crack profile for H122A at V/Vcr=1

Fig. 5.3.3 presents the results of the contribution of each of the shear transfer
mechanisms, they were calculated considering the crack profile formed at the moment
just before failure. Since a direct strut developed, the contribution of the uncracked zone
was computed as explained in the Section 4.4.1, considering the evolution of strains in
the longitudinal direction at the section located at the top of the tip of the crack. As it
can be observed in the figure, despite the contribution of aggregate interlock decreased
and even became zero, the apply load was able to increase up to more than 3 times Ve
because the arching action became the main contributor. The beam finally failed when
the contribution of arch action decreased.
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Fig. 5.3.4 Equivalent strain distributions at representative load levels for beam H122A
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5.4 Dowel failure

Specimen H352A presented a dowel failure. The kinematic results are shown in Fig.
5.4.2 and represent five moments between the reaching of V¢r to the moment of failure
during the loading procedure. Three major cracks and three secondary cracks or dowel
cracks can be identified, the latter presents a pronounced inclination (average of 41°).
The major crack located near the loading point presents higher displacements and as the
loading procedure develops, the secondary cracks merge allowing even higher
displacements. It is observed that the applied load could not increase further than the
value of V¢r and the load dropped as the dowel crack approached towards the support at
the reinforcement level. From these results, it can be assumed that the critical crack is
formed by the first flexural crack and two secondary cracks and the rotation of this
system can be located at the tip of the major crack (see Fig. 5.4.1).

2711 mm

Fig. 5.4.1 Critical crack for H352

The calculation of the contribution of each of the shear transfer mechanisms was
performed considering the assumed crack profile and the contribution of the uncracked
concrete zone was computed using Morsch’s formulation with a zc of 200 mm. The
results are shown in Fig. 5.4.3. The equivalent strain distributions at representative load
levels are shown in Fig. 5.4.4.

It can be observed that after V¢r is reached, there is a sudden decay of aggregate
interlock forces followed by an attempt to increase the load but as the secondary branch
opens in the longitudinal direction towards the support, the displacements increase and
the aggregate interlock forces decrease until failure. It is important to note that as
aggregate interlock decreases, dowel action becomes the main contributor, and this
results in a relative plastic behavior.

Investigating further, in Fig. 5.4.5, the vertical displacements along the longitudinal axis
of the beam at the reinforcement level are plotted for three different load levels. It can
be observed that the relative displacements are considerably large. The figure shows
that the blue block that is formed by the joining of the secondary cracks (see Fig. 5.4.1)
is applying a force perpendicular to the longitudinal axis of the beam that causes large
displacements in the vertical direction, pushing down the reinforcement and triggering
the opening of the dowel crack along the reinforcement level.
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5.5 Discussion

This section presents the results of the calculated shear transfer mechanisms based on
the measured crack kinematics of the selected beams. The contribution is illustrated in
Fig. 5.5.1, which shows the amount of shear carried by each mechanism for the
specimens at the instant just before the opening of the secondary branch (taken as Vcr),
this moment was identified using the DIC results. The experimental inclined cracking
load Ve is represented by the red line and it is compared to the sum of the vertical
components of the calculated forces. This moment was selected since it has been found
to be critical to the shear failure process and the decay of aggregate interlock forces and
occurs earlier before the final failure.
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Fig. 5.5.1 Amount of calculated shear carried by each mechanism at the instant of the
opening of the unstable crack compared to Ver

As pointed out by Yang (2014), the effect of aggregate interlock predicted with
Walraven’s model overestimates the contribution and provides significantly higher
shear forces than the shear measured during the test, that is why the calculated Ve is
always higher.

Table 5.5-1 shows the values of the calculated shear contribution and the comparison
with the experimental V¢ When a flexural shear failure is presented just after the
formation of the critical shear crack (H301A, H401A, H402A, and H404A) the average
ratio of the sum of the estimated contributions to the experimental Ve is equal to 1.4,
disregarding the specimen that developed dowel failure.

From these results two behaviors can be identified, one where the shear strength is
governed by aggregate interlock and other where the governing mechanism is the arch
action. In case the cases where aggregate interlock is governing, a contribution of up to
91% to the shear resistance was found. When the arch action is governing, the
calculated capacity is significantly higher, reflecting the main contribution of the direct
compressive strut and the increase in the shear capacity. The contribution from dowel
action depends on the reinforcement configuration of the beams and it usually
represents 20% of the shear resistance.

Another observation is that despite the final failure mode, the experimental values of V¢r
are comparable for beams with the same properties.
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5.6

Table 5.5-1 Amount of calculated shear contribution and comparison with Ver

Vai V4 Ve 2Vi Ver
Test no. SVilVer
[kN] [kN] [kN] [kN] [kN]
H301A 75% 20% 6% 177 131 1.4
HA401A 76% 20% 5% 193 144 1.3
H402A 71% 20% 10% 191 171 1.1
HA403A 88% 9% 3% 437 177 2.5
H404A 78% 17% 5% 226 127 1.8
H121 91% 3% 6% 549 234 2.3
H122 39% 4% 57% 454 215 2.1
1602 35% 3% 63% 1308 180 7.3
1603 23% 4% 73% 836 163 51
H352 71% 20% 9% 152 117 1.3

Concluding remarks

Four different failure modes were observed during the experimental program: Flexural

shear

failure, flexural failure, shear compression, and dowel action. An analysis of the

failures modes was presented based on the measured crack kinematics obtained from
the DIC and in combination with constitutive models, the calculation of the contribution
of each of the transfer mechanism was performed. Several remarks are drawn:

1)

2)

3)

4)

5)

Regarding the crack kinematics and despite the final failure mode, the general
observation is that the path that the critical shear crack will follow can be
anticipated by observing the relative displacements: the cracks with the larger
tangential displacements join to form the critical shear crack and the major crack
with the larger displacements will develop to be the governing critical shear
crack.

The contribution of aggregate interlock plays a decisive role during the failure
process and it depends on the crack kinematics which directly depends on the
crack profile. The steepest parts of the cracks, which are usually located at the
top sections, present larger tangential displacements, thus the largest
contribution of aggregate interlock is presented there.

When several flexural cracks develop in the shear span, the system can be
related to a comb-like structure where the contribution of the compression zone
is minimal, and the governing failure mechanism is aggregate interlock. This
behavior is observed on beams that failed in flexural shear failure which can be
attributed to the sudden loss of aggregate interlock.

Shear compression occurs when a direct compressive strut forms from the
loading point to the support. In this case, the aggregate interlock is completely
lost after the secondary branch along the longitudinal reinforcement reaches the
support, however, the beam is able to increase its capacity because the
governing mechanism is the arch action.

Specimens reinforced with plain bars were first tested with an MV/d ratio
smaller than 3 and developed the critical shear cracked near the point of
application of the load allowing the development of arch action, however, they
presented a flexural failure (yielding of the reinforcement). Then, after the point
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6)

load was moved, they failed in flexural shear due to the loss of aggregate
interlock and arch action.

Dowel failure was observed in the specimen with a reinforcement ratio of less
than 0.4% and was found to be the most critical failure mode. In this case, the
tensile reinforcement detached from the critical crack that was formed by the
merge of the major crack and two secondary cracks. The development of the
horizontal crack can be attributed to the dowel action which increased the
displacements and reduced the force generated by aggregate interlock. This
results in a relative plastic behaviour.
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6 Improvements to the CSDT

In this section, some suggestions will be made with the aim of improving the Critical
Shear Displacement theory, this will be based on the DIC results and the insights gained
in Chapter 5. The analysis is focused on investigating the simplification of the crack
pattern and on validating the kinematics proposed at failure.

6.1 Crack kinematics at failure

An important observation of the results presented in Chapter 5 was that despite the final
failure mode the shear force at which the critical shear opens is comparable for the
specimens with the same properties. This can be attributed to the kinematics presented
at failure and hence to the behaviour of aggregate interlock.

In recent years, theoretical and experimental work (Yang, 2014; Cavagnis, Ruiz et
al.,2017) have reported that shear behaviour of reinforced concrete members without
shear reinforcement can be associated to the opening of a critical shear crack that leads
to failure.

Among the physical models developed to assess the shear behaviour of reinforced
concrete members without shear reinforcement, the CDST explicitly attributes the
flexural shear failure to the unstable crack opening at the tensile reinforcement level.
According to the model, the shear failure is triggered when the shear displacement (A)
of a major flexural crack reaches the critical value Ac. Since there is very limited
information about the actual kinematics during the failure process, Yang (2014) derived
the value of Acr from a back analysis based on the test results from existing databases.

Considering the advantages of DIC, this section presents the results of the longitudinal
and transverse crack openings of the critical shear cracks of the selected beams, the
results are shown in Table 6.1-1. In the table wy and An refer to the crack opening (w)
and shear displacement (A) at the reinforcement level while wyn and Am are taken at the
mid-height of the beam. The results are of the critical shear crack when V/V¢=1.

Table 6.1-1 Results of crack opening and shear displacement

Ver Wh Ap Wm Am

(KN) (mm) (mm) (mm) (mm)
H301A 136 077 088 0.60 1.05
H401A 143 022 091 091 142
H402A 173 032 094 060 0.99
H403A 142 021 070 081 1.26
H404A 158 030 0.76 046 0.61
H121A 237 015 040 040 0.66
H122A 191 013 044 047 147
1602C 174 045 076 0.38 1.06
I603A 157 029 061 054 0.99
H352A 117 021 0.77 0.18 0.28

Test no.
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6.1 Crack kinematics at failure

6.1.1 Determination of critical moment

The results show that the values of wy and Ay are equivalent for the beams with the same
properties, however, the values of Ay are almost 20 times larger than the upper limit of
the range proposed in CSDT (see Fig. 2.2.11).

It is important to note that the results were found to be quite sensitive to the level
identified as the reinforcement since usually at this location several cracks develop
close to each other and this can disturb the results regarding the relative displacements.
For instance, specimen H401A was selected and the vertical displacements along the
longitudinal axis of the beam were plotted at the reinforcement level and at a steep
upper section, which was chosen based on the results found in Chapter 5 where it was
concluded that the upper parts of the cracks are where the main contribution of
aggregate interlock is locate. The results are shown in Fig. 6.1.1, it can be observed that
the displacements at both levels present the same tendency with comparable relative
displacements. Based on this finding, the results of crack width and shear displacements
found from a section located at the top part of the crack profile (500 mm from the top
fiber) are used to investigate the connection between the displacements and the failure
process. The results from this analysis are shown in Fig. 6.1.2, Fig. 6.1.3 and Fig. 6.1.4,
where Aand w are plotted in combination with the aggregate contribution and the
applied shear force for beams H401A, H403A and H122A.

In Fig. 6.1.2 through Fig. 6.1.4, the general observation is that regarding the
development of w, it becomes more or less stable with the increase of load level. In
contrast to A, which is unstable and presents an increase in the values as the load level
increases.

In these figures, the sudden decay of aggregate interlock forces is attributed to the
triggered of the shear displacements and correspond to the opening of the secondary
branches approaching the support at the reinforcement level and the point load. In the
figures, the red dash line represents the moment when aggregate interlock forces
suddenly decay, at this point the applied shear forces were in average 94% of V¢r and
the shear displacements are comparable independent of the final failure at around 1 mm.
This observation supports the assumption proposed by Yang (2014) that the flexural
shear failure occurs when the shear displacement reaches a critical value. However, the
values of Ac are again significantly larger than the values from Eq. (2.22). This
difference can be attributed to the simplification of the crack path.
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6.1 Crack kinematics at failure
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6.1 Crack kinematics at failure
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6.2 Crack angle

6.2 Crack angle

An important assumption of the CSDT (Yang, 2014) is the crack pattern, which is
simplified to two straight lines where the main part of the crack is taken as a straight
line at 90°. To improve this simplification, the angles of the flexural cracks found in the
specimens were computed and plotted in Fig. 6.2.1 against Xo/d, where xo refers to the
distance taken from the support to the root of the crack.
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Fig. 6.2.1 Angle of cracks vs xo/d

This figure shows that the first flexural crack, which is usually located near the point
load, has a crack angle that can be approximated to 90°. On the other hand, the critical
cracks, which are located in a range between 1.5 and 2.5 xo/d, present an angle that is in
a range between 53° and 75°.

Table 6.2-1 shows a summary of the results from the crack angles for the major cracks.
In the table, o denotes the crack angle, am refers to the average angle of the major
cracks and o indicates the angle of the critical inclined crack. lcrm refers to the crack
spacing of the major crack taken at mid-height and xcro is the distance taken from the
support to the root of the critical inclined crack.
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6.3 Conclusions
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Fig. 6.2.2 Definition of crack angle and distance Xo

Table 6.2-1 Summary of crack angles and distances

a first

Testno. MV/d  flexural ™ law/d 0o Xero/d
crack
H301A 3.45 87° 65° 0.42 62° 2.0
H401A 3.88 - 70° 0.50 65° 2.2
H402A 3.88 - 66° 0.44 64° 2.5

H403A 3.88 84° 75° 0.40 540 1.9
H404A 3.45 87° 73° 0.79 67° 2.1
H121A 2.60 88° 71° 0.47 69° 1.5
H122A 2.60 86° 59° 0.47 53° 1.5
1602C 2.59 86° 77° 0.81 740 1.6
1603A 2.59 86° 86° 0.57 55° 1.5

6.3 Conclusions

In this chapter, the results from DIC and Chapter 5 were used to investigate some of the
assumptions made in the CSDT. The simplification of the crack angle was analyzed
based on the crack patterns found on the experimental program and the proposed
kinematics at failure were validated. From these, some conclusions can be drawn:

1) The simplification of the crack profile should be modified to allow major
displacements. It is suggested to be changed to a crack at an angle of a range
between 60° and 70°.

2) The crack spacing between major flexural cracks is in a range between 0.4d and
0.8d.

3) The values of Acrare significantly larger than the calculated with Eq. (2.22).

The failure mechanism was validated since it was observed that the flexural shear
failure occurs when the shear displacement of a major crack reaches a critical value
triggering the development of the secondary branches and this is directly related to the
decay of the contribution of aggregate interlock stresses.
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7.1 Conclusions

7 Conclusions and
recommendations

An analysis of the failure modes observed in the experimental program was presented
based on the DIC measurement. With the measured crack pattern and kinematics, the
contribution of the various shear transfer mechanisms was calculated based on known
constitutive laws. With the insights gained some improvements to CSDT were
proposed. The concluding remarks from this research are presented in this chapter. In
addition, some topics that were left out due to the limitation of time are suggested as a
future line of research.

7.1 Conclusions

After analyzing the results presented in the previous chapter, the following conclusions
can be drawn:

e The displacement field obtained by DIC is able to provide reasonable accuracy
since when compared to the LVDT readings a maximum difference of 0.1mm
was found.

e The DIC kinematic measurements in combination with the constitutive laws and
the methodology considered in this thesis lead to a reasonable explanation of the
observed failure modes. A comparison between the experimental results and the
sum of the calculated contributions yield a reasonable agreement, with an error
of 40% when the flexural shear failure is presented just after the formation of the
flexural shear crack.

e The aggregate interlock plays a major role during the failure process, a sudden
drop of aggregate interlock usually leads to the failure of the structure or shift of
the main load carrying mechanism. Its contribution is mainly concentrated at the
steepest parts of the cracks (usually located at the top sections).

e In the case of flexural shear failure, the governing mechanism was aggregate
interlock. Its contribution during the loading procedure was found to be up to
90% of the shear strength. The failure was attributed to the loss of aggregate
interlock when a sudden increase of the shear displacement of the critical shear
crack is observed. However, such decrease occurs earlier before the actual shear
failure occurs. Therefore, the actual shear failure mechanism should be studied
at an earlier stage.

e When a shear compression failure occurred, the contribution from aggregate
interlock was lost when the flexural shear crack opened but the beam was able to
carry a higher load because of arch action. However, when the point load is
moveable. The arch action is not reliable.

e The contribution from dowel action depends mostly on the reinforcement of the
beam. Dowel failure is the most critical failure mode presented in this test series,
it is obtained for members with a reinforcement ratio less than 0.4% and it is
defined by the opening of the secondary branch of a major flexural crack along
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7.2 Recommendations

7.2

the tensile reinforcement. The development of the dowel cracking results in a
relative plastic behaviour with large shear displacements.

Two simplified assumptions of CSDT were verified by the test results. They are
the crack inclination and the critical shear displacement. It is concluded that the
simplified crack profile suggested by CSDT should be changed to a crack with
an angle between 60° and 70° to allow for larger displacements. The values of
Acr found in this research are up to 20 times higher than the proposed in the
CSDT. The failure criterion assumed in the CSDT was validated, it was
demonstrated that an increase of the shear displacement A is critical to triggering
the shear flexural failure.

Recommendations

Some recommendations that can be interesting for further study are:

It would be useful to improve the post-processing of the data obtained from the
DIC in terms of simplicity of the program and develop a better algorithm to
filter the cracks.

Real-time display of the displacements and strains on live image would be
useful, thus some improvements to the DIC algorithm could be implemented to
show real-time measurements during the testing of the specimens.

This project reveals that some of the simplifications suggested by the CSDT are
not consistent with the experimental observations. They are the crack inclination
and the value of the critical shear displacement. This input can be used as a
starting point to develop a simple kinematic model which is consistent with the
Critical Shear Displacement theory, where the recommendations are
implemented.

Although the failure process of the newly observed dowel failure was explained
phenomenologically, a mechanical model would be more helpful for the
engineering practice. A suggestion of such model is given in Fig. 7.2.1. In such
model, rotation of the crack is assumed at the crack tip of the major crack. The
contribution of aggregate interlock can be neglected, and the dowel action can
be assumed to be constant. The failure process could be modeled relating the
shear displacement with propagation of the dowel crack and the rotation as
illustrated in the following figure:

Ty
Fig. 7.2.1 Proposed dowel failure model
A study on the influence of the crack trajectory to the shear capacity of
aggregate interlock could provide a better understanding of the fact that
comparable shear capacities are found with different crack patterns.
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Appendix A

In this appendix, the results from additional beams are presented.

H402A

A special case was beam H402A, where the critical shear crack was formed by the
merged of three major cracks. The analysis from the main results showed that in general,
the major crack with the larger tangential displacements will develop to be the critical
shear crack. Fig. A 2 presents the results from the development of A for the four major
cracks, for comparison, the shear force is also plotted and the DIC strain distributions are
shown in Fig. A 1. It can be observed that at the reinforcement level the crack with the
larger shear displacements is Crack 3 but at the top section is Crack 2. The measurements
of relative displacements show that before the opening of the shear crack large aggregate
interlock stresses could be activated at the mid-section of the beam (see Fig. A 3), as a
result, the horizontal crack joining the major cracks 2 and 3 suddenly developed. At that
moment, the aggregate interlock forces dropped, and failure was triggered by the sudden
development of the secondary branches.
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Fig. A 2 Shear displacement for H402A at reinforcement level (Left) and upper section
of crack (Right)
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1123A

The loading protocol for specimens [123A was determined to implement acoustic
emission (AE), which is a measurement technique to monitor the acoustic signals emitted
during the loading process. The results from AE are out of the scope of this project,
however, the DIC results will be presented. This specimen was reinforced with plain bars
and had a reinforcement ratio of 1.14% (8®25). Fig. A 4 shows the loading procedure and
the moments of the photo shooting.
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Fig. A 4 Loading scheme (applied load vs time) and the moment of the photo shooting for
test I123A

In Fig. A 5 the crack width and the shear displacements at a height equal to 590 mm from
the top fiber are plotted, for comparison, the loading procedure is also given. It can be
observed that Crack 4 presented larger shear displacements. Fig. A 6 shows the results of
the crack width and shear displacement for the critical crack as well as the loading
protocol. The strain distributions obtained from the DIC at the representative load levels
are given in Fig. A 7. It can be observed that the point where the maximum shear
displacements are presented corresponds to the beginning of the opening of the unstable
crack along the tensile reinforcement.
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