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ABSTRACT

RC deep beams are key safety critical structural systems carrying heavy loads over short
span, such as transfer girders in tall buildings and bridges. Current design provisions in
codes of practice fail to predict accurately and reliably the shear capacity of RC deep
beams and in some cases they are unsafe. This work aims to develop a better
understanding of the behaviour of RC deep beams and governing parameters, and to
improve existing design methods to more accurately predict the shear capacity of such
members.

An extensive experimental programme examining 24 RC deep beams is carried out. The
investigated parameters include concrete strength, shear span to depth ratio, shear
reinforcement and member depth. To develop a better insight on the distribution and
magnitude of developed stresses in the shear span, finite element analysis is also
performed. The microplane model M4 is implemented as a VUMAT code in ABAQUS
to represent the behaviour of concrete in a more reliable manner and validated against
experimental tests on RC deep beams. This model is utilised in a parametric study to
further investigate the effect of concrete strength, shear span to depth ratio and shear
reinforcement.

The experimental and numerical results show that concrete strength and shear span to
depth ratio are the two most important parameters in controlling the behaviour of RC
deep beams, and that shear strength is size dependent. The analysis also shows that
minimum amount of shear reinforcement can increase the shear capacity of RC deep
beams by around 20% but more shear reinforcement does not provide significant
additional capacity.

A lateral tensile strain based effectiveness factor is proposed to estimate the strength of
the inclined strut to be used in strut-and-tie model. Additionally, node factors to estimate
the developed strength in different type of nodes are proposed. The proposed model is
evaluated against a large experimental database and the results show that it yields more
accurate and reliable results than any of the existing models. The model is characterized
by the lowest standard deviations of 0.26 for both RC deep beams with and without

shear reinforcement and accounts more accurately for all influencing parameters.
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CHAPTER 1. INTRODUCTION

1.1. INTRODUCTION

The shear resistance of RC beams, especially shear critical elements such as RC deep
beams, is a challenging issue that is still the subject of academic debate. This is because
shear behaviour of RC beams is influenced by many parameters [1, 2], the
interdependency of which is very complex to model. Additionally, shear forces always
act in combination with other types of load such as flexure, axial load and sometimes
torsion, further complicating the problem. Accurate shear capacity prediction is
paramount since shear failure is catastrophic (Figure 1-1) and could occur without

warning.

Deleted due to copyright

Figure 1-1-Collapse of Laval overpass due to shear failure [2]

RC deep beams are structural members characterized by having relatively deep section
comparing to their span for which a substantial proportion of the load is transferred
directly to the support through a single strut. In structural applications, deep beams are
commonly used as transfer girders in buildings, bridges and offshore structures.
According to Eurocode 2 (EC2) [3] beams can be classified as deep beams when the

ratio of span to depth is smaller than three. On the other hand, ACI 318-14 [4] classifies
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beams as deep beams which satisfy (a) Clear span does not exceed four times the overall
member depth h; or (b) Shear span does not exceed two times the overall member
depth. The strength of deep beams is usually controlled by shear rather than flexure [1],
and since most of the applied load is directly transferred to the support by strut and tie

action, strut-and-tie model is the most reliable method for design purposes.

Since the problem is dominated by material properties, most studies related to shear are
experimental. However, experimental work is expensive and usually limited by the size
of the facilities, the type of member or design parameters investigated in a particular set
of experiment. Results from shear tests are notoriously variable and often contradictory;
furthermore, most published data do not provide sufficient detail for the in-depth
investigation of the shear mechanism. Despite this, all current shear design procedures,
such as Eurocode (EC2) [3] and ACI 318-14 [4] code, are based on statistical best fits of
experimental data. The inadequacy of these empirical shear design procedures is more
pronounce in non-flexural and shear critical members such as deep beams. Numerous
theoretical approaches have been proposed to explain the shear mechanism such as the
truss analogy theory [5, 6], the variable angle truss model [7], the theory of shear
resistance of RC beams by Kupfer et al. [8] the modified compression field theory [9]
and strut-and-tie model [10, 11]. The shear strength predicted according to these theories
is in general more reliable than that of empirical procedures but there are still parameters
that need to be further investigated such as effectiveness factor of concrete used in strut-

and tie model.

The strut-and-tie model, which was pioneered by Ritter [5] and Morsch [6], is a rational
method for analysing and designing reinforced concrete beams especially deep beams. It
is based on the lower bound theorem of the theory of plasticity and assumes that the
disturbed regions, which are these along which plane sections do not remain plane
before and after bending, can be analysed and designed using hypothetical pin-jointed
trusses consisting of struts and ties interconnected at nodes. This model has been
incorporated into the design procedures of many codes of practice [3, 4, 12]. The

accuracy of shear resistance prediction by a strut-and-tie model are dependent on

2
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various assumptions that need to be made regarding the geometry of the nodes, the
width of the struts and the effectiveness factor of concrete strength for the inclined strut.
However, the codes of practice provide very little guidance on the use of STM in design
[13] which makes the model becomes an approximated method with undetermined level
of accuracy. Although, such approaches are generally extremely conservative [14-17],
they can also lead to unsafe design solutions [17-19]. Therefore, the current codes
provisions need to be reviewed and improved to account for parameters affecting shear
behaviour and capacity of RC deep beams. Furthermore, more reliable and detailed
experimental data are needed to investigate the effect of key parameters such as shear
span to depth ratio, concrete compressive strength, shear reinforcement and member
depth.

Despite the fact that nominal shear strength of reinforced concrete beams decreases
when increasing the size of the member, most of the existing shear models do not take
this into account. The size effect in RC slender beams is well investigated and
documented [20-25]; however, for RC deep beams, size effect is still the subject of
discussion among researchers [26-32]. Hence, the size effect should be investigated
further and the existing shear models should be evaluated to assess their safety.

Due to the rapid advances in the field of computational mechanics, finite element
modelling (FEM) has become one of the most powerful tools in simulating structural
elements in a variety of fields. The successful simulation of specific elements relies
upon the realistic representation of the material properties in FEM. However, due to the
complexity of the constitutive material properties of concrete, modelling the behaviour

of reinforced concrete in particular shear has been, and still is, a challenging issue.

In the past few decades, analysing reinforced concrete elements by finite element
method have witnessed remarkable advancements. Many researchers have made
valuable contributions in simulating RC behaviour using plasticity and continuum
damage mechanics [33-37]; however, these material models are not capable of
realistically simulating the very complex stress-strain behaviour of RC elements [38].

The more detailed microplane model [39, 40] has been shown to simulate the
3
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microscopic behaviour of concrete in a more reliable manner and it has been
successfully implemented in some finite element analysis packages to capture the non-
linear and shear behaviour of RC elements [40-43]. The main characteristic of
microplane constitutive model is written in terms of vectors on microplanes rather than
tensors at the macro level [39]. Therefore, inelastic physical phenomena such as slip and

friction can be characterized directly in terms of stress and strain on the microplanes.

1.2. RESEARCH AIM AND OBJECTIVES

The main aim of the present study is to develop a numerical and analytical model to
predict shear behaviour and capacity of RC deep beams more accurately than the

available models, and this is achieved through the following objectives:

= Gain understanding of the effect of key parameters such as shear span to depth
ratio, concrete compressive strength, shear reinforcement, and size effect on the
behaviour of RC deep beams.

= Develop a suitable finite element procedure that can be used as a platform to
predict shear behaviour and capacity of RC deep beams.

= Analytically evaluate the accuracy and applicability of strut-and-tie model in
predicting the shear resistance of RC deep beams.

= Propose a reliable effectiveness factor for the strength of concrete cracked in
tension and node strength factors that can be easily implemented in existing

design codes.
The above objectives can be fulfilled through the following methodologies:

= Review the current state-of-the art on the behaviour of RC beams subjected to
shear forces.
= Compile a comprehensive database of tests published in peer reviewed and

reliable journal publications and use it to evaluate existing shear models.
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= Experimental investigation on the effect shear span to depth ratio, concrete
compressive strength, shear reinforcement, and size effect on the behaviour of
RC deep beams.

»= Implement microplane material M4 model as a VUMAT in ABAQUS and
numerically investigate the effect of shear span to depth ratio, concrete
compressive strength, and shear reinforcement on the behaviour of RC deep
beams using ABAQUS.

= Analytical investigation of strut-and-tie model.

1.3. THESIS LAYOUT

This thesis is divided into six chapters and presented in a non-conventional manner. The
thesis combines two types of chapters: chapters written following the traditional thesis
format (chapters 2 and 6), and chapters consisting of stand-alone journal papers

(chapters 3 to 5). The following is a brief description of each chapter.

Chapter 2 presents a brief background of the research problem and a review the current
understanding of the important aspects regarding shear behaviour of RC beams. A
database compiling 60 years of research on shear of RC beams is established and used to
assess the effect of different design parameters such as shear span to depth ratio,
concrete compressive strength, shear reinforcement and member size on the shear
capacity of RC beams. In addition, this chapter presents critical and extensive evaluation

of existing shear design models in predicting experimental results.

Chapter 3 is based on Ismail K. S., Guadagnini M. and Pilakoutas K., (2016a) Shear
Behaviour and Size Effect of RC Deep Beams (submitted to ACI Structural Journal) and
investigates the behaviour and size effect of RC deep beams. A total of 24 RC deep
beams were tested in two phases. Phase | comprises 21 RC deep beams tested at the
Structural Engineering Laboratory of the University of Salahaddin\Hawler in Iraq to
investigate the effect of concrete compressive strength, shear span to depth ratio and
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shear reinforcement. Phase Il comprised three geometrically similar RC deep beams
with different sizes to examine size effect and was carried out at the Heavy Structures
Laboratory of the University of Sheffield in the UK. Based on the results, the effect of
above design parameters on shear behaviour and capacity of RC deep beams is
presented and discussed in detail. The provisions of EC2, ACI 318-14 and Model Code
2010 are then assessed and recommendations are drawn for further improvements in

design procedures.

Chapter 4 is based on Ismail K. S., Guadagnini M. and Pilakoutas K., (2016b)
Numerical Investigation on the Shear strength of RC Deep Beams Using the Microplane
Model (accepted for publication in Journal of Structural Engineering) and presents a
numerical investigation on RC deep beams. The general finite element program
ABAQUS is utilised as a platform and the concrete material models available in
ABAQUS are first examined and compared to the experimental results. Then, to better
simulate the behaviour of RC deep beams, the microplane material model M4 is
implemented. The validity of the model in capturing the structural response of RC deep
beams is assessed against an experimental database of 20 specimens with different
characteristics. The developed model is then used to perform a parametric study aimed
at investigating the effect of concrete compressive strength and shear span to depth ratio
in RC deep beams with and without shear reinforcement. The results of the analysis are
compared to the provisions of EC2 and ACI 318-14 codes and recommendations are

drawn.

Chapter 5 is based on Ismail K. S., Guadagnini M. and Pilakoutas K., (2016c¢) Strut-and-
Tie Modelling of RC Deep Beams (submitted to Journal of Structural Engineering) and
it presents the development of strut-and-tie model for RC deep beams. The
development of the model includes the selection of an appropriate strut-and-tie layout
and an accurate size for each element in the model. In addition, the paper proposes a
lateral tensile strain based effectiveness factor which can be used to estimate the
strength of the inclined strut in the model. Finally, it presents and discusses the accuracy

of the model and other models found in the literature against the experimental database.

6
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Chapter 6 summarises the research work, presents the concluding remarks and gives

recommendations for future work.
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CHAPTER 2. REVIEW AND EVALUATION
OF AVAILABLE SHEAR PROCEDURES

2.1. OVERVIEW

Despite numerous research studies on shear behaviour of RC members, there is still
discord regarding the transfer mechanisms and influencing parameters. This is because
shear always acts in combination with other actions such as bending, torsion and axial
load and is influenced by many parameters such as concrete compressive strength, shear
span to depth ratio, element size, flexural reinforcement, shear reinforcement (if

provided) and aggregate size.

This chapter reviews the current understanding on the shear behaviour of RC members
in terms of a) shear transfer mechanisms and b) effect of different parameters on the
shear capacity of RC members. Code shear provisions are also presented and evaluated.

For the code evaluations, all safety factors are excluded.

2.2. MECHANISMS AND THEORIES OF SHEAR
TRANSFER

2.2.1. FUNDAMENTAL MECHANISMS

The free-body diagrams shown in Figure 2-1, illustrate the fundamental mechanisms of
shear transfer in RC beams [44]. In beams without shear reinforcement, the applied
shear (V) is transferred through a combination of shear in the compression zone (V,),
dowel action (Vg) and the vertical component of aggregate interlock stresses (v,) over
the surface of the inclined crack. These three components represent the concrete
contribution to shear resistance mechanism. The proportions transferred by each of these
components have been the subject of research for decades and remain a matter of

8
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discussion. This proportion of shear transfer by each component is affected by the
compression zone depth, shear span to depth ratio, crack width roughness, concrete
strength and other parameters. In addition to these three shear resisting mechanisms,
some shear is transferred by residual tension across the crack; however, this component
is relatively small, especially in the case of wide cracks. In the case of beams with shear
reinforcement, there is an additional vertical force (Vs) due to the presence of stirrups;
this is considered to be the steel contribution to shear resistance.

a) b)
ol =—C
/ l V.: Va
4| :
IL — Ay
T T Va
Ve o

Figure 2-1-Shear transfer mechanisms in RC beams [44] a) beams without shear
reinforcement b) beams with shear reinforcement

2.2.2. STRUT-AND-TIE MECHANISM

When the applied shear is close to the support, such as in deep beams and corbels, the
proportions transferred by the aforementioned mechanisms change and the majority of
the applied shear can be considered to be transferred by a strut-and-tie mechanism as
shown in Figure 2-2. In this case, the tensile forces are carried by the flexural
reinforcement, whilst the concrete is supposed to transfer shear only in compression.
When the member is subjected to distributed load, the arch action is developed

(Figure 2-2-b) rather than just the strut-and-tie mechanism.
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. b)
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Figure 2-2- a) Strut and Tie mechanism and b) Arch action

2.2.3. TRUSS MECHANISM

When the applied load is far away from the support, such as slender flexural element, a
truss action [5, 6] (Figure 2-3) is activated. This has a longitudinal compression chord on
top through the concrete and a tension chord at the bottom formed by the longitudinal
tension reinforcement. The shear forces are transferred up and down the beam depth by
inclined compressive forces which can be carried by the concrete and vertical ties which

are formed by the shear reinforcement.

Figure 2-3-Truss mechanism

2.2.4. MODIFIED COMPRESSION FIELD THEORY (MCFT)

In 1986, Vecchio and Collins [9] conducted an experimental programme on thirty RC-
panels and developed the Modified Compression Field Theory (MCFT) to predict the
load-deformation response of RC elements subjected to in-plane shear and normal
stresses. MCFT is an improvement on the Compression Field Theory (CFT) that was
developed in the seventies by Mitchell and Collins [45] as a theory to describe the

10
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behaviour of RC elements under pure torsion. The main difference between CFT and
MCFT is the utilization of the tensile strength of the concrete in MCFT. Depending on
the measured stress and strain of the tested elements, Vecchio and Collins noticed that
cracked concrete is capable of carrying a substantial amount of stress in the principal
tensile direction. Therefore, the tensile strength of the cracked concrete, which was

previously ignored, was added to the constitutive material models.

MCFT was derived based on the simplified assumption that the average direction of
principal compressive stress in the cracked concrete is related to the average direction of
principal tensile strain and that the inclination of the critical cracks is parallel to the
direction of the principal compressive stress. Additionally, the theory assumes that for
any state of stress there is only one corresponding state of strain, and concrete and
reinforcement are perfectly bonded together. The equilibrium equations, compatibility

equations and stress-strain relationship of the MCFT are summarised in Figure 2-4.

As MCFT was derived mainly on the basis of test results on concrete panels subjected to
pure shear forces and with well distributed reinforcement, it cannot be used directly to
predict the load-deformation of RC beams and columns subjected to a complex
combination of bending, shear and axial loads. To predict the load-deformation of beam
and column members, Vecchio and Collins [46] presented an analytical model called
layered model based on an implementation of the MCFT. The model assumes that the
beam can be represented as an assemblage of finite layers of concrete and longitudinal
steel reinforcement. Each layer is analysed individually with the compatibility

requirement of plane sections before bending remain plane after bending.

Based on the layered model, Response-2000, a computer software that implements basic
engineering beam theory, was developed at the University of Toronto by Bentz [47].
The program is capable to predict the load-deformation response of reinforced and
prestressed concrete beams and columns. As mentioned in the program manual,
Response-2000 is based on the principle of section analysis and assumes that plane

sections before bending remain plane after bending.
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Figure 2-4-Equations of Modified Compression Field Theory [9]
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Additionally, the program assumes that there are no transverse clamping stresses near
point loads and supports. These assumptions might be correct for slender beams, which
most likely fail in regions that are not near point loads or supports. However, in the case
of disturbed regions, such as deep beams, these assumptions are far from correct and

their implementation would lead most likely to inaccurate predictions.

Based on the results obtained from tests on concrete panels, Vecchio and Collins [9]
develop a shear strength-axial strength interaction diagram (Figure 2-5) for reinforced
concrete that can be used to predict the type of failure in beams with different
mechanisms. In the case of strut-and-tie or arch action mechanism, when the applied
force is transferred to the support by the strut or arch, the concrete in the shear span is
subjected to high compressive stresses and failure is expected to be by concrete
crushing. In this case the compressive strength of concrete plays a significant role in
carrying the shear. In the case of the truss mechanism, due to high tensile stresses in the
shear span (resisted by concrete in tension and vertical shear reinforcement), the
expected failure is due to yielding of the shear reinforcement rather than crushing of the
concrete. In such case, the tensile strength of concrete has more influence on the shear

capacity than the compressive strength.

H
N
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Shear Stress (MPa)

Steel yielding
at crack

Concrete
crushing 2
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Figure 2-5-Shear strength-axial strength interaction diagram for reinforced concrete [9]
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2.3. EFFECT OF DIFFERENT DESIGN PARAMETERS ON
THE SHEAR CAPACITY OF RC BEAMS

To assess the effect of different design parameters on the shear capacity of RC beams, a
database was compiled from the experimental data obtained from research studies found
in the literature spanning 60 years. A total of 1629 RC beams are included, all of which
were reported to have failed in shear. The specimens are divided into two groups. The
first group comprises beams without shear reinforcement and includes 1252 specimens.
The concrete compressive strength of the tested beams in the first group ranges from 6
to 128MPa, while overall beam depth ranges from 25 to 2200mm, shear span to depth
ratio from 0.25 to 9.4, and the main steel reinforcement ratio from 0.09 to 7.94%. The
second group comprises beams with shear reinforcement (vertical or horizontal shear
reinforcement) and contains 377 RC beams. The concrete compressive strength of these
beams ranges from 14 to 125MPa, overall beam depth from 160 to 2000mm, shear span
to depth ratio from 0.27 to 4.01, main steel reinforcement ratio from 0.16 to 6.7%,
vertical shear reinforcement ratio from 0 to 2.45% and horizontal shear reinforcement

ratio from 0 to 3.17%. Full details are given in Appendix A.

2.3.1. CONCRETE COMPRESSIVE STRENGTH

The compressive strength of concrete has been reported to be the most important
parameter influencing shear behaviour of members without shear reinforcement [48].
Figure 2-6 shows the effect of concrete compressive strength on the normalized shear
capacity of RC beams. Its effect is more pronounced in short span beams [49, 50] as
shown in Figure 2-7, in which the mechanism of shear load transfer is primarily strut-
and-tie or arch action, while in slender beams the truss action reduces the effect of
concrete compressive strength and the capacity is mostly controlled by tensile strength

as mentioned in the previous section (Figure 2-5).
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Figure 2-6-Effect of concrete compressive strength on the shear strength of a) RC beams

without shear reinforcement and b) with shear reinforcement
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Figure 2-7-Effect of concrete compressive strength on the shear strength of a) RC beams
without shear reinforcement [49] b) RC beams with shear reinforcement [50] with
different shear span to depth ratio

2.3.2. SHEAR SPAN TO DEPTH RATIO

Another critical parameter that affects the behaviour of RC beams in shear is the shear
span to depth ratio (a/d). In 1967 Kani [20] found out that there is a strong relation
between the shear behaviour of RC members and their shear span to depth ratio. He also
concluded that when shear failure occurs, in some cases, the beam is not developing its
full flexural capacity, and this is controlled by shear span to depth ratio as shown in
Figure 2-8. This was confirmed by other researchers such as Tan et al. [51] and Oh and
Shin [52]. Figure 2-9 shows the effect of shear span to depth ratio on the shear capacity
of RC beams.
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Figure 2-9-Effect of shear span to depth ratio on the shear strength of a) RC beams
without shear reinforcement and b) with shear reinforcement
According to the experimental results of Leonhardt & Walther [53], Kani [20] and Kim
& Park [54], the effect of shear span to depth ratio is negligible on the shear strength of
RC beams when the shear span to depth ratio is greater than three (Figure 2-10), but has

great influence on the shear capacity for values less than three as shown in Figure 2-10.
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Figure 2-10-Effect of shear span to depth ratio on the shear strength of RC beams

2.3.3. VERTICAL SHEAR REINFORCEMENT

Prior to diagonal cracking, concrete resists predominantly the applied shear stress and
shear reinforcement carries almost zero stress [44]. After the formation of diagonal
cracks, a portion of the applied shear force is transferred by the shear reinforcement
through truss action. Figure 2-11 shows the effect of shear reinforcement ratio on the
shear capacity of RC beams. This action is more effective in slender beams as there is
more room in the shear span to develop a proper truss and experimental results show
that by increasing vertical shear reinforcement ratio (o) the shear capacity of the
specimen increases [55] as shown in Figure 2-12.
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Figure 2-11-Effect of shear reinforcement ratio on the shear strength of RC beams
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Figure 2-12-Effect of shear reinforcement on the shear strength of RC slender beams [55]

In the case of deep beams, shear reinforcement helps provide confinement to the
concrete, control crack propagation and transfers shear force by truss action. However,
the truss action is less effective compared to slender beams, because in deep beams most
of the applied shear force is transferred by the strut-and-tie action. According to
experimental results by Smith and Vantsiotis [1], providing sufficient shear
reinforcement can increase shear capacity, but further increase in shear reinforcement
does not enhance the shear capacity (see Figure 2-13) as failure is dominated by

crushing of the concrete.
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Figure 2-13-Effect of shear reinforcement on the shear strength of RC deep beams [1]
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2.3.4. SIZE EFFECT

Since Kani’s [20] early work in 1967 on reinforced concrete beams with different sizes,
much research has been undertaken to investigate the influence of size on the behaviour
and shear strength of reinforced concrete beams. Size effect is a phenomenon of a
decrease in average shear strength due to increasing depth of the member. It has been
confirmed that by increasing the depth of beams, the shear strength decreases and this is
also reflected in Figure 2-14. Figure 2-15 shows the experimental results of the beams
tested by Taylor [21], Bazant and Kazemi [24] and Kawano and Wantanabe [56], and it
can be seen that by increasing the member depth the shear strength reduces. These
experimental results led to Bazant’s crack band theory [22, 24, 26, 27]. A number of
other experimental investigations [26, 57] focused on the size effect in beams with shear
reinforcement and they found that size effect is still present (Figure 2-16). In 2007,
Bazant et al. [58] explained that though shear reinforcement can reduce the size effect in
RC beams, it cannot eliminate size effect completely.
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Figure 2-14-Effect of member depth on the shear strength of a) RC beams without shear

reinforcement and b) with shear reinforcement.
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Figure 2-16-Size effect in beams with shear reinforcement

2.3.5. FLEXURAL REINFORCEMENT

Flexural reinforcement can influence shear capacity of RC beams by means of a) dowel
action through a combination of the tensile resistance of the concrete across the splitting
plane and the bending capacity of the reinforcement bar, and b) controlling the neutral
axis depth which affects the portion of the shear stresses transferred through the

compression zone. According to Wight and MacGregor [44] flexural reinforcement also
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affects friction and aggregate interlock mechanisms as flexural cracks extend higher and

open wider in beams with smaller flexural reinforcement ratios. Figure 2-17 shows the

effect of flexural reinforcement on the shear capacity of RC beams.
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Figure 2-17-Effect of flexural reinforcement on the shear strength of a) RC beams without
shear reinforcement and b) with shear reinforcement.

2.3.6. AGGREGATE SIZE

Friction and aggregate interlock provide one of the major shear transfer mechanisms in
RC beams without shear reinforcement. In 1970, Taylor [59] concluded that the relative
magnitude of the shear force transferred by aggregate interlock can be estimated to be
between 33 % and 50% of uncracked concrete for beams without shear reinforcement.
However, in beams with shear reinforcement as crack sliding is restrained by the
presence of shear links, this mechanism is likely to be less effective. This mechanism is
controlled by the roughness of crack surfaces which changes with aggregate size.
However, Walraven [60] concluded that the crack surface roughness is a function of
concrete strength and type of aggregate rather than aggregate size. Figure 2-18 shows
the effect of aggregate size on the shear capacity of RC beams. There is no conducive

trend as the larger aggregate were also likely to have been used in larger beams.
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Figure 2-18-Effect of aggregate size on the shear strength of a) RC beams without shear
reinforcement and b) with shear reinforcement.

2.4. EVALUATION OF AVAILABLE SHEAR MODELS

There are numerous models in the literature proposed to predict the shear capacity of RC
beams, too many to cover in this thesis. What is common at the end of the day they all
rely on calibration against empirical data. The most used shear design procedures for RC
members with and without shear reinforcement (Eurocode 2 (EC2) [3], ACI 318-14 [4],
Model code 2010 [12] and Modified Compression Field Theory [9]) are evaluated
against experimental data in the database to assess their effectiveness and identify their

weaknesses.
2.4.1. EUROCODE SHEAR PROVISION
2.4.1.1. Beams without Shear Reinforcement

Eurocode 2 [3] provides an empirical equation (Eqg.2.1) to predict the ultimate shear
strength of RC beams without shear reinforcement. This equation accounts for the effect

of concrete compressive strength, flexural reinforcement and size effect.
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V = |:CRd ,.C (100p1 fck )1/3 (1+ %):|de (21)

where p is the percentage of longitudinal reinforcement, f is the characteristic concrete
compressive strength, d is the effective depth of the member, and b,, is the width of the
member. For members loaded within a distance 2d from the support, the capacity is
increased by the ratio 2d/a, where a is shear span of the member, to account for the

increase in shear strength due to arch action.

The accuracy of EC2 in predicting the shear strength of RC beams without shear
reinforcement was assessed against the compiled database. As shown in Figure 2-19,
this analysis indicates that while the EC2 equation can predict relatively well the shear

strength of slender beams, a large scatter is observed in predicting the shear strength of
short shear span members.

To assess the effect of each of the parameters included in the EC2 equation, smaller data
samples were extracted from the database so that only the examined parameter varied

within each group while all of the other parameters were constant.

Vexp./Vcal.

Figure 2-19-Predicting shear strength of beams without stirrups by EC2 procedure.
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Concrete compressive strength

The effect of concrete compressive strength was examined based on a group of 211 RC
beams without shear reinforcement as shown in Figure 2-20. The value of concrete
compressive strength in this group ranged from 14.6 to 127.5 MPa. Although the range
of applicability of compressive strength of concrete in EC2 is 90 MPa, in this analysis
the equation is used for the entire range. Test results indicate that the effect of concrete
compressive strength on the member shear strength is mainly controlled by shear span to
depth ratio as shown in Figure 2-21. EC2 equation for shear strength underestimates the
influence of concrete compressive strength for members with shear span to depth ratio
less than two; however, predictions for beams with shear span to depth ratio greater than
two are in better agreement with the tests results.
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Figure 2-20-Effect of concrete compressive strength on predicting of shear strength for
beams without stirrups by EC2 procedure
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Figure 2-21-Effect of concrete compressive strength for different shear span to depth ratio
on predicting of shear strength for beams without stirrups by EC2 procedure

Flexural reinforcement ratio

The effect of the main flexural reinforcement ratio is examined in the following.
Experimental results of Collins et al. [2] showed that shear strength of RC beams
without shear reinforcement is related to the percentage of and strain developed in
longitudinal reinforcement. It was reported that shear strength of beams decreased when
the strain in longitudinal reinforcement increased. This is because with increasing strain
in the flexural reinforcement cracks widen and the contribution of shear stress transfer
by both compression and aggregate interlock reduce as explained earlier. The EC2
prediction seems to have a good correlation with the experimental results for slender

beams. However, more conservative results are obtained for RC deep beams, as shown
in Figure 2-22.

25



CHAPTER 2 REVIEW AND EVALUATION OF AVAILABLE SHEAR PROCEDURES

4
¢ ald<1.0
10<ald<2.0

3] ¢ a/ld>2.0 . "
32 . . ¢
é *

1% ,;__3__ _ *,. ______ D ‘

LoAd v’&"’ JRPEN § 3’ *
O T T T T
0 1 2 3 4 5

p (%)

Figure 2-22-Effect of main longitudinal reinforcement ratio on predicting of shear strength
for beams without shear reinforcement by EC2 procedure.
Shear span to depth ratio

EC2 predictions are also overall accurate for slender beams; however, these predictions
become very conservative with a great scatter for deep beams, as shown in Figure 2-23.
This can be attributed to the fact that the ‘enhancement factor’ used in EC2 to account
for the increase in shear resistance cannot accurately capture the development of the

different shear resisting mechanisms (e.g. arch action) in members with shear span to
depth ratio less than two.
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Figure 2-23-Predicting of shear strength for beams without shear reinforcement by EC2
procedure (Effect of a/d).
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Size effect

EC2 equation accounts well for the influence of size effect for RC beams without shear
reinforcement; however predictions are affected by a significant scatter and can be

unsafe for beams with effective depth larger than 1000mm as shown in Figure 2-24.
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Figure 2-24-Predicting of shear strength for beams without shear reinforcement by EC2

procedure (Effect of depth).

2.4.1.2. Beams with Shear Reinforcement

The EC2 shear design procedure for the members with shear reinforcement (Eg. 2.2) is
based on the plasticity theory and the truss model. This model accounts for the effect of
transverse steel reinforcement and strut inclination with respect to the member’s neutral
axis in the range of 21.8" to 45". The result of this equation should be multiplied by an
amount equal to 2d/a as an enhancement factor to account for the increase in shear
capacity due to arch action in members with shear span to depth ratio less than or equal
to two.

Vias =%zfywd (cot@+cota)sina (2.2)

where A, is the cross-sectional area of shear reinforcement, s is the spacing of shear

reinforcement, z is lever arm (can be considered as 0.9d), fywq is the yield strength of the

27



CHAPTER 2 REVIEW AND EVALUATION OF AVAILABLE SHEAR PROCEDURES

shear reinforcement, & is the angle of the inclined struts, and « is the angle of the

stirrups with respect to the axis of the member.

To evaluate the accuracy of this equation in predicting the shear strength of RC
members with vertical links, 382 RC beams available in the literature were utilised. The
comparison indicates that analytical predictions are affected by a large scatter, as shown
in Figure 2-25.
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Figure 2-25-Comparison of experimental and predicted shear strength by EC2 for beams
with stirrups

The model tends to be overall very conservative for members with shear reinforcement
ratio less than 0.25% (Figure 2-26) and can become unsafe for members with shear
reinforcement ratio higher than 0.5%. This inadequacy can be partly attributed to the
fact that the EC2 shear model depends only on the truss action and neglects the
contribution of concrete in transferring shear stresses. For members loaded within a
distance smaller than two times the effective member depth, EC2 suggests that the result
of the Eq. 2.2 is multiplied by an enhancement factor (2d/a) to increase shear strength
due to arch action. This enhancement increases the degree of scatter and the prediction

becomes very conservative in this region.
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Figure 2-26-Effect of shear reinforcement ratio on predicting of shear strength by EC2
procedure.

Concrete compressive strength

The analysis of experimental results of Yoon et al. [61] on RC beams with varying
concrete strength (Figure 2-27) indicates that the influence of shear links on the ultimate
shear strength decreases as concrete strength increases. Also concrete compressive
strength has greater role in carrying shear strength than shear reinforcement for short
shear span members. Thus, neglecting the contribution of concrete in transferring shear
stresses by EC2 shear model leads to conservative results for beams that are lightly
reinforced in shear (shear reinforcement ratio less than 0.25%) and becomes unsafe with

the increasing shear reinforcement ratio (Figure 2-26).
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Figure 2-27-Effect of concrete compressive strength on the efficiency of vertical shear
reinforcement.

Shear span to depth ratio

Experimental results by Smith and Vantsiotis [1] indicate that vertical shear
reinforcement has minor influence on the ultimate shear strength of members with shear
span to depth ratio less than two and its impact seems to decrease considerably for
beams loaded within a distance equal to the effective member depth from the support.
Figure 2-28 shows the influence of shear reinforcement on beams with different shear
span to depth ratio.
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Figure 2-28-Effect of shear span to depth ratio on the efficiency of vertical shear
reinforcement [52].
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Size effect

In calculating the shear strength of RC beams the size effect should always be taken in
consideration for members with or without shear reinforcement. Research shows that the
presence of shear reinforcement can reduce the influence of size effect on the shear
strength of RC members, but size effect is always present [58]. Nevertheless, as the
concrete contribution is neglected in the EC2 design procedure for beams with
transverse reinforcement, size effect cannot be taken in consideration. This results in
very conservative predictions for small size members, whilst the degree of conservatism
decreases with increasing member depth. Figure 2-29 shows a comparison between

experimental and predicted results according to the EC2 shear model.
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Figure 2-29-Experimental shear strength and EC2 shear strength prediction for beams
with shear reinforcement (Size effect).

2.4.2. EVALUATION OF SHEAR PROVISIONS OF ACI 318-14
CODE

Based on the concept of average shear stress acting on the full effective cross section,
ACI 318-14 [4] provides simple equations to calculate the strength at first diagonal
crack of RC beams. In a member without shear reinforcement, the shear strength is

carried by the concrete web of the member and can be calculated using Eq.2.3. This
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equation accounts for the influence of concrete compressive strength, main flexural
reinforcement ratio and shear span to depth ratio. For the sake of simplicity, ACI 318-14

[4] allows the replacement of the second term of Eq.3 witho.01,/f', leading to simplified

Eqg. 2.4, which only accounts for the effect of concrete compressive strength. In a
member with shear reinforcement a part of the applied shear force is carried by the
concrete web and the remaining is carried by the shear reinforcement. Eq. 2.5, which is
based on the truss analogy, is used to calculate the contribution of shear reinforcement

to the overall shear capacity of the RC members.

V. =(0.16,/f", +0.17p, \|<;|d )b, d (2.3)
V. =0.17,/f".b,d (2.4)

_ A f,(sina +cosa)d
S

V (2.5)

S

where /¢ is the concrete compressive strength, g, is the main flexural reinforcement
ratio; V,/M, is the ratio of shear force and bending moment at the section being
considered; by, d are the width of the web and effective depth of the member,
respectively, A, is the area of transverse reinforcement, fy; yield strength of transverse
reinforcement, « is the angle between inclined stirrups and longitudinal axis of the
member, and s is the spacing of the transverse reinforcement measured in the direction

of the longitudinal reinforcement. The value of ./f'_should not exceed 8.3 MPa and the

ratio V,d/M, in Eq. 3 can be considered as d/a, where a is the shear span of the member.
Concrete compressive strength

The accuracy of the aforementioned equations in predicting shear strength was
examined against the experimental database. The result of this comparison indicates that
the ACI 318-14 [4] equations underestimate the influence of concrete compressive
strength on the ultimate shear strength of RC beams without shear reinforcement
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(Figure 2-30) and this underestimation increases for members with shear span to depth
ratio less than two. This can be attributed to the fact that ACI 318-14 shear equations are
based on the cracking shear force rather than the ultimate shear force. However, the
ultimate shear capacity of RC beams is not limited to the load causing initiation of
diagonal cracking. Once the first diagonal crack develops, the stiffness of the member
decreases significantly but shear force can still be transferred through different shear
transfer mechanisms such as friction, aggregate interlock, dowel action, as well as

significant arch action in members with shear span to depth ratio less than two.

For members with concrete compressive strength more than 70MPa, ACI318-14

becomes more conservative as summarized in Table 2-1.
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Figure 2-30-Shear strength prediction of RC beams without shear reinforcement by ACI
318-14 a) more detailed equation (Eq. 2.3) and b) simplified equation (Eq. 2.4).

Table 2-1: ACI 318-14 shear strength prediction (Effect of concrete compressive strength)

f. < 70MPa fc>70MPa
Simplified Detailed method | Simplified | Detailed
method (Eq. 2.4) | (EQ. 2.3) method method
Mean 212 1.83 2.47 2.26
STD 201 1.24 1.68 1.40
cov 0.95 0.67 0.68 0.62
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Flexural reinforcement ratio

The second parameter that is considered in ACI 318-14 detailed shear equation (Eq. 2.3)
is the main flexural reinforcement ratio. From an analysis of Figure 2-31 it is clear that
predictions are unsafe for members with main flexural reinforcement ratio less than
0.01, whilst these become conservative with a great degree of scatter for members that

are heavily reinforced in flexure.
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Figure 2-31-ACI 318-14 shear strength prediction of RC beams without shear
reinforcement (Effect of main flexural reinforcement ratio).

Shear span to depth ratio

Despite the fact that shear span to depth ratio has been shown to affect greatly shear
behaviour, ACI 318-14 [4] considers this ratio as a minor parameter when determining
the strength of both deep and slender beams. As a result, predictions become very
conservative with a high degree of scatter for deep beams and tend to approximate better
the experimental results for higher shear span to depth ratios. Figure 2-32 shows shear

strength predictions for members without shear links against shear span to depth ratio.
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Figure 2-32-ACI 318-14 shear strength prediction of RC beams without shear
reinforcement (Effect of shear-span-to-depth ratio).

Shear reinforcement

For members with shear reinforcement, ACI 318-14 [4] implements the classic equation
based on the truss analogy theory (Eq. 2.5) to determine the contribution of shear
reinforcement in transferring shear forces, while the portion of shear stress carried by
the concrete web (Eqg. 2.3 or 2.4) is assumed to be unaffected by the presence of shear
reinforcement and their effects can be added together to estimate the total shear
resistance. However, shear reinforcement also provides a confinement to the concrete in
the web which enhances the concrete contribution and transfer of shear forces by the
truss mechanisms. As a result, neglecting this interaction leads to very conservative

results with a high degree of scatter as shown in Figure 2-33.
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Figure 2-33-ACI 318-14 shear strength prediction of RC beams with shear reinforcement.

Size effect

The current ACI 318-14 shear design procedures can yield very unconservative
predictions for large RC beams without shear reinforcement, as size effect is not taken
into account. This is clearly shown in Figure 2-34 for beams with effective depth more
than 1000mm. On the other hand, ACI 318-14 [4] requires that a minimum area of shear
reinforcement be provided if the design factored shear force exceeds 0.5¢Vc. The
presence of shear reinforcement has been shown to mitigate size effect and this can
moderate the unconservative nature of the ACI expression for Vc (see Figure 2-34).
However, this aspect deserves more investigation, especially in the case of very deep

members with shear reinforcement.
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Figure 2-34-ACI 318-14 shear strength prediction of RC beams against size effect for
members a) without shear reinforcement b) with shear reinforcement

36



CHAPTER 2

REVIEW AND EVALUATION OF AVAILABLE SHEAR PROCEDURES

Overall, for shear span to depth ratio greater than four,

predictions obtained by

implementing the ACI 318-14 shear design procedure are in good agreement with

experimental results for beams without shear reinforcement, however, they are

conservative for beams with shear reinforcement. With decreasing shear span to depth

ratio, the degree of conservatism increases and predictions are affected by a high degree

of scatter. This trend becomes more obvious when using the simplified equation (Eq.
2.4). Figure 2-35 and Figure 2-36 show the performance of ACI 318-14 against the

experimental results included in the database described in section 2.3.
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Figure 2-35-Shear strength prediction of RC beams without shear reinforcement by ACI
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Figure 2-36-Shear strength prediction of RC beams with shear reinforcement by ACI 318-
14 a) more detailed equation (Eq. 2.3) and b) simplified equation (Eq. 2.4).
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2.4.3. EVALUATION OF SHEAR PROVISION OF MODEL CODE
2010

The shear design provisions included in the 2010 edition of Model Code [12] assume
that the shear strength (Vrg) of RC member is the summation of a concrete contribution

(Vrae) and shear resistance provided by shear reinforcement (Vggs).

VRd :VRd,c +VRd,s (2-6)

With a limiting value of:

fo( ,C0t0+cota 2.7)

Vv " .
Ve 1+cot“ @

=k

Rd max c

The design shear resistance attributed to the concrete in EQ.2.6 can be determined as:

fck

VRd,c = kv wa (28)
Ve
In members with a percentage of shear reinforcement exceeding0.08,/f, / f,, the
design shear resistance provided by stirrups can be determined as:
ASW H
Ve s :S—szd (cot@ + cotax)sina (2.9)

w

where by, is the minimum concrete web width within the effective shear depth z, which

can be taken as 0.9d, @ is the inclination of compression stresses, « is the inclination of
stirrups with respect to the beam axis. In Eqg. 2.8, a maximum limiting value of /f

equal to 8MPa is recommended. The value of k. and k, can be determined on the basis of
different levels of approximation depending on the desired accuracy and complexity of

the required analysis and design procedures.
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Level | approximation can be used at the conceptual design stage and for members
without a significant axial load. This level of approximation cannot be used for members
with fo > 64MPa, fy, > 500MPa, and maximum aggregate size smaller than 10mm. The

angle @ is taken as 36. The values of k; and k, in Eqg. 2.7 and Eq. 2.8 can be calculated

as:
30 1/3
Kk, :0.5( J <05 (2.10)
fck
200 .
___20 15 fp. =0
k, =] (1000 +1.37) " Pu (2.11)
0.15 if p,, =0.08F, /f,

The shear equations used for a Level 1l approximation are based on the variable truss

field approach and are appropriate for members with shear reinforcement ratio not less
than 0.12,/f, / f, . This level of approximation neglects the concrete shear resistance.

For calculating shear resistance of shear reinforcement, the angle of inclination of the
compression stresses must be within the range specified in Eqg. 2.12. In this equation, &
is the mid-depth longitudinal strain and can be taken as 0.001 for a preliminary design.
Model Code 2010 [12] allows designers to calculate & based on section analysis and the
principle of plane sections but & shall not be taken smaller than -0.0002. The value of k.

can be determined according to Eq. 2.13.

20° +10000¢, < 6 < 45° (2.12)

1/3
k, = 0.55(?—0J <0.55 (2.13)

ck

Level Il approximation is a general form of sectional shear model that is applicable to
beams and slabs. The equations were derived based on the Modified Compression Field
Theory (MCFT) [9] with the assumption that the member contains well-detailed
reinforcement, especially in the longitudinal direction. According to this level of

39



CHAPTER 2 REVIEW AND EVALUATION OF AVAILABLE SHEAR PROCEDURES

approximation the shear stress is equally distributed throughout the effective member
depth and the angle of compression stresses can be determined based on the longitudinal
strain at mid-depth of the member (Eqg. 2.14).

0=29" +7000¢, (2.14)
&, = M (2.15)
2E A,

where Mgq and Vgq are design moment and shear force at the section being analysed; and
Es and As are Young’s modulus and cross-sectional area of the main longitudinal
reinforcement. Calculating mid-depth longitudinal strain by Eq. 2.15 is quite simple for
real design and analysis, however, in the case of prediction for research purposes, it is
not easy to calculate this strain as the design moment and design shear force are not
known; however, it can be calculated by performing sectional analysis and the principle

of plane section [2, 62].

The values of k. and k, can be calculated as follows:

1/3
K, :0.5( fOJ <0.55 (2.16)
ck
0.4 1300 _g15 it p, =0
K, (1+150(())€Z) (1000 +0.7k4,2) (2.17)
S o S if p, >0.08/f, /f
(1+1500%,) " Pw o !
where
48
= >1.15 2.18
99 16+d, (2.18)

in which dy is aggregate diameter.
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The performance of the shear provisions included in Model Code 2010 [12] was
examined against the experimental shear strength of the beams available in the database.
For beams without shear links, the prediction using Level | approximation is in good
agreement with the experimental results for slender beams while prediction according to
Level I11 are slightly unsafe for beams with shear span to depth ratio in the range of two
to six but improve for higher slenderness ratios. In case of beams with shear span to
depth ratio less than two (i.e. deep beams) the prediction according to both levels of
approximation is very conservative but the predictions resulting from Level |
approximation are affected by a higher degree of scatter. The performance of the

predictive models implemented in both levels of approximation is shown in Figure 2-37.
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Figure 2-37-Predicting of shear strength for beams without shear reinforcement by Model
Code 2010 a) Level I Approximation procedure and b) Level 111 Approximation
procedure.

For slender beams with shear reinforcement, the predictions according to Level | and Il
approximation are in good agreement with the experimental results while level Il
approximation is slightly unsafe. For deep beams with shear links, the prediction of all
levels of approximation is overly conservative with a high degree of scatter. The shear
strength predictions for beams with shear reinforcement according to all levels of

approximation against the experimental results are shown in Figure 2-38.
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Figure 2-38-Predicting of shear strength for beams with shear reinforcement by Model
Code 2010 a) Level I Approximation procedure, b) Level 11 Approximation procedure and
c) Level 111 Approximation procedure.

For beams without shear reinforcement, level | and 111 approximation can be applied to
determine ultimate shear strength. Level I accounts for concrete compressive strength
and size effect but neglects the effect of shear span to depth ratio and dowel action.
Generally, shear span to depth ratio controls the shear behaviour of RC beams with
shear span to depth ratio less than two and affects other parameters such as concrete
compressive strength; however its effect seems to diminish for beams with shear span to
depth ratio more than three. As the influence of concrete compressive strength becomes
more important in beams with smaller shear span to depth ratios, level | approximation
is more conservative for beams with shear span to depth ratio less two, while its
performance improves in the case of slender beams (see Figure 2-39-a). As Model Code
2010 level | approximation does not account for the effect of the main flexural
reinforcement, which provides dowel action and affects the position of the neutral axis,

the predictions are affected by a high degree of scatter as shown in Figure 2-39-b. In
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general, as shown in Figure 2-37 and Figure 2-38, the procedure of shear strength
determination according to level | approximation gives acceptable results for beams

with shear span to depth ratio more than two but for deep beams it gives highly scattered
and very conservative results.
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Figure 2-39-Predicting of shear strength for beams without shear reinforcement by Model
Code 2010 Level | Approximation procedure a) Effect of concrete compressive strength in
different shear span to depth ratio beams and b) Effect of main flexural reinforcement
Level Il approximation can also be used to predict the ultimate shear capacity of RC
members without shear reinforcement. This level of approximation assumes that the
main flexural reinforcement reaches its yield strain, which is not always true in members
for which the ultimate failure is dominated by shear. The conservative prediction in the
case of deep beams and unsafe results in the case of slender beams are a result of
neglecting the effect of shear span to depth ratio as well as assuming that the main

flexural reinforcement always reaches its yield strain.

Both level I and Il approximation can account for size effect, however the prediction of
level 1 approximation is more conservative than level 111 approximation (Figure 2-40).
Figure 2-40-b indicates that the shear strength prediction by level 111 approximation

procedure is slightly unsafe for members with effective depth more than 2000mm.

43



CHAPTER 2 REVIEW AND EVALUATION OF AVAILABLE SHEAR PROCEDURES

3
a b
=2 * o ( * =2
< - <
Q * * Q $
> 3 $ %
‘\xi *g F 2R . E_ Poae
- 21 é‘ T ST T
R 3
4 *
0 . . . T 0 T T T T
0 500 1000 1500 2000 2500 0 500 1000 1500 2000 2500
d (mm)

d (mm)

Figure 2-40-Effect of effective member depth on predicting of shear strength for beams
without shear reinforcement by Model Code 2010 a) Level | and b) Level 111
Approximation procedure
In the case of beams with shear reinforcement, all approximation level can be used to
determine ultimate shear capacity. The observations made earlier for beams without
shear reinforcement, also hold true for beams with shear reinforced and analysed
according to approximation level I and Ill. It should be noted that, as for the design
procedure implemented in EC2, level 11 approximation is characterized by the fact that
the concrete contribution is neglected, thus it ignores the influence of concrete
compressive strength and dowel action. Predicting shear strength according to any of the
recommended levels of approximations yields results that are not accurate for slightly

RC beams while performance improves with increasing shear reinforcement ratio (see
Figure 2-41).
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Figure 2-41-Effect of shear reinforcement ratio on predicting of shear strength for beams
with shear reinforcement by Model Code 2010 a) Level I, b) Level 1l and c) Level 111
procedure
Model Code 2010 shear procedure neglects size effect in members with shear
reinforcement. This, probably, leads to the unsafe shear strength prediction for large size
members. Figure 2-42 shows that the ratio of experimental shear strength to the
predicted shear strength by Model Code 2010 [12] procedure reduces by increasing the
effective depth of the member, however, this aspect deserves more experimental

investigation in the case of very deep members.
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Figure 2-42-Effect of effective member depth on predicting of shear strength for beams
with shear reinforcement by Model Code 2010 a) Level | b) Level Il and c) Level 11
Approximation procedure.

2.4.4. STRUT-AND-TIE MODEL

The strut-and tie model is a rational yet simple method based on the lower bound
theorem of plasticity theory and can be used to design discontinuous regions (D-regions)
of RC members. This is an alternative method to predict shear strength of RC beams.
Most current codes of practice recommend using this model to design RC deep beams,
for which shear is the critical mode of failure. Current codes of practice, such as EC2
[3], ACI 318-14 [4] and Model Code 2010 [12], however, provide very little guidance in
using strut-and-tie models [13], and the information provided is mainly limited to
defining the design concrete strength for concrete struts and nodes. Figure 2-43 shows a

typical strut-and-tie layout for beams under three and four point bending.
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Figure 2-43-Strut-and-tie model arrangement

The design concrete compressive strength for strut-and-tie elements according to EC2
are summarized in Table 2-2. The value of v’ can be calculated using the following

equation:

fck
250

vi=1- (2.18)

Table 2-2-EC2 design concrete compressive strength for nodes and struts of STM

Element Effective concrete strength

C-C-C Nodes C-C-T Nodes C-T-T Nodes
Node
V’fcd 0.85v fcd 0.75v f;d

Without transverse tension With transverse tension
Strut
fed 0.6v feq

Table 2-3 summarises the provisions of ACI 318-14 to determine the effective concrete

compressive strength at nodes and struts. ACI 318-14 also recommends to provide a
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shear reinforcement ratio that satisfies Eq. 2.16 along the element shear spans. The main
role of this shear reinforcement is to resist the transverse tensile force resulting from the
compression force spreading in the strut, thus controlling crack width and enhancing the

performance of the compressive strut.

ZbAS—‘sin o, >0.003 (2.19)
S.

STl

where A is the area of the reinforcement at spacing s; in the i-th layer of reinforcement

crossing the strut at an angle a; to the axis of the strut.

Table 2-3 ACI 318-14 effective concrete compressive stress for nodes and struts of STM

Element Effective concrete strength
C-C-C Nodes C-C-T Nodes C-T-T Nodes
Node
0.85f"¢ 0.85x0.8f"; 0.85x0.6f";
) With transverse With transverse
Without transverse . .
tension tension and tension and not
Strut satisfying Eq16 satisfying Eq16
0.851" 0.85x0.75f 0.85x0.6f"

The reduced concrete compressive strength for nodes and struts according to Model

code 2010 is summarised in Table 2-4.
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Table 2-4-Model code 2010 reduced concrete compressive strength for nodes and struts of
STM

Element Effective concrete strength

C-C-C Nodes C-C-T and C-T-T Nodes

Node
30/ f, )"° (30/ f, )"°0.75
Without transverse ~ With tension normal ~ With tension oblique
tension to the direction of to the direction of
Strut compression compression
(30/ f, }'° (30/ f, )"*0.75 (30/ f,, }"°0.55

The strut-and-tie model was used with the provisions of all three codes of practice to
predict the shear capacity of all deep beams included in the database (295 without shear
reinforcement and 224 with shear reinforcement. The result of the analysis (Figure 2-44,
Figure 2-45 and Figure 2-46) showed that using the strut-and-tie model leads to better
results compare to the convensional shear equations decribed in the previous sections.
However, the estimated theorethical values are still affected by a large scatter and the
method can still yield unsafe results, especially for deep beams without shear
reinforcment (Figure 2-44, Figure 2-45 and Figure 2-46).
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Figure 2-44-Shear strength prediction by STM with EC2 provisions for beams a) without
shear reinforcement b) with shear reinforcement.
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Figure 2-45-Shear strength prediction by STM with ACI 318-14provisions without

a) shear reinforcement and b) with shear reinforcement
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Figure 2-46-Shear strength prediction by STM with Model code 2010 provisions a) without
shear reinforcement and b) with shear reinforcement

2.4.5. MODIFIED COMPRESSION FIELD THEORY

The performance of Response-2000 was also examined based on experimental data of
23 deep beams with and without shear reinforcement, in addition to 13 slender beams
with and without shear reinforcement.

The result of the comparison confirms that Response 2000 is not an efficient program
for predicting the behaviour of RC deep beams. As shown in Figure 2-47, the shear
strength prediction for deep beams with shear reinforcement is unsafe. This can be
attributed to the fact that the program is based on sectional analysis and linear strain
distribution which is not correct for RC deep beams [63] and no enhancement of stress
is defined for regions with complex stress distribution such as disturbed regions near

supports and point loads.
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Figure 2-47-Shear strength prediction by Response-2000 against experimental shear
strength for deep beams with shear reinforcement

For deep beams without shear reinforcement the prediction obtained from Response 200
IS conservative, as shown in Figure 2-48. This can be attributed to the fact that the
underlying MCFT material model was derived for elements with well distributed
reinforcement in both horizontal and vertical direction and cannot model in a suitable
manner the behavior of unreinforced or lightly reinforced concrete. Additionally the
material model cannot account for aggregate interlock in a correct fashion [64], although
this load carrying mechanism can be consider to contribute to the total shear resistance
of beep beams only to a small extent.
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Figure 2-48-Shear strength prediction by Response-2000 against experimental shear
strength for deep beams without shear reinforcement
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In the case of slender beams, the prediction is in good agreement with the experimental
results (Figure 2-49). This can be related to the fact that failure in slender beams occurs
in a region that are not adjacent to the loading point or support, within which the

assumption of plane section remains plane can be considered to be appropriate.
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Figure 2-49-Shear strength prediction by Response-2000 against experimental shear
strength for RC slender beams.
Response-2000 cannot account for size effect in either deep beams or slender beams
because size effect is not implicitly accounted for by the material models that form the
basis of MCFT. Models based on stress and strain tensors and their invariants, such as
used in MCFT, are not capable of accounting for size effect and thus the ultimate failure
of members is predicted as independent of the member size when geometrically similar
members are considered [38, 65]. Figure 2-50 shows experimental results and MCFT
predictions against the effective depth of the member for both slender beams and deep
beams. As can be seen in both figures, although there is a decrease in the estimated
shear strength according to the implementation of the MCFT; this is mainly due to the
fact that the beams are not geometrically similar in all aspects. For exact geometrically
similar beams with different size, Response 2000 predicts the same shear strength

regardless of the member size.
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Figure 2-50-Experimental and predicted shear strength of a) slender beams and b) deep
beams by Response-2000 (Size effect).

2.5. SUMMARY

This chapter presented an outline of the current understanding of shear behaviour of RC
beams and available models that can be used in design. In Particular, it has focused on
evaluating these models against an extensive experimental database to identify their

weakness and limitations.

The results show that the shear equations provided by EC2, ACI 318-14 and Model
Code 2010 can predict the shear capacity of slender beams (beams with shear span to
depth ratio greater than two) with a reasonable degree of accuracy. Nonetheless, in the
case of RC deep beams (beams with shear span to depth ratio less than two), the
prediction by these equations give highly scattered and mostly over-conservative results,
but can also yield very unsafe results. Therefore, such equations cannot be used to

predict the shear behaviour of RC deep beams with an appropriate margin of safety.

Another rational model for the shear design in RC members is the strut-and-tie model.
This model is recommended for the design of shear in discontinuous regions such as RC
deep beams. This model is implemented in the current codes of practice and it is
recommended for the design of RC deep beams. However, codes of practice do not

provide detailed guidance on how to select an appropriate model and define the size of
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its elements. Additionally, the reliability of the equations provided by the codes of

practice to predict the effective concrete strength in the inclined strut is poor.

The implementation of the MCFT into layer analysis software appears to be a rational
way for predicting shear behaviour of RC elements. This model can yield acceptable
results in the case of RC slender beams, but fails to capture appropriately the more

complex behaviour of RC deep beams.

In conclusion, the available shear design procedures can reasonably predict the
behaviour and capacity of RC slender beams. However, there is still need for more
research to deepen the understanding of RC deep beam behaviour and examine the
effect of different design parameters, such as shear span to depth ratio, concrete

compressive strength, shear reinforcement and member depth (i.e. size effect).

54



CHAPTER 3 SHEAR BEHAVIOUR AND SIZE EFFECT OF RC DEEP BEAMS

CHAPTER 3. SHEAR BEHAVIOUR AND
SIZE EFFECT OF RC DEEP BEAMS

This chapter consists of the “stand alone” journal paper: Ismail K. S., Guadagnini M. and
Pilakoutas K., (2016a) Shear Behaviour and Size Effect of RC Deep Beams, Submitted to ACI
Structural Journal. All of the test results are reported in detail in Appendix B.

This paper presents an experimental investigation into the structural behaviour of 24 RC
deep beams examining parameters affecting shear capacity such as shear span to depth
ratio; concrete compressive strength; web reinforcement ratio and effective beam depth.
The results reveal that concrete compressive strength and shear span to depth ratio have
the most significant influence on the behaviour and capacity of RC deep beams and the
shear strength at failure is size dependent. The test results are compared with code
predictions and it is shown that the ACI 318-14 predictions are conservative for normal
strength concrete, but unconservative for high strength concrete beams. The EC2 and
Model Code 2010 predictions are shown to be overall conservative but the degree of
conservatism decreases with increasing concrete strength. It is concluded that for
improved prediction efficiency, current strength reduction factors used in design
guidelines for inclined concrete struts need to include all three main parameters,

concrete strength, shear span to depth ratio and shear reinforcement.

3.1. INTRODUCTION

RC deep beams are structural members for which the load is applied at a distance from
the support so that a substantial proportion of the load is transferred directly to the
support by arching action. Common structural applications of deep beams include
transfer girders in buildings, bridges and offshore structures. According to ACI 318-14
[4] “Deep beams are members that are loaded on one face and supported on the opposite

face such that strut-like compression elements can develop between the loads and
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supports and that satisfy (a) or (b): (a) Clear span does not exceed four times the overall
member depth h; (b) Concentrated loads exist within a distance 2h from the face of the
support”. On the other hand, Eurocode 2 (EC2) [3] defines deep beams as all beams

with span to depth ratio smaller than three.

The strength of deep beams is usually controlled by shear rather than flexure [1]. As the
shear behaviour of RC members is still not well understood and it is influenced by many
parameters, existing design models rely on empirical equations [1, 2]. Although, such
approaches are generally extremely conservative [14-17], they can also lead to unsafe
design solutions [17-19]. Therefore, the provisions of current codes of practice need to
be reviewed and improved to account for parameters affecting shear behaviour and
capacity of RC deep beams.

It is well accepted that in shear critical members, size effect plays a significant role and
different approaches can be found in the literature to address this issue. Weibull
statistical size effect theory [66] shows that the shear strength is expected to vary with
d "°. Based on experimental work, Kani [20] and Shioya et al. [23] found that the shear
strength is proportional to d *. Using the energy release size effect theory, Bazant and
Kim [22] predicted that the shear strength is proportional to d “Y2. These approaches are
aimed at slender beams. The mechanisms of shear stress transfer in slender beams and
deep beams, however, are different; hence the accuracy of these approaches in capturing
size effect in RC deep beams needs to be investigated further.

In the past decades, several experimental research programmes have examined the shear
behaviour of RC beams. However, only a few focused on deep beams [1, 20, 27, 31, 67-
71] or issues such as the development of a strut-and-tie mechanism and size effect. With
the exception of the work of Walraven & Lehwalter [26], Tan & Lu [27], Zhang and
Tan [31] and Birrcher et al. [72], most of the experimental work on size effect available
in the literature focused on slender beams [20, 21, 23, 24, 26, 27, 31, 57, 73].
Additionally, researchers have different observations about size effect in deep beams.
Based on their experimental results on RC deep beams with and without shear
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reinforcement, Walraven & Lehwalter [26], Tan & Lu [27] concluded that the shear
strength at failure is size dependent. However, Zhang and Tan [31] and Birrcher et al.
[72], concluded that size has no effect on the average shear strength, while there is
decreasing in average shear strength of their beams by increasing the depth. Hence,
there is a need for additional comprehensive experimental studies that account for all

influencing parameters.

To develop a better understanding of the shear behaviour of RC deep beams and the
aforementioned issues, 24 RC specimens were tested and the effects of concrete
compressive strength, shear span to depth ratio, amount of vertical and horizontal shear
reinforcement, and effective depth were examined in detail. This paper presents the
adopted experimental methodology and discusses the main results. This is followed by a
comparison of test results with code provisions and recommendations on how existing

models can be improved.

3.2. RESEARCH SIGNIFICANCE

This work aims to provide experimental evidence on the behaviour of RC deep beams to
enable a better understanding of the effects of shear span to depth ratio and size effect,
and lead to improved design procedures. The results will also allow an evaluation of the

current code provisions and help identify their limitations.

3.3. THE STRUT-AND-TIE MODEL IN DESIGN

The strut-and-tie model is a simple equilibrium model based on the lower bound
solution of the plasticity theory and can be used to design D-regions, such as deep
beams. Design based on the strut-and-tie model (STM) is allowed in all three major
international codes, ACI 318-14, EC2 and Model Code 2010 [12]. The first step in
designing with strut and tie model is to choose an appropriate strut-and-tie layout and

define the size of each element (Figure 3-1). All three codes allow designers to choose
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the size of the elements that transfer the imposed loads to the supports. The height of the
bottom node (hg) (see Figure 3-1) can be assumed as twice the distance between the
centre of force of the main longitudinal reinforcement and the tension face. According to
Yang and Ashour [74] the height of the top node (hy) can be determined from the
equilibrium between the limit of resultant compressive force at the top node (C-C-C),
and the limit of resultant tensile force of the bottom node (C-C-T). According to this
hypothesis, the height of the top node (hy) is equal to 80%, 85% and 75% of the height
of the tie according to ACI 318-14, EC2 and Model Code 2010, respectively, while the
strut angle (&) can be calculated from geometry using Eq. 3.1. The top and bottom width
of the inclined strut (Wsr and Wsg) can be calculated using Egs 3.2 and 3.3 [4],

respectively.

0= tanl[wj (3.1)

a
Wq; =l;sin@+h; cosé@ (3.2)
W =15 sin@ +h, cos & (3.3)

A Ir -\~
i
Wsr 'h'/‘
S
/11;‘ \\WSB 1

— -

Figure 3-1-Typical strut-and-tie model used to predict the load capacity of the tested

beams
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Cracked reinforced concrete is an orthotropic material, for which its principal stresses
can be assumed to have the same directions of the principal tensile and compressive
strains. The presence of lateral tensile strain in the concrete strut, however, can reduce
its compressive strength. This is accounted for by using an effectiveness factor to
calculate an effective concrete compressive strength. According to ACI 318-14, the
effective concrete strength (fe) can be calculated using Eq. 3.4 while EC2 and Model
Code 2010 use Eq. 3.5 and Eq. 3.6, respectively.

f,=0858f" 3.4)

where g is 0.75 for strut with shear reinforcement satisfying Eq. 3.4a, else S taken as
0.6.

ZbAs—isin a, >0.003 (3.4)
sS'

where A is the area of the reinforcement at spacing s; in the i-th layer of reinforcement

crossing a strut at an angle «; to the axis of the strut.
f.=0061"f (3.5)

where v’ can be calculated according to Eg. 3.5a and f.y is the design concrete

compressive strength.

f
Vel e 3.5
250 (3:59)
f=k f (3.6)
30)"°
k, = 0.55[—J <055 (3.6a)
ck
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The strut-and-tie model shown in Figure 3-1 with the above element size definitions will
be used for the analysis of the experimental results obtained from the programme
presented in this paper.

34. EXPERIMENTAL INVESTIGATION

A total of 24 RC deep beams were tested in two phases. Phase | comprised 21 RC deep
beams and was carried out at the Structural Engineering Laboratory of the University of
Salahaddin\Hawler in Iraq [75]. Phase 1l comprised three geometrically similar RC deep
beams with different sizes and was carried out at the Heavy Structures Laboratory of the
University of Sheffield in the UK.

3.4.1. TEST SPECIMEN AND DESIGN PARAMETERS
3.4.1.1. Phase |

All RC beam specimens tested in Phase | [75] had identical dimensions and main
flexural reinforcement ratio. The geometry of the specimens and the arrangement of
both flexural and shear reinforcement are shown in Figure 3-2. Table 3-1 shows the
shear span to depth ratio and percentage of vertical and horizontal shear reinforcement
for each beam. Three parameters were examined in this phase: a) shear span to depth
ratio (1.67, 1.29 and 0.91); b) concrete compressive strength (30 to 85MPa); and c)
amount of horizontal (0 to 0.215%) and vertical shear reinforcement (0 to 1.26%)

crossing the primary strut.

The beams were 1800mm long, had a clear span of 1400mm and a section of 400mm
deep by 100mm wide. The specimens were flexurally reinforced with six 16mm bars
distributed in three layers, two bars in each layer. At both ends of the beams, the
longitudinal reinforcement was extended beyond the supports and terminated with 90
degree hooks to ensure proper anchorage and prevent bond failure. Two 12mm

deformed bars were used as compression reinforcement. Where provided, vertical
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reinforcement comprised 8mm deformed bars, while 6mm deformed bars were used as

horizontal shear reinforcement.
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Figure 3-2-Dimensions and reinforcement details of the specimens tested in Phase |

3.4.1.2. Phase Il

Phase Il aimed to investigate the size effect of deep beams without shear reinforcement.
Figure 3-3 shows the reinforcement details and the dimensions of the three tested beams.
The beams were geometrically similar with overall depths of 250mm (H3), 375mm (H2)
and 500mm (H1), resulting in a constant shear span to depth ratio of 1.67. A constant
width of 150mm was adopted, as width is not expected to influence the size effect [24,
31]. A flexural reinforcement ratio of 1.4% was used in all three specimens to ensure

adequate flexural capacity and ensure shear failure.
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Table 3-1- Details and Properties of Tested Beams

. . V/.Shear | H.Shear First .First T_otal Mid-span
No | Phase | Spec. | a/d MICD M It3 . Reinf Reinf flexu_ral dlago_nal failure Deflgctlon
ratio, % | ratio, % cracking | cracking | load, | at failure, que of
load, kN | load, kN kN mm failure
1 Al | 167|852 | 65 0 0 79 118 | 353 46 Shear-
compression
2 A2 | 167 | 857 | 6.4 0.56 0.215 79 157 422 7.0 Compression
3 A3 | 167 | 8.1 | 6.8 1.26 0.215 79 177 466 74 Compression
4 Bl [1.29]869 | 68 0 0 59 137 491 7.4 Compression
5 B2 129|866 | 66 | 0.59 0.215 59 137 564 8.8 Compression
6 B3 | 129|881 ]| 6.7 1.34 0.215 79 157 567 8.7 Compression
7 Ccl 091|857 66 0 0 98 157 741 8.4 Compression
8 c2 | 091|858 | 68 | 067 0.215 98 235 | >920* 4.8 Not failed
9 C3 | 091|860 | 67 | 144 0.215 98 216 | >920* 4.9 Not failed
10 D1 | 167 | 588 | 48 0 0 79 137 | 296 41 Shear-
compression
1| D2 | 167|597 | 49 | 056 0.215 79 137 373 7.9 Compression
12 D3 | 167|581 | 57 | 126 0.215 79 137 369 8.8 Compression
13 El | 129|582 58 0 0 79 118 415 4.7 Shear-
compression
14 E2 | 129|591 | 60 | 059 0.215 79 137 513 8.1 Compression
15 E3 | 129|592 | 58 | 1.34 0.215 79 118 506 8.3 Compression
16 F1 | 091|605/ 6.0 0 0 98 157 545 75 Strut
crushing
17 F2 091|606 59 | 067 | 0215 79 157 706 7.6 Strut
crushing
18 F3 091|595 | 58 | 144 | 0215 79 157 748 5.9 Strut
crushing
19 Gl | 167|309 | 34 | 056 0.215 39 79 292 48 Diagonal
splitting
Shear-
20 G2 | 129|305 31 | 059 0.215 59 118 372 3.7 .
compression
21 G3 |091|313| 33| 067 | 0215 98 137 489 45 Strut
crushing
22 H1 | 1.67 | 358 | 3.1 0 0 80 150 375 75 Diagonal
splitting
23| n | H2 |165] 358 | 31 0 0 60 120 | 316 75 Shear-
compression
24 H3 | 1.64 | 358 | 31 0 0 45 90 254 73 Shear-

compression

* The ultimate capacity of the testing machine was reached before failure of the specimen.
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Figure 3-3-Dimensions and reinforcement details of the specimens tested in Phase 11

3.4.1.3. Materials

The specimens tested in Phase | were manufactured using three different concrete mixes
to obtain the desired compressive strengths of 30, 60 and 85MPa. Ordinary Portland
cement was used for all mixes and the maximum aggregate size was 12.5mm. Standard
cubes (150 x 150 mm) were tested to determine the compressive strength of the concrete
according to BS EN 12390-3 [76]. The compressive strength (f°c) reported is calculated
as 85% of the average cube strength. The concrete tensile strength was evaluated from
splitting tests on standard cylinders (150 x 300 mm) according to BS EN 12390-3 [76].

The three specimens tested in phase Il were manufactured using ready-mix concrete
with a maximum aggregate size of 10mm and a target compressive strength of 35MPa.
All specimens were cast and cured under the same laboratory conditions. Compression
and splitting tests were performed to determine the mechanical properties of the

concrete and the results are summarised in Table 3-1
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Standard ribbed reinforcing bars were used in both phases. The yield stress and ultimate
strength for bars used in Phase | were determined according to ASTM-A370 [77] and
are reported in Table 3-2. For Phase Il, the steel bars had nominal characteristic yield
strength of 500MPa.

Table 3-2-Details and mechanical properties of reinforcing bars

Size Area Yield strength Ultimate strength
Phase | mm mm? f, ,MPa f,, MPa
6 28 577 660
| 8 50 448 693
12 113 404 635
16 199 364 550

3.4.1.4. Test Setup and Instrumentation

The specimens were simply supported and tested in four point-bending, as shown in
Figure 3-4. A testing machine with capacity of 1000 kN was used to test the specimens
in phase | while a machine with a capacity of 2000kN was used in phase II.
Displacement transducers, electrical strain gauges, inclinometers, and demec points
were used to monitor deflections, strains in the longitudinal and transverse steel

reinforcement, end rotations and strain in the concrete, respectively.

The load was applied in increments of 20 kN until failure. At each increment, cracks
were marked and the width of critical cracks was measured using a micrometre with an
accuracy of 0.02mm. In addition, all beam specimens tested in phase Il were subjected
to an initial load cycle that induced a level of strain in the main flexural reinforcement

corresponding to the serviceability limit state recommended in EC2 [3].
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Figure 3-4-The load configuration and instrumentation a) Phase | and b) Phase 11

3.5. EXPERIMENTAL RESULTS AND DISCUSSION

3.5.1. LOAD-DEFLECTION RESPONSE

The applied load versus mid-span deflection curves for all 24 beams are shown in
Figure 3-5 in groups according to their target compressive strength. As expected, the
initial stiffness and overall response of the specimens differ depending on the shear span
to depth ratio. For beams with shear span to depth ratio greater than 1.0, the load-
deflection response shows that the beam stiffness reduces considerably after developing
the first diagonal crack. This stiffness degradation decreases with decreasing shear span
to depth ratio. No significant stiffness reduction was observed after the formation of
diagonal cracks for beams with shear span to depth ratio less than 1.0. As expected,
specimens of the same shear span to depth ratio but higher span to depth ratio (L/d),
show a higher drop in stiffness after the formation of the first diagonal crack
(Figure 3-6). An additional predictable change in stiffness is observed after yielding of

the main flexural reinforcement.
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Figure 3-5-Load-Deflection response for specimens
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Figure 3-6-Effect of span to depth ratio on the stiffness of the RC deep beams
3.5.2. CRACK PATTERNS AND FAILURE MODES

In all cases, flexural cracks developed first in the constant bending moment region
outside the shear span, and then spread into the shear span. With further increase in the
applied load, a) diagonal cracks formed suddenly at mid-depth in the middle of the shear
span and their orientation was mainly governed by the shear span to depth ratio; b) the
flexural cracks propagated further towards the compression side of the beam until they
reached about two thirds of the total depth of the beam and c) the diagonal cracks
propagated initially towards the load and subsequently backwards towards the support.
In most cases, a second major inclined crack developed parallel to the initial crack and
together they induced failure.

The modes of failure for all specimens are listed in Table 3-1, while typical failure
modes are shown in Figure 3-7. Four different modes of failure were observed:

a. Diagonal Splitting failure occurred when the diagonal cracks propagated initially
towards the load and then towards the support. This type of failure was less
brittle compared to the shear failure modes of other specimens.

b. Shear-Compression failure occurred after diagonal cracks propagated in the
shear span causing high stresses to be developed in the compression zone above

the tip of the cracks, which lead to an explosive failure.
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c. Strut compression failure occurred abruptly due to crushing of the concrete
between inclined cracks in the shear span. This mode of failure was observed for
beams with shear span to depth ratio less than one.

d. Flexural Compression failure occurred after yielding of the main flexural steel

reinforcement, due to crushing of the concrete in the constant moment region.

Figure 3-7-Modes of failure, G1-Diagonal Splitting failure, G2-Shear-Compression failure,
G3-Strut Compression failure and B2-Flexural compression failure.

3.5.3. EFFECT OF SHEAR SPAN TO DEPTH RATIO

The experimental results confirm that the behaviour of RC deep beams is dominated by
the shear span to depth ratio and the shear capacity increases with decreasing shear span
to depth ratio (Figure 3-8). This is mainly due to direct transfer of the load to the supports
primarily through a single strut. Based on resolution of strains in the vertical and
horizontal shear reinforcement, it can be seen (see Figure 3-9) that the tensile strain
developed perpendicular to the inclined strut increases with decreasing shear span to
depth ratio. With increased transverse tensile strain, the compressive capacity of the
inclined strut is expected to reduce and the ultimate capacity of the member is affected.
Crack patterns and modes of failure are also affected by the shear span to depth ratio, as
can be seen in Table 3-1 and Figure 3-7. The flexural cracks in beam G1 (a/d =1.67)
extended to about 80% of the total height of the beam while for beam G3 (a/d = 0.91)
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the flexural crack propagated to about 50% of the beam height. The failure mode

changed from diagonal splitting failure in beam G1, to strut crushing in beam G3.
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Figure 3-8-Effect of shear span to depth ratio on the ultimate failure load of the specimens

Figure 3-10 shows the performance of the three codes of practice in predicting the shear
capacity of specimens with different shear span to depth ratio and the prediction values
are given in Table 3-3. The results show that ACI 318-14 is generally unconservative,
while EC2 and Model Code 2010 vyield conservative results, though slightly
unconservative for beams without shear reinforcement (D1-E1-F1 in Figure 3-10). With
increasing shear span to depth ratio, predictions according to all codes become less
conservative. This is because these codes only account for the effect of shear span to
depth ratio through a change in the angle of the inclined strut, which in turn changes the
width of the strut. However, the codes do not account for any strength reduction in the

strut concrete strength.
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Figure 3-10-Comparison of code predictions to test results (effect of a/d)
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Table 3-3-ACI1318-14 and EC2 shear strength predictions against experimental data

ACI 318-14 EC2 Model Code 2010
Snr:ggi \(/Eﬂ)] Wi_thout Shear Wi_th Shear Wi_thout Shear Wi_th Shear Wi_thout Shear Wi_th Shear
Reinf. Reinf. Reinf. Reinf. Reinf. Reinf.
Vtest/Vcal. Vtest/Vcal. Vtest/\Vcal. Vtest/Vcal. Vtest/Vcal. Vtest/Vcal.
Al | 176,60 0.65 0.84 0.87
AZ | 210.90 0.62 1.00 1.03
A3 | 233,00 0.68 1.11 1.14
Bl | 24525 0.71 0.92 0.95
B2 | 282.05 0.64 1.05 1.08
B3 | 283.50 0.64 1.06 1.09
Cl | 370.35 0.84 1.09 1.13
Dl | 148.15 0.80 0.89 0.94
D2 | 186.40 0.79 1.10 1.16
D3 | 184.50 0.80 1.11 1.17
El | 207.50 0.89 0.99 1.05
E2 | 256.50 0.87 1.21 1.28
E3 | 253.10 0.85 1.19 1.26
F1 | 27075 0.87 0.98 1.05
F2 | 353.15 0.91 1.27 1.36
F3 | 37375 0.98 1.36 1.46
Gl | 146.15 119 1.45 1.41
G2 | 186.00 114 1.40 1.38
G3 | 24425 1.22 1.48 1.46
H1 | 187.50 1.31 1.30 1.31
H2 | 158.00 1.15 1.14 1.15
H3 | 127.00 1.05 1.04 1.03
Average 0.92 0.87 1.02 1.21 1.05 1.25
STD 0.20 0.20 0.13 0.16 0.13 0.15

3.5.4. EFFECT OF CONCRETE COMPRESSIVE STRENGTH

Due to arching action, concrete compressive strength is a dominant parameter

influencing the shear capacity of RC deep beams. As shown in Figure 3-11, the results

show that shear capacity of deep beams increases with increasing concrete compressive

strength and this enhancement is more pronounced for beams with smaller shear span to

depth ratios.
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Figure 3-11-Effect of concrete compressive strength on the ultimate failure load of the
specimens

Comparisons between the experimental and predicted shear strengths according to the
three codes are shown in Figure 3-12 as a function of concrete compressive strength. The
predictions of ACI 318-14 are conservative for the beams with concrete strength of
around 30MPa; however, with increasing concrete compressive strength they become
unconservative. This is because the provisions neglect the effect of concrete
compressive strength on the effectiveness factor of the inclined strut. On the other hand,
the EC2 and Model code 2010 provisions account for this effect and, as a result, yield

more accurate and generally conservative predictions.
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Figure 3-12-Comparison of code predictions to test results (effect of f;)

3.5.5. EFFECT OF VERTICAL AND HORIZONTAL SHEAR
REINFORCEMENT

Increasing the vertical shear reinforcement ratio from 0.0 to around 0.6%, and the
horizontal shear reinforcement (placed at mid-depth of the section) ratio from 0.0 to
0.215%, led to roughly 20% increase in load capacity. Further increases in shear
reinforcement had no significant influence on load capacity (Figure 3-13), as failure was
dominated by crushing of the concrete.

Strain measurements (see Figure 3-14) show that the horizontal shear reinforcement is
more effective than vertical shear reinforcement only in beams with shear span to depth
ratio less than 1.0. For higher ratios, conventional vertical web reinforcement becomes
more effective. These results are in good agreement with the findings of Smith and
Vantsiotis [1]. By examining the state of stress developed in the shear span of beams G1
and G3 in Figure 3-15, it can be seen that in G1 the vertical component of the transverse

tensile stress is larger than the horizontal component, thus more stress is expected to be
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carried by the vertical shear reinforcement. As the strut angle becomes steeper in beam
G3, the horizontal component of the transverse tensile stress is larger than the vertical

thus the demand on the horizontal reinforcement increases.
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Figure 3-13-Effect of shear reinforcement on the ultimate failure load of the specimens
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Figure 3-14-Effectiveness of vertical and horizontal shear reinforcement in beams with
different shear span to depth ratio

74



CHAPTER 3 SHEAR BEHAVIOUR AND SIZE EFFECT OF RC DEEP BEAMS

¥

Figure 3-15-Compression and tension stresses orientation

Prior to the formation of inclined cracks, the shear reinforcement was found to play no
significant influence on the overall behaviour. Both the vertical and horizontal shear
reinforcements were mobilised after the development of the inclined cracks and had an
impact on crack patterns and modes of failure. Typically, one major crack developed in
the shear span of the beams without shear reinforcement, indicating that the applied load
was transferred to the support by one major strut (e.g. beam D1 Figure 3-16). When shear
reinforcement was provided, a group of inclined cracks developed in the specimens,
indicating that the applied load was transferred to the support by more than one strut
(beam D3 in Figure 3-16). The propagation of diagonal cracks was controlled by the
shear reinforcement and in some cases the mode of failure changed from brittle shear

failure to compression failure, such as in beams of group A, D and E (Table 3-1).
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Figure 3-16-Crack patterns and failure modes of beams D1 and D3

From the analysis of Figure 3-17, which shows that the level of safety of ACI 318-14
remains almost constant when varying the vertical shear reinforcement ratio, it can be

deduced that the effect of the shear reinforcement on overall shear strength is modelled
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adequately. The unconservative nature of the predictions can be mainly attributed to the
fact that the model does not take into account the effect of shear span to depth ratio and
concrete compressive strength. The EC2 and Model code 2010 predictions are overall
conservative for deep beams with shear reinforcement, while they are slightly
unconservative for deep beams without shear reinforcement (Figure 3-17). This is
because the provisions of these two codes neglect the effect of shear reinforcement on

the effectiveness factor this leading to an overestimation of this factor for beams without
shear reinforcement.
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Figure 3-17-Comparison of code predictions to test results (effect of p,)

3.5.6. EFFECT OF EFFECTIVE DEPTH (SIZE EFFECT)
Figure 3-18 shows the average shear stresses (V/bd) at first diagonal cracking and at
failure for the three beams in group H. It can be seen that, although the shear stresses

developed at diagonal cracking do not vary considerably for all three specimens; the
ultimate average shear strength shows strong size dependence.
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Figure 3-18-Shear stresses at inclined cracking and failure for beams in group H

Figure 3-19 shows experimental and predicted shear strength by the STM with the
provisions of the three codes of practice against the effective depth of the beams. It can
be seen that with increasing beam size, both experimental and calculated average shear
strength (V/bd) decreased. Although size effect is not explicitly included in the STM
procedure of the three codes of practice, the implementation of STM can predict the
experimental capacity of deep beams with a good degree of accuracy. However, the
decrease in the shear strength prediction by the STM can be attributed to the fact that the
widths of loading and support plate were kept constant during the tests. Therefore, the
cross-sectional area of the strut was not increased proportionally with member size. To
test this hypothesis, the STM with the provision of the three codes is used to calculate
the shear capacity of the same beams, but with the width of the loading and supporting
plate increasing proportionally with the member size. The results (Figure 3-20) confirm

that the code provisions do not account for size effect.
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Figure 3-19-Comparison of code predictions to test results (effect of d)
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Figure 3-20-Size effect in STM provisions of the Codes

3.5.7. EFFECTIVENESS FACTOR
The equivalent experimental effectiveness factor for the tested beams was calculated by

implementing an inverse analysis of a given STM. The effects of different parameters on
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the determined effectiveness factor are shown in Figure 3-21. Although, both shear span
to depth ratio and shear reinforcement seem to affect effectiveness factor (v’), a stronger

dependency is associated with concrete compressive strength.
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Figure 3-21-Effect of different design parameters on the effectiveness factor

The determined effectiveness factor decreases by increasing the concrete compressive
strength (Figure 3-21). The ACI 318-14 effectiveness factor (Figure 3-22), which is
constant for beams with and without shear reinforcement, is conservative for normal-
strength concrete but becomes unconservative for higher strength. The EC2 and Model
code 2010 provisions account for the effect of concrete compressive strength, and their
predictions are overall conservative, being more conservative for lower strength

concrete (Figure 3-22).
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Figure 3-22-Comparison of code predictions to the experimental effectiveness factor

With changing shear span to depth ratio the width of the inclined strut changes also
affecting the intensity of the lateral tensile strain developed perpendicular to the strut
direction. The former can be accounted for through the angle of the inclined strut
(already included in the code provisions). However, the latter has an effect on concrete
compressive strength and should be accounted for through the effectiveness factor.
Nonetheless, the effect of shear span to depth ratio is neglected in calculating the
effectiveness factor in all aforementioned codes of practice as confirmed by their

predictions shown Figure 3-22.

The effectiveness factor for concrete elements reinforced in shear increases by about
15% to 20% (Figure 3-21). This can be attributed to the fact that the transverse
reinforcement enables more efficient transfer of tensile stresses upon diagonal cracking,
thus reducing damage within the concrete struts and increasing their capacity. However,
increasing shear reinforcement does not affect considerably the value of the

effectiveness factor. ACI 318-14 takes this into account through the use of g, which is
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0.75 and 0.6 for deep beams with and without shear reinforcement, respectively. On the

other hand, EC2 and Model code 2010 do not include any factor to account explicitly for

the effect of shear reinforcement on the effectiveness factor (Figure 3-22) this could

explain the slightly unconservative predictions obtained for deep beams without shear

reinforcement (Figure 3-17).

3.6. CONCLUSION

On the basis of the experimental results presented above and the assessment of different

design approaches, the following conclusions can be drawn:

1.

Shear span to depth ratio is the most important parameter that controls behaviour
and shear capacity of RC deep beams.

Concrete compressive strength has more influence on the shear strength of deep
beams than shear reinforcement. However, the presence of shear reinforcement
is crucial in controlling crack propagation and providing ductility to deep beams.
There is a pronounced size effect on the average shear strength (V/bd) of deep
beams; however, the first diagonal cracking strength is hardly size dependent.
The effectiveness factor is dominated by concrete compressive strength but it is
also influenced by the shear span to depth ratio. ACI 318-14 provisions neglect
the effect of these two parameters in estimating the effective concrete strength of
the inclined strut and as a result lead to unconservative predictions.

There is a difference of about 15% to 20% on the experimental effectiveness
factor of deep beams with and without shear reinforcement. Amongst the models
examined in this paper, ACI 318-14 is currently the only code of practice that
accounts for the effect of shear reinforcement on the effectiveness factor. The
EC2 and Model code 2010 could be modified to account for the effect of shear
reinforcement on controlling crack growth and enabling a more efficient transfer
of shear forces.

Shear strength predictions by the STM with the provisions of both EC2 and
Model Code 2010 are generally conservative; however, their conservatism
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reduces with increasing shear span to depth ratio because these two codes
neglect the effect of shear span to depth ratio on the concrete effectiveness
factor.
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CHAPTER 4. NUMERICAL
INVESTIGATION ON THE SHEAR
STRENGTH OF RC DEEP BEAMS USING
THE MICROPLANE MODEL

This chapter consists of a “stand alone” journal paper: Ismail K. S., Guadagnini M. and
Pilakoutas K., (2016b) Numerical Investigation on the Shear strength of RC Deep Beams Using
the Microplane Model, Submitted to Journal of Structural Engineering. Full analysis details are

presented in Appendix C.

Although much work has been done on the shear behaviour of RC elements, current
design provisions are still based on empirical data and their predictions, especially for
deep beams, are not always reliable and can lead to unconservative results. This paper
presents an extensive numerical investigation on the role of key parameters on the shear
performance of RC deep beams using the microplane M4 material model. The model is
validated against experimental results of 20 RC deep beams. A parametric study is then
carried out to investigate the effect of shear span to depth ratio and concrete
compressive strength for RC deep beams with and without shear reinforcement.
Although a single strut mechanism is generally mobilised in deep beams, the presence of
shear reinforcement can enable a more uniform distribution of shear stresses within the
shear span and enhance the effectiveness of concrete cracked in tension. The study
confirms that both shear span to depth ratio and concrete strength are the key parameters
that affect the shear capacity of RC deep beams and should be taken into account in

code equations.
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4.1. INTRODUCTION

Deep beams are structural members characterized by shear span to depth ratio smaller
than two [3, 4], and their analysis and design cannot be carried out according to
conventional bending theory [78, 79]. Generally such members appear as transfer
girders in tall building, bridges, and offshore structures. Shear action is critical in these
members and, if underestimated, could lead to catastrophic failure without warning.

Thus, reliable method to determine their structural performance is needed.

Codes of practice, such as Eurocode 2 (EC2) [3] and ACI 318-14 [4], provide design
procedures, such as the strut-and-tie model (STM), to predict the ultimate capacity of
RC deep beams. The performance of STM relies on a) selecting appropriate strut-and-tie
layout and sizes of each element and b) estimating the maximum allowable stress in
each element. The strength of the inclined strut is lower than the uniaxial concrete
compressive strength due to the existence of lateral tensile strain. Therefore, a reduction
factor, known as the effectiveness factor, is used in the design process to account for this
effect. EC2 recommends the use of an effectiveness factor that can only account for the
effect of concrete compressive strength, while ACI 318-14 only accounts for the effect
of shear reinforcement. Although the STM concept as a lower bound plasticity approach
should yield conservative results [14-17], there is evidence that its current
implementation in the codes can lead to unsafe predictions [17-19]. Therefore, the code
provisions need to be re-assessed and improved to more accurately account for the effect

of all relevant parameters.

Experiments can provide key information on the behaviour of RC deep beams, but such
tests can be expensive, time consuming and sometimes impractical due to the limiting
capabilities of structural laboratories, especially when dealing with large elements.
Finite element analysis can provide a valid alternative to laboratory testing, but its
accuracy depends on the accuracy of the constitutive models implemented. Generally,
the available material models can be classified into two categories: 1) macroscopic

models, according to which the material behaviour is simplified from a complex
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microstructural stress transfer mechanism to a relationship between average stress and
strain at the continuum level; 2) microscopic models, which describe the material
behaviour as a stress-strain relationship at the micro level. Although, the latter is
considered to be more accurate and can capture the microscopic material behaviour,
such as cohesion, aggregate interlock, and friction [38], this approach has two main
drawbacks: a) cracks are forced to follow a predefined path along element edges; b) it
needs remeshing throughout the solution process due to change in nodal connectivity
because of the crack development. From a practical point of view, the implementation of
microscopic models is computationally extremely expensive; hence, macroscopic

models are more widely used.

In numerical analysis, modeling of concrete and other quasi-brittle materials has always
been a challenging issue because of the complexity of their behaviour, and different
approaches have been proposed based on the plasticity theory, the plastic-fracturing
theory, continuum damage mechanics, or their combinations [39]. In these models, the
constitutive relationships are written in terms of tensors on one or two loading surfaces;
however, in reality many simultaneous loading surfaces intersect at every point [39].
Hence, these models have limited success in predicting realistically the behaviour of
concrete [38]. The more sophisticated microplane model [39, 40] has been shown to
capture the microscopic behaviour of concrete in a more reliable manner and it has been
successfully implemented in finite element analysis to simulate the non-linear behaviour
of concrete and capture shear behaviour of RC elements [40-43]. The main difference
between microplane and other material models is that the constitutive law is written in
terms of vectors on microplanes rather than tensors at the macro level [39]. Therefore,
inelastic physical phenomena such as slip and friction can be characterized directly in
terms of stress and strain on the microplanes. The model utilises a frictional yield
surface that can account for the effect of shear cracking [39]. The microplane model M4
[39, 40] is adopted in this paper and implemented in a commercially available finite
element package, ABAQUS 6.9-2 [80], to simulate and analyze the behaviour of RC
deep beams. The concrete material models of ABAQUS, including the smeared crack
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model (SCM) and the damage plasticity model (DPM), are also examined and their

performance is assessed against experimental results.

On the basis of a series of finite element analyses and a larger numerical parametric
study, the effect of shear span to depth ratio, concrete compressive strength and shear
reinforcement on the shear strength of RC deep beams is investigated. Particular
attention is paid to the development and distribution of principal stresses within the
shear span of the modeled beams to gain deeper insight into the development and
capacity of shear carrying mechanism. The results of this study are compared to the
provisions of EC2 and ACI 318-14 and recommendations are given to improve existing

design models.

4.2. NUMERICAL ANALYSIS

4.2.1. MODEL DESCRIPTION

A total of 20 RC deep beams (4 specimens tested as part of this research programme and
16 from literature [68, 81]) are analyzed. The beam details and their failure load are
summarized in Table 4-1 and the geometry of the beams is shown in Figure 4-1. Taking
advantage of symmetry in geometry and loading conditions, only half specimen are
modeled (see Figure 4-1) to reduce overall computational time. The loading is applied
through prescribed displacement at the loading points to capture the failure load and
post-peak response. The concrete is modeled using 4-noded plane stress elements
(CPS4R). The thickness of the plane stress elements is taken as the width of the tested

specimens.

The steel reinforcement is modeled using 2-noded linear 2-D truss elements (T2D2).
The reinforcement is embedded in the concrete and perfect bond between concrete and
reinforcement is assumed. In the present study, the elastic-perfect plastic stress-strain
relationship is used to simulate the behaviour of reinforcing steel in both tension and
compression. For the simulation of the studied beams, the yield strength of 365MPa,

448MPa and 577MPa for main longitudinal reinforcement, vertical stirrups and
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horizontal shear reinforcement, respectively, are used for beams E1, G1, G2 and G3 as

determined from tensile tests.

Table 4-1-Summary of the beams used for model validation

Failure

fox A Load

Researcher | Specimen L,mm | h,mm | b,mm | a, mm | MPa | mm? Py Ph % kN

1 E1 1800 | 400 | 100 | 425 | 58 | 1206 0 0 415
2 | Current Gl 1800 | 400 | 100 | 550 | 31 | 1206 | 0.56 0.22 292
3 | Work G2 1800 | 400 | 100 | 425 | 33 | 1206 | 059 0.22 372
4 G3 1800 | 400 | 100 | 300 | 31 | 1206 | 0.7 0.22 489
5 B2.0-1 | 1900 | 700 | 125 | 825 | 83 | 1880 0.6 033 | 1590
6 B2.02 | 1900 | 700 | 125 | 825 | 120 | 1880 0.6 033 | 1650
7 B2.0-3 | 1900 | 700 | 125 | 825 | 78 | 1880 0.6 033 | 1400
8 B2.0A-4 | 1900 | 700 | 125 | 675 | 86 | 1880 0.6 033 | 1900
9 B2.0B5 | 1900 | 700 | 125 | 825 | 89 | 1880 0 0 1170
10 | Foster & | B2.0C-6 | 1900 | 700 | 125 | 825 | 93 | 1880 0.9 0 1460
11 | Gilbert[68] | gr0p7 | 1000 | 700 | 125 | 825 | 104 | 1880 | 06 0 1440
12 B3.0-1 | 2600 | 700 | 125 | 1175 | 80 | 1880 0.6 033 | 1020
13 B3.02 | 2600 | 700 | 125 | 1175 | 120 | 1880 0.6 033 | 1050
14 B3.0-3 | 2600 | 700 | 125 | 1175 | 77 | 1880 0.6 033 | 1050
15 B3.0A-4 | 2600 | 700 | 125 | 925 | 88 | 1880 0.6 033 | 1550
16 B3.0B5 | 2600 | 700 | 125 | 1175 | 89 | 1880 0 0 870
17 ACIl | 4470 | 915 | 305 | 915 | 33 | 2940 | 0.31 046 | 2713
18 | Aguilar et | STM-I | 4470 | 915 | 305 | 915 | 33 | 2940 | 0.31 015 | 2268
19 | @ [81] STM-H | 4470 | 915 | 305 | 915 | 28 | 2940 | 031 015 | 2571
20 STM-M | 4470 | 915 | 305 | 915 | 28 | 2940 | 0.5 0 2553

Since explicit analysis is more robust, ABAQUS/EXPLICIT is adopted; however,
ABAQUS/STANDARD is used when comparisons are made with the smeared crack
model, as this cannot be used with explicit procedure. Although ABAQUS/EXPLICIT is
a true dynamic platform, it can also be used for quasi-static analysis; however, special
consideration is required to change the procedure from dynamic to quasi-static. The
quasi-static analysis is achieved in ABAQUS by using mass scaling or by changing the
loading rate [80] or a combination thereof. The simulation is carried out in displacement
control with the smooth amplitude option. The kinetic and internal energy is monitored
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to ensure the Kinetic energy does not exceed 5% to 10% of its internal energy
throughout most of the analysis process [80]. When this is not achieved through the
implementation of the loading rate, mass scaling is also used along with loading rate to

keep the kinetic energy within the required limits.
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Figure 4-1-Detail of the analysed beams, a) current research, b) beams tested by Foster &
Gilbert [68](except for B2.0A-4 and B3.0A-4 beams), c) B2.0A-4 and B3.0A-4 beams [68]
and d) beams tested by Aguilar et al. [81]

The element size is chosen on the basis of a systematic mesh sensitivity analysis, as
explained later and to maintain the balance between kinetic energy and internal energy.
The element size is 4 times the maximum aggregate size for beams with overall depth
less than 500mm, while an approximate global element size of 100mm is used for beams
with overall depth greater than 500mm. It is worth mentioning that these element sizes

are 10 to 15% of the total height of the beams. The relevant element sizes were used to
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calibrate the performance of the microplane model before conducting any subsequent

analysis.

4.2.2. EVALUATION OF CONCRETE MATERIAL MODELS
AVAILABLE IN ABAQUS

The concrete constitutive models implemented in ABAQUS include the smeared crack
model (SCM) and the damage plasticity model (DPM). The smeared crack model is
based on the smeared cracking approach first developed by Rashid [33]. Cracks in
concrete can be detected at any location when the concrete stresses reach one of the
failure surfaces (crack detection surfaces) in the biaxial tension region or combined
tension-compression region. The smeared crack model does not track each macrocrack,
but it performs independent constitutive calculations at each integration point of the
finite element model by using degraded stiffness. This model accounts for the effect of
shear through a shear retention factor, which can specify the amount of shear stresses
that can be transferred after cracking. The damage plasticity model (DPM) is a
continuum damage plasticity-based model proposed by Lubliner et al. [37]. This model
represents the inelastic behaviour of concrete by using the concepts of isotropic
damaged elasticity in combination with isotropic tensile and compressive plasticity. The
model describes the irreversible damage in concrete due to the fracturing process by a
combination of non-associated multi-hardening plasticity and scalar damaged elasticity.
Tensile cracking and compressive crushing are assumed to be the two main failure
mechanisms of concrete. The evolution of the failure surface is controlled by two

hardening variables describing the failure mechanisms under tension and compression.

These two models are examined first to assess their accuracy in capturing the shear
behaviour of RC deep beams. The models had been earlier optimized using mesh
sensitivity and the chosen mesh size which is 4 times the maximum aggregate size was
found to best approximate overall structural response of the examined beams. Figure 4-2
and Figure 4-3 show the load-deflection response and strain in both horizontal and
vertical shear reinforcement for one of the beams that were tested by the authors. It can
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be seen that the numerical responses are much stiffer than the experimental responses
after cracking. This can be attributed mainly to the inability of the implemented concrete
models to realistically predict the behaviour of the concrete subjected to shear stress and
lateral tensile stresses. In reality, high shear stresses and lateral tensile stresses develop
in the shear span of RC deep beams and this makes the concrete softer than under
uniaxial conditions. This softening reduces the overall stiffness of the member and
eventually leads to shear failure in the shear span. However, this softening behaviour
accompanied by increasing shear deformation, cannot be realistically estimated by either
approaches. From the analysis of the experimental results shown in Figure 4-3, it can be
seen that shear cracking occurred at earlier loading stages compared to the numerical
predictions and strain in shear reinforcement is vastly underestimated after cracking at
similar load levels. This means that, for the same applied load concrete is more damaged
in the experiments and this is the main reason why the numerical response is stiffer than

the experimental and the failure load is overestimated.

600

Gl

[on)

o

o
I

S

o

o
I

N

o

o
I

Applied Load (kN)
2

—Exp.
—ABAQUS-SCM
—ABAQUS-DPM

0 2 4 6 8 10
Deflection (mm)

[E

o

o
!

o

Figure 4-2-Experimental and predicted load—deflection curves (specimen G1)
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Figure 4-3-Experimental and predicted shear reinforcement strain (specimen G1)

Another reason for this discrepancy between experimental and numerical results is the
adoption of average stress and strain. However, this is not necessarily a major issue,
because an accurate constitutive law that can capture the behaviour of concrete material
in a more realistic way can compensate for this assumption to a reasonable degree, as

will be discussed later in this paper.

The inclusion of a shear retention factor in the smeared crack model of ABAQUS[80],
can theoretically account for the effect of shear cracking. However, previous studies
[82] have shown that even the use of a wide range of shear retention values could not
affect significantly the global behaviour and the calculated shear strength did not vary
significantly for the analysed beams. Hence, more accurate constitutive models are

required to simulate the behaviour of RC deep beams, such as the microplane model.

4.2.3. MICROPLANE MATERIAL MODEL M4 FOR CONCRETE

The microplane material model is a macroscopic material model that defines the relation
between the stress and strain vectors on planes of various orientations (microplanes).
These microplanes can be assumed as cracked planes or weak planes, such as the
contact faces between aggregate particles in concrete. The basic idea of the microplane
model can be traced back to the pioneering idea of Tayler [83] which was later
developed by Batdorf and Budianski [84] for polycrystalline metals and became known
as the slip theory of plasticity. This model was later extended by Bazant and co-workers

[39, 40, 43, 85-90] who added extra features to better represent the behaviour of quasi
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brittle materials, including concrete. These features can be briefly summarized as

follows:

The static micro-macro constraint should be replaced by kinematic micro-macro
constraint to stabilize the postpeak strain softening; that is, the strain vectors on
microplanes are the projection of the strain tensors.

Elastic strain is included at the microplane level instead of adding it at the macro level
due to the replacement of the static micro-macro constraint with the kinematic.

The principle of virtual work is used instead of simple superposition of the microplane
stresses to relate the stresses on the microplane, which can have any possible orientation

to the stress at macro level.

Since the kinematic constraint is used, the microplane strain vector &y; is determined as
the projection of the strain tensor &;. The normal strain gy and both shear strains v, &
on the microplane can then be found according to the following equations:

ey =N;ygi &y =M;e e = L& (4.1)
where Nj=nin;, M;=(min;+m;n;)/2 and Li=(lin;+1;n;)/2 and n,m and | are direction cosines,

the values of which can be found elsewhere [91].

Bazant et al. [39] calculated the stress at the continuum level from the microplane
stresses applying the principle of virtual work, which can be approximated by optimal

Gaussian integration for a spherical surface.

The constitutive law of microplane M4 is characterized by an elastic stress-strain
relationship up to a defined set of limits, which is called stress-strain boundaries,
followed by a strain softening behaviour. The stresses are never allowed to exceed the
boundaries, however, traveling along the boundaries is allowed if the strain increment

and the total stress have the same sign, otherwise, unloading occurs.
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Bazant and co-workers [39, 40] split the normal stress and strain components into
volumetric and deviatoric parts (on=oy+op and ey=&+é&p) to realistically model the

compression failure and to control the value of Poisson’s ratio.

The microplane elastic moduli can be used in the case of loading as well as reloading.
Additionally, they can be used for unloading if the sign of cAe is positive, otherwise
stiffness degradation occurs and the value of the tangential stiffness modulus is used for

unloading.

The microplane model M4 was implemented in general finite element package
ABAQUS using a VUMAT subroutine. This allowed the development of a more robust
numerical platform that could be used to obtain an invaluable insight on the behaviour
of RC elements. This also allowed a more systematic and reliable analysis of the effect
of different parameters on the structural behaviour of the examined specimens. The
number of microplanes adopted in each integration points is 21, which is the minimum
number of microplanes needed to yield acceptable results [92]. With the exception of the
adjustable material parameter (ki), which controls the concrete uniaxial tensile and
compressive peak strength, the values of the other adjustable material parameters ks, k3
and k4 were optimized to best represent the biaxial compressive and tensile stress-strain
relationships and a systematic parametric study was carried out to choose these values
that best represent the experimental results and had values of 200, 15 and 100,
respectively. A value of 0.0003 was used for the adjustable material parameter k; for
beams with shear span to depth ratio greater than 1.0, while a value of 0.0004 was used
for beams with shear span to depth ratio less than 1.0. In all cases for which the
experimental modulus of elasticity was not available the modulus of elasticity was

determined according to EC2.
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4.3. MODEL VALIDATION

4.3.1. EFFECT OF ELEMENT SIZE

Concrete and other quasi-brittle materials exhibit strain softening in the post-peak
response in tension and compression. Due to this strain softening, finite element
modeling results are sensitive to mesh size. When the model mesh is refined, the
fracture energy dissipated during brittle failure in the critical regions of strain-softening
damage can decrease considerably, thus affecting overall failure load. Mesh sensitivity
techniques such as crack band [42, 93] can be implemented in the model to control crack
propagation and compressive post peak behaviour. However, these are not easy to apply
to complex material model such as Microplane model M4 in its current form, because in
this model it is not easy to identify which material parameters should be adjusted
according to the element size to ensure correct energy dissipation in the softening
regime. Therefore, in the current study, mesh sensitivity analysis is performed and best

mesh sizes are chosen based on this analysis

To examine the effect of element size on global behaviour, four element sizes were
considered. Figure 4-4 shows the effect of element size on the load deflection response
and failure load for beams G1 and B2-0-1. It can be seen that for beam G1, with an
overall depth of 400mm, the 50x50mm element size, which is equal to four times the
maximum aggregate size, is in better agreement with the experimental results. However,
for beam B2-0-1, with an overall depth of 700mm, the use of larger elements yields
slightly better correlation with the experimental results. The result from all 20 RC deep
beams showed that for beams with overall depth less than 500mm, using an element size
equivalent to four times the maximum aggregate size is in good agreement with the
experimental results. The use of elements with a size of 100x100mm seem to better
approximate experimental results of deep beams with an overall depth greater than
500mm regardless of their maximum aggregate size. These mesh sizes are within 10 to

15% of the height of the specimens.
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Figure 4-4-Effect of element size on the predicted load-deflection response

4.3.2. LOAD-DEFLECTION RESPONSE

The load deflection curves obtained from the numerical analyses of eight of the
examined beams are presented in Figure 4-5 along with the experimentally measured
load deflection responses. As can be seen, the results show an overall good agreement
with the experimental data, although, in some beams the FE results still exhibit a slightly
stiffer response, as also seen from the strain results (see section 4.3.3). Figure 4-6 and
Figure 4-7 show the ratio of experimental to predicted failure load and deflection at
failure, respectively, for all 20 analyzed beams. Figure 4-8-a, shows the ratio of
experimental to FE failure load as a function of shear span to depth ratio. From the
analysis of the load deflection response of beams G1, G2 and G3, with shear span to
depth ratio of 1.67, 1.29 and 0.91 respectively (Figure 4-5), it can be seen that the
numerical prediction for beams with smaller shear span to depth ratio is in better
agreement with the experimental results. This can again be attributed to the inability of a
smeared crack approach to capture realistically the behaviour of the member in terms of
cracking and local strain distribution. For beams with shear span to depth ratio less than
1.0, the applied load is directly transferred to the support through a strut and the shear
span has less discrete cracks. This can be better represented by the smeared crack
approach than for shear span to depth ratios greater than one, which are typically

characterized by multiple discrete cracks.
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Figure 4-7-Ratio of experimental to predicted deflection at failure for the analysed beams

Figure 4-8-b shows the ratio of experimental and predicted failure load as a function of
the shear reinforcement ratio. The results show that the model can provide reasonable
predictions for both beams with shear reinforcement and without shear reinforcement.
Figure 4-9 shows the comparison between the experimental crack pattern at failure and

predicted failure by finite element analysis for two of the analysed beams.
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Figure 4-9-Experimental and numerical failure a) beam G1 b) beam B2.0-2 [68]

4.3.3. STRAIN IN LONGITUDINAL AND SHEAR
REINFORCEMENT

The load-strain plots for the main flexural, vertical and horizontal shear reinforcement at
specified locations are shown in Figure 4-10, Figure 4-11 and Figure 4-12, respectively.
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For the elastic stage, up to the formation of cracking, the results from the finite element

analysis show a good agreement with the experimental data. After the formation of

flexural cracks, the experimental response in terms of strain in the main flexural

reinforcement is generally softer than the finite element results; however, the trends are

generally comparable.
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Figure 4-10-Experimental and predicted main flexural reinforcement strain

This discrepancy in the load-strain response after crack formation can be attributed to

the following:

Concrete tensile strains are highly localized at crack locations and the intact area
of concrete between cracks can still contribute to the load resisting mechanism
by means of tension stiffening; however, in numerical analysis, due to the use of
average stress and strain, such tension stiffening and strain localization cannot be

properly modeled. This can result in the inaccurate prediction of the stiffness of
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cracked concrete and strain distribution within the member, which in turn
directly affects overall stiffness.

Perfect bond between concrete and reinforcing bars is used in the simulations
and thus the numerical model is unable to capture the stiffness degradation due
to debonding and local slip of the reinforcement at the location of the cracks.

To prevent local concrete crushing at the location of application of point loads
and supports, steel spreader plates are used in both experimental and numerical
analysis. In numerical analysis the spreader plates are rigidly connected to the
concrete to prevent them from moving. This means that at the location of the tie,
concrete and the steel plates share the same nodes; as a result, the stiffness of the

element in the surrounding area is increased by the high stiffness of the steel

plates.
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Figure 4-11-Experimental and predicted vertical shear reinforcement strain for beams G1,
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Figure 4-12-Experimental and predicted horizontal shear reinforcement strain for beams
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Despite some inherent modelling deficiencies, overall the implementation of the
microplane model gives very good predictions of the behaviour of RC deep beams and
can be a useful tool in understanding the accuracy of design equations used in codes of

practice.

4.4. PARAMETRIC STUDY

On the basis of the numerical model described above, a parametric study was carried out
to investigate the effect of different design parameters on the shear capacity of RC deep
beams. The details of the beams used in this parametric study are given in Table 4-2.
The design parameters are: shear span to depth ratio (0.75, 1.3 and 2.0) and concrete
compressive strength (30, 55 and 80MPa). As shear in RC deep beams is primarily
resisted through the development of a single strut, the overall behaviour is not greatly
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affected by an increasing amount of shear reinforcement. Thus, only beams without
shear reinforcement and with the minimum amount of shear reinforcement (according to
ACI 318-14 and EC2) were considered in this study. The width of support and loading
plates are 150mm.

Table 4-2 Details of the beams used in parametric study

fe, A& pn,

Specimen | L,mm | hmm | d,mm | b, mm | a, mm a/d MPa 0, % %
1 | BN-S-30 2965 750 710 200 5325 | 0.75 30 1.3 0
2 | B-S-30 2965 750 710 200 5325 | 0.75 30 1.3 0.25
3 | BN-S-55 2965 750 710 200 5325 | 0.75 55 1.3 0
4 | B-S-55 2965 750 710 200 5325 | 0.75 55 1.3 0.25
5 | BN-S-80 2965 750 710 200 5325 | 0.75 80 1.3 0
6 | B-S-80 2965 750 710 200 5325 | 0.75 80 1.3 0.25
7 | BN-M-30 | 3746 750 710 200 923 1.3 30 1.3 0
8 | B-M-30 3746 750 710 200 923 1.3 30 1.3 0.25
9 | BN-M-55 | 3746 750 710 200 923 1.3 55 1.3 0
10 | B-M-55 3746 750 710 200 923 1.3 55 1.3 0.25
11 | BN-M-80 | 3746 750 710 200 923 1.3 80 1.3 0
12 | B-M-80 3746 750 710 200 923 1.3 80 1.3 0.25
13 | BN-B-30 4740 750 710 200 1420 2 30 1.3 0
14 | B-B-30 4740 750 710 200 1420 2 30 1.3 0.25
15 | BN-B-55 4740 750 710 200 1420 2 55 1.3 0
16 | B-B-55 4740 750 710 200 1420 2 55 1.3 0.25
17 | BN-B-80 4740 750 710 200 1420 2 80 1.3 0
18 | B-B-80 4740 750 710 200 1420 2 80 1.3 0.25

4.4.1. RESULTS AND DISCUSSION

Figure 4-13 shows the effect of shear span to depth ratio and concrete compressive
strength on the capacity of RC deep beams. The results of the analysis on beams without
shear reinforcement (specimens NSR) are shown along those of their counterparts with
shear reinforcement (specimens SR). It can be seen that with increasing shear span to
depth ratio the shear strength decreases. This can be attributed to the fact that in beams
with low shear span to depth ratios, the applied load is directly transferred through one

strut, which means that the concrete is more directly loaded in compression, whilst with
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increasing shear span to depth ratio the angle of the strut becomes shallower

(Figure 4-14-b) which leads to larger lateral tensile strains that weaken the compressive

strut.
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Figure 4-13-Effect of a) shear span to depth ratio and b) concrete compressive strength on
shear strength of RC deep beams

Figure 4-14-Shear stress transfer in beams with different shear span to depth ratio

With increasing concrete compressive strength, as expected, the shear capacity of the
RC deep beams increases. Since the applied load is transferred directly by a single
inclined strut, increasing concrete strength leads to an increase in resistance capacity of
this strut as shown in Figure 4-15-a. However, the compressive stress at failure in the
strut of the beam with concrete strength of 80MPa was only 30% higher than that
developed in the same beam with concrete strength of 30MPa. The maximum principal
compressive stress in the beam with concrete strength of 30MPa was about 75% of its
concrete strength, whilst values of less than 40% were observed in the beams with
concrete strength of 80MPa. This is probably due to the fact that: 1) the tensile strength
of concrete increases at a lower rate than its compressive strength and 2) with increasing
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strength and load capacity, the lateral tensile stress in the strut also increases, which

reduces further the effective compressive strength.
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Figure 4-15-Effect of concrete strength on principal compressive strength in the shear span

Since strut and tie action is the primary mechanism of shear stress transfer in RC deep
beams, shear reinforcement is not expected to have a significant effect on the shear
capacity. The presence of shear reinforcement, however, is important as it increases
ductility and limits the propagation of inclined cracks, thus changing the shear stress
distribution in the shear span as shown in Figure 4-16. A difference of about 15% to
20% between the shear capacity of beams with and without shear reinforcement was
found in the parametric study. Figure 4-17 shows the effect of shear reinforcement on the
principal tensile strain in the shear span. For beams with shear reinforcement, the strain
developed at a given applied load is lower due to the contribution of shear reinforcement
in resisting and controlling the development of cracks. Thus, by reducing the principal
tensile strain, the presence of shear reinforcement can enable the development of higher

concrete compressive stresses and increase the effectiveness of the concrete strut.
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Figure 4-16-Effect of shear reinforcement on shear stress distribution in shear span
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Figure 4-17-Effect of shear reinforcement on principal tensile strain in shear span

4.4.2. EFFECTIVENESS FACTOR

A key parameter in the strut and tie model as used in design is the definition of the
effectiveness factor (v), which is used to calculate the strut strength. This factor which
accounts for the reduced compressive strength of concrete when subjected to lateral
tensile strains, as in the web of deep beams, and can be expressed as a ratio of the
maximum principal compressive stress to the uniaxial compressive strength. The main
variables that affect the effectiveness factor are shear span to depth ratio, compressive
strength of concrete and shear reinforcement ratio [94]. The effect of these variables are
investigated numerically using the microplane M4 model and are compared to the
provisions of EC2 [3] and ACI 318-14 [4].

Figure 4-18 shows that increasing either shear span to depth ratio or concrete

compressive strength can reduce the effectiveness factor. The presence of a minimum
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amount of shear reinforcement (shown with dotted line in the figure) can lead to an
increase in the effectiveness factor by about 15%. Nonetheless, the provisions of EC2
only account for the effect of concrete compressive strength, whilst ACI 318-14 only
accounts for the effect of shear reinforcement.

Figure 4-19 shows the ratio of the calculated effectiveness factor to that obtained
according to the provisions of EC2 and ACI 318-14 as a function of concrete
compressive strength and shear span to depth ratio. It can be seen that the EC2, even
though it accounts for concrete strength, it still slightly overestimates the effectiveness
factor for beams with higher strength concrete. This is because on the one hand it does
not account accurately for strength and on the other because it neglects the effect of
shear span to depth ratio on the effectiveness factor. ACI 318-14 ignores both variables
and yields conservative results only for concrete strengths of around 30MPa, becoming
unsafe for higher concrete strength as well as higher shear span to depth ratios.
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Figure 4-18-Effect of a) shear span to depth ratio and b) concrete compressive strength on
the effectiveness of concrete
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Figure 4-19-Comparison of code predictions with the numerically obtained effectiveness
factors

Figure 4-20 shows the performance of the strut-and-tie model in predicting the shear
capacity of specimens used in the parametric study by using the effectiveness factors
from EC2 and ACI318-14 codes along with the effectiveness factor obtained from the
numerical analysis. It can be seen that the calculated effectiveness factor leads to more
accurate predictions with lower standard deviations. The poorer performance of EC2
and ACI 318-14 can be attributed to the fact that key parameters in estimating the

effectiveness factor are neglected
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Figure 4-20-Effect of different effectiveness factor on the shear capacity prediction by
strut-and-tie model

4.5. CONCLUSION

Based on the results of the numerical investigation and parametric study discussed

above, the following conclusions can be drawn:

e Smeared crack and damage plasticity models are unable to realistically simulate
the shear behaviour of RC deep beams. This is because these models cannot
predict realistically shear deformation in discontinuity regions.

e The implementation of the microplane material model M4 in ABAQUS led to
reasonably accurate predictions of the overall behaviour of the RC deep beams
analyzed; however, local strain values were generally underestimated because a
smeared approach is unable to realistically simulate the tension stiffening of the

concrete.
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Concrete compressive strength and shear span to depth ratio are the key
parameter affecting the concrete effectiveness factor in the shear span of deep
beams.

Minimum shear reinforcement can enable a better distribution of stresses within
the shear span, control tensile strain and increase the effectiveness of the
concrete by up to 15%.

An accurate model to estimate the effectiveness factor should include the effect

of concrete strength, shear span to depth ratio and shear reinforcement.

109



CHAPTER 5 STRUT-AND-TIE MODELLING OF RC DEEP BEAMS

CHAPTERS5. STRUT-AND-TIE
MODELLING OF RC DEEP BEAMS

This chapter consists of a “stand alone” journal paper: Ismail K. S., Guadagnini M. and
Pilakoutas K., (2015c) Strut-and-Tie Modelling of RC Deep Beams. To be submitted

5.1. ABSTRACT

Strut-and-tie models are often used for the design of shear critical deep members since
they can rationalise the shear transfer within discontinuous or disturbed regions in RC
structural elements. Most current codes of practice adopt the strut-and-tie method but
provide very little guidance on how to select appropriate strut-and-tie layout and
dimensions. Furthermore, the effectiveness factors used to account for the biaxial state
of stresses in struts of deep beams are not reliable. This paper reviews the application of
strut-and-tie models for the design of RC deep beams and evaluates current formulations
of the effectiveness factor. Experimental and numerical studies are used to assess how
the effectiveness factor is influenced by different parameters including concrete
compressive strength, shear span to depth ratio and shear reinforcement ratio and to
arrive at a more reliable strain based effectiveness factor. Various effectiveness factors
are examined against an extensive database of experimental results on RC deep beams
with and without shear reinforcement. The results show that the proposed effectiveness
factor yields the most reliable and accurate predictions and can lead to more economic

and safe design guidelines.

5.2. INTRODUCTION

RC deep beams where behaviour is predominantly controlled by shear are used in a
wide range of structures, such as transfer girders in tall buildings and bridges. It is

crucial to predict their capacity accurately as the safety of the entire structure relies on
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their performance. However, the shear behaviour of RC members is a complex
phenomenon, which is influenced by a large number of parameters [2, 27]. This
complexity is more pronounced in deep beams as the applied load is transferred mainly
through the formation of arching action which causes a highly nonlinear strain

distribution in the cross section.

Most codes of practice rely on empirical or semi-empirical equations for design;
however, these equations are limited by the extent of the experimental results used for
their calibration. Although designing RC deep beams based on these empirical
approaches is generally very conservative, they can also lead to very unsafe results [18].
Collins et al. [2] examined the accuracy of the shear approaches available in codes of
practice such as EC2 and ACI, against and extensive database of RC beams, it was
found that shear strength prediction of vast number of the beams are unconservative.
There are also unsafe results even after application of the safety factors [2]. Approaches
based on finite element analysis can account for the nonlinearities that describe the
behaviour of this type of members, and can lead to good results if an accurate concrete
material model is used; however, their implementation is not always practical for design
purposes. Thus, design approaches based on the implementation of strut-and-tie
mechanistic models have been adopted by modern design codes such as EC2 [3], ACI

318-14 [4] and Model Code [12] since they appear more rational and relatively simple to
apply.

The use of strut-and-tie models (STM) dates back to the pioneering work of Wilhelm
Ritter [5] who tried to explain the contribution of shear reinforcement to the shear
strength of beams. Ritter’s truss mechanism was later modified by Morsch [6] to better
represent the shear behaviour of RC beams. The design of RC members by STM relies
on the lower bound theory of plasticity and assumes that both concrete and steel are
perfectly plastic materials. As this is not true, there is a need to implement modification
factors to adjust both dimension and strength of the strut elements. However, existing
guidelines do not provide sufficient information on the effect of all important parameters

or the size and strength of the strut elements [95]. This paper aims to develop a unified
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procedure for using the STM for the design of RC deep beams and predict accurately the
size and strength of each element.

5.3. STRUT-AND-TIE MODEL

Strut-and-tie models attempt to represent the stress field that develops in the D-regions
of concrete elements by approximating the flow of internal compression and tension
stresses by means of struts and ties, respectively. The selection of an adequate strut-and-
tie model is necessary to capture the strength of RC deep beams with acceptable
accuracy. It is commonly accepted that the strut-and-tie mechanism is the basic load
transfer mechanism in RC deep beams [96]; however, in some cases the truss action
mechanism is also thought to contributes to the transfer of the applied load [97, 98]. The
type of load transfer mechanism that develops in RC deep beams is mainly controlled by
the shear span to depth ratio (a/d) and amount of shear reinforcement. For beams with
a/d less than 1.0, the applied load is transferred to the support through the formation of
one concrete strut regardless of the amount of shear reinforcement. The adoption of the
STM (Figure 5-1-a) is therefore suitable for the design and analysis of such elements.
Beams with a/d between 1.0 and 2.0 and with shear reinforcement, can develop a
combination of both tied-arch and truss action mechanism [97]. However, estimating the
percentage of load transferred by each of these mechanisms is quite challenging as this
varies based on a/d and amount and spacing of shear reinforcement [97]. For the sake of
simplicity, the adoption of a model based on the development of either a single strut-
and-tie (Figure 5-1-a) or a truss (Figure 5-1-b) is generally adopted. The ability of these
models to capture the real structural behaviour of RC deep beams is assessed in this

paper with the aim of developing enhanced design equations.

The current codes of practice do not provide adequate guidance on selecting the size of
the elements in the STM. ACI 318-14 provides Eq. 5.1 and 5.2 for estimating the width
of the inclined strut at the top (Wsr) and bottom nodes (Wsg) (Figure 5-1-a), respectively.
However, there is no guidance on how to estimate the independent parameters (hcs, hrie
and 6) in these equations. Therefore designers are free to choose the size of the elements
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in the model; however, this could lead to unsafe or over conservative design solutions
[17-19].

a)

lpgim—art _ - _

L7 g .
C-C-Trode—F Iee N T node

Figure 5-1-Load transfer mechanism in RC deep beams, a) strut-and-tie model b) truss
model and c) height of the bottom node
Wy, =1, sin@+h.g cosd (5.1)
W, =15 SING+hy,, cOSO (5.2)

In the current research programme the width of the strut in the top compression zone
(hes) is assumed to be equal to the depth of neutral axis as determined by section analysis
(Eq. 3).

hes = (\/(np)z +np — np)d (5.3)

where lpr and Ipg are the width of the loading and support plates, and @ is the angle of

the strut with respect to the horizontal axis of the beam (Eq. 5.4).
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-1 d _hcs/z
a

0 =tan (5.4)

where d is the effective depth and a is the shear span of the beam.

The height of the bottom node (hrie) is taken as twice the distance from the centre of the
main longitudinal reinforcement to the outer tensile face of the beam as shown in
(Figure 5-1-c). The width of the strut at the top (Wst) and bottom (Wsg) nodes can be
determined by the ACI 318-14 Eq.s 5.1 and 5.2 respectively.

In the case of the truss model shown in Figure 5-1-b, the width of the strut in
compression (he) and the height of the bottom node (hrie) remain the same for both
diagonals. The intersections of strut, ties and applied loads or support reactions are

termed nodes and their capacity is critical when assessing a given STM.

5.4. CONCRETE EFFECTIVENESS FACTOR

5.4.1. NODE STRENGTH FACTOR

Nodes are generally named according to the type of interconnected members, i.e. C-C-C
(Compression-Compression-Compression), C-C-T (Compression-Compression-
Tension) and C-T-T (Compression- Tension -Tension), and their strength is a function
of the state of stress they are subjected to. C-C-C nodes are located in well confined
regions and their strength can generally exceed the uniaxial strength of concrete, but the
latter can be conservatively used for design. In this paper, with the exception of EC2,
ACI 318-14 and Model Code 2010, which they provide strength factors for the C-C-C
nodes, to assess other strut effectiveness factors available in the literature the uniaxial

concrete strength is adopted.

Owing to the existence of tension forces in C-C-T and C-T-T nodes the maximum stress
that can be developed in such nodes is generally lower that the uniaxial concrete
strength and reduction factors are used to take this into account. Based on the test results
of isolated C-C-T and C-T-T nodes, Jirsa et al. [99] concluded that by using 80% of the
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uniaxial concrete compressive strength, the prediction of the nodal zone strength is
conservative. Unless it is provided, a reduction factor of 0.8 is used to determine the
strength of all C-C-T and C-T-T nodes in the assessment of STM with different strut

effectiveness factor.

5.4.2. EFFECTIVENESS FACTOR FOR INCLINED STRUT

The presence of a transverse tensile field within the shear span weakens the resistance of
the concrete struts. This is taken into account through the use of a concrete effectiveness
factor (v). In 1985, Marti [10] proposed the use of a simple reduction coefficient
(v=0.6) as effectiveness factor, whilst Collins and Mitchell [62] proposed Eg. 5.5 for

their modified compression field theory [9].

et (5.5)
0.8+170¢,
g =&, + (&, +0.002)/tan’ & (5.5a)

where & is the principal tensile strain, & is the longitudinal tensile strain at mid-depth of

the beam, which can be estimated assuming that plane sections remains plane [2].

In 1993, Vecchio and Collins [100] proposed a refined equation for the concrete

effectiveness factor as shown in Eq. 5.6.

1.0+K.K,
0.8
K, = 0.35(i - o.zsj >1.0 (5.62)
&
K, =0.1825,/f, >1.0 (5.6b)

where & and & are the principal tensile and compressive strain, respectively, and f; is

the concrete compressive strength.
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Foster and Gilbert [101] argued that concrete compressive strength and shear span to
depth ratio (a/d) influence the effectiveness of concrete cracked in tension and modified
Collins and Mitchell’s equation (Eq. 5.5) to integrate the effect of these two parameters.
This modified equation (Eg. 5.7) was calibrated against a database of beams with

concrete compressive strength ranging from 20 to 100MPa.

1
V=
1.14+ (0.64+ f, /470)(a/d)?

(5.7)

Based on a series of nonlinear finite element analyses, Warwick and Foster [102]
proposed the following concrete effectiveness factor (Eq. 5.8) for concrete compressive

strength ranging from 20 to 100MPa

2
ve125-—tc 072 2)+018 2| <10 (5.8)
500 d d

EC2 provides Eqg. 5.9 to calculate the effective concrete strength of the inclined concrete

strut
f.=0.6v'f, (5.9)

where v’ can be calculated according to Eg. 5.9a and f.y is the design concrete

compressive strength.

v'=1—% (5.9a)

According to ACI 318-14, the effective concrete strength (fe) can be calculated using
Eg. 5.10

f_=0858f" (5.10)

where £ is 0.75 for strut with shear reinforcement satisfying Eq. 5.10a, else S is taken
as 0.6.
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ZbAs—isin a, >0.003 (5.10a)
ss'

where A is the area of the reinforcement at spacing s; in the i-th layer of reinforcement

crossing a strut at an angle «; to the axis of the strut.

Model Code 2010 use Eq. 5.11.

1:ce = kc fcd (511)

Y3
k, = 0.55(2] <0.55 (5.11a)

ck
The above effectiveness factor models are assessed in this paper through a parametric
investigation to gain additional insight on the role of each of the considered parameters

and inform the development of a more accurate model.

5.5. ANALYSIS AND DISCUSSIONS

An extensive database of 519 RC deep beam specimens [1, 20, 26, 27, 29, 31, 32, 49-53,
57, 67-69, 103-127] (Table 5-1) was used to evaluate the performance of the STM, and
examine the effectiveness of existing approaches in determining the concrete
effectiveness factors.

5.5.1. SUITABILITY OF MODELS

As discussed earlier a combination of arch and truss action can develop in beams with
shear reinforcement and shear span to depth ratio between 1.0 and 2.0. The specimens
within the database that satisfy these conditions (136 RC deep beams) were used to
assess the accuracy of the STM and TM in predicting shear strength. The strut
effectiveness factor was taken as equal to one at this stage of the comparative study. The
results (Figure 5-2) show that TM is highly unconservative (only 5.2% safe predictions)
and cannot be used for RC deep beams. Figure 5-2 shows that using STM generally
leads to more conservative results and is more suitable for the design of RC deep beams
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both with and without shear reinforcement. This agrees with the findings of other
researchers [128, 129]. However, the result of STM can be further improved if an
appropriate effectiveness factor is adopted.

Table 5-1 Summary of the RC deep beams in the database

RC deep beams without | RC deep beams with
shear reinforcement shear reinforcement
Number of the beams 295 224
Concrete strength (MPa) 11 to 87 14 t0 90
Shear span to depth ratio 0.25t0 2.0 0.271t0 2.0
Effective depth (mm) 151 to 1750 160 to 1750
Main reinforcement ratio (%) 0.26 t0 6.64 0.16 to 4.25
Vertical shear reinforcement ratio (%) 0to 2.45
Horizontal shear reinforcement ratio
(%) 0to3.17
3 3
Beams with shear reinf. ST™M ™ Beams without shear reinf. Average = 0.99
25 - Average = 1.06 0.67 2.5 - STD =0.29
° S§TD = 0.37 0.22 Safe prediction = 49.2
.o o Safe prediction = 48.2% 5.2% . 2
g 02 o t ostM g
MR TIE I
SRR gg@%@;?% S R =1
g g@ &
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0.0 0.5 1.0 15 2.0 25 0.0 0.5 1.0 15 2.0 25
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Figure 5-2-Shear strength prediction by STM and TM without using concrete effectiveness
factor

5.5.2. EVALUATION OF EXISTING EFFECTIVENESS FACTORS

The eight different formulations for effectiveness factors presented in the previous
section earlier are assessed in the following. The results are shown in Figure 5-3 and
Figure 5-4; and the statistical analyses are summarized in Figure 5-5 and Figure 5-6 for
RC deep beams with and without shear reinforcement, respectively. Overall, for all eight

effectiveness factors the predictions for beams with shear reinforcement are more
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conservative than those without shear reinforcement. The effectiveness factors proposed
by Collins and Mitchell (Eqg. 5.5), Vecchio and Collins (Eq. 5.7) and Modified Collins
and Mitchell (Eq. 5.10) lead to very conservative results with large scatter. This is most
probably due to the fact that, in these equations, the tensile strain in the concrete needs
to be calculated based on the assumption that plane sections remain plane after bending.
However, this assumption is far from accurate for deep beams. The effectiveness factor
proposed by Marti (i.e. 0.6) [10] can lead to very unsafe results for RC deep beams
without shear reinforcement, as the single factor proposed cannot account for all
parameters. Additionally, experimental and numerical investigations conducted by the
authors [130, 131] show that in many cases the effectiveness factor is lower than 0.6,
especially for RC deep beams without shear reinforcement. Although the effectiveness
factor proposed by Warwick and Foster (Eqg. 5.11) accounts for the effect of concrete
compressive strength and shear span to depth ratio, the non-uniform performance of this
model shows that other parameters affect shear behaviour and their effect should be

taken into account.

The models proposed by EC2, ACI 318-14 and Model Code 2010 also lead to very
unsafe results especially for RC deep beams without shear reinforcement. This can be
attributed again to the fact that these codes do not account for all the important
influencing parameters such as shear span to depth ratio and shear reinforcement (EC2
and Model Code 2010); or concrete compressive strength and shear span to depth ratio
(ACI 318-14).
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Figure 5-3-Effect of concrete effectiveness factor on shear strength prediction of RC deep
beams with shear reinforcement by STM
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Figure 5-4-Effect of concrete effectiveness factor on shear strength prediction of RC deep
beams without shear reinforcement by STM
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Figure 5-6-Statistical analysis of shear strength prediction of RC deep beams with shear
reinforcement by STM

The safety of the above models was further checked by introducing the appropriate
material partial safety factors or load factors. With the exception of the predictions by
equations of Collins and Mitchell and Vecchio and Collins for RC deep beams without
shear reinforcement, which are over conservative and uneconomic, all other models do
not yield an adequate level of safety for all RC deep beams with and without shear
reinforcement. The result of the analysis is summarised in Table 5-2. Therefore, a more
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sophisticated effectiveness factor model that accounts for all influencing parameters and
yields conservative and economic results is required for design purposes. This paper
aims to propose new node strength factors and effectiveness factor that account for all
influencing parameters and yield more accurate results.

Table 5-2-Percent of safe shear strength prediction by STM after application of safety
factors

Beams without shear reinforcement | Beams with shear reinforcement
(295 beams) (224 beams)
Safe Mean of Mean of Safe Mean of | Mean of
prediction safe unsafe | prediction safe unsafe
(%) results results (%) results results
Marti 1985 88.3 1.93 0.86 99.6 2.28 0.87
Collins and Mitchell 1986 100 4,14 99.6 3.33 0.87
Vecchio and Collins 1993 100 3.32 99.6 2.97 0.87
Warwick and Foster 1993 91.0 1.91 0.88 99.6 2.68 0.87
Modified Collins and
Mitchell 1996 97.1 2.53 0.95 99.6 3.21 0.87
EC2 90.9 1.92 0.91 99.6 2.59 0.75
ACI 318-14 79.3 1.76 0.85 93.3 1.95 0.84
Model Code 2010 88.7 1.99 0.88 99.6 2.69 0.79
Proposed 100 1.74 100 1.62

5.6. PROPOSED EFFECTIVENESS FACTOR

Equations describing the development of biaxial stress fields, such as those included in
the modified compression field theory [9] can be used to determine the effective
compressive strength of concrete subjected to lateral tensile strain. Bazant and Xiang
[132] derived a simple equation (Eq. 5.12) based on the theory of fracture mechanics to
predict the compressive strength (o) of a concrete specimen subjected to lateral tensile

strain.

o, =./2EG, h/sD™? (5.12)
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where E and G; are the modulus of elasticity and fracture energy of concrete,
respectively; h is the width of the crack band, s is the spacing of cracks in the crack band
and D is the width of the specimen.

Equation 5.12 can be used to estimate the effectiveness factor of an inclined strut. Model
Code 2010 equations are used here to determine the modulus of elasticity and fracture
energy of concrete and D is taken as the width of the strut (Ws). The effectiveness factor
v (Eqg. 5.13) can be expressed as the ratio between Eq. 5.12 and the uniaxial strength of

the concrete (f;) to obtain:

2EG; h
V= — /. (5.13)
W, s

According to Bazant and Xiang [132], in the crack band the intact concrete between

cracks behaves as columns of width s. The strain energy in the crack band releases due
to buckling of these columns and failure occurs once the released energy reaches the
fracture energy of the concrete. The presence of lateral tensile strain increases the crack
width in the crack band which in turn increases the energy release rate and decreases the
compressive capacity. This means that the value of h/s is directly affected by lateral
tensile strain. Since the value of h/s needs to be determined by calibration of
experimental results, the authors propose a more direct approach where h/s in Eq. 5.13 is
replaced by lateral tensile strain and the equation needs to be calibrated by a factor ()

as shown in Eq. 5.14.

[2EG
V=a f/fc (5.14)
W, g

Although lateral strain is a more rational quantity to use, it still needs to be quantified

either by calculation or calibration of date.

5.6.1. LATERAL TENSILE STRAIN IN SHEAR SPAN

Experimental and numerical data from the finite element model developed and validated

by the authors [130, 131] was used to determine the lateral tensile strain in the shear
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span of RC deep beams. Figure 5-7 shows the effect of concrete compressive strength,
shear span to depth ratio and effective depth on the lateral tensile strain obtained using
finite element analysis for beams with and without shear reinforcement. It can be seen
that shear span to depth ratio and effective depth influence the lateral tensile strain
whilst concrete compressive strength has almost negligible effect. Therefore, in
estimating the lateral tensile strain in the shear span of RC deep beams, shear span to
depth ratio and effective depth need to be accounted for. For dimensional purposes, the
effective member depth (d) can be normalized by the maximum aggregate size (d,).
Hence, based on best fit analysis, Eq. 5.15 is proposed to estimate the lateral tensile

strains (&) in the shear span of RC deep beams.
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Figure 5-7-Effect of a) concrete strength, b) shear span to depth ratio and c) effective
depth on the lateral tensile strain

(a/d)*®

&= OOSW

(5.15)
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From a direct comparison with the finite element analysis results it can be seen in
Figure 5-8 that this equation leads to a reasonable prediction of lateral tensile strain in

the shear span of RC deep beams.
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Figure 5-8-Estimating the lateral tensile strain by Eq. 5.15

5.6.2. DETERMINATION OF FACTOR «

Back analysis was adopted to determine the value of «in Eq. 14 from experimental and
numerical data on RC deep beams. The finite element model was used to determine the
maximum principal concrete compressive strength in the shear span of the beams (see
Table 5-3 and Table 5-4). The effectiveness factor (v) was calculated as the ratio of the
maximum principal compressive strength and uniaxial compressive strength of the
concrete. To account for the effect of shear reinforcement, two different values of «
need to be adopted as shown in Table 5-3 and Table 5-4 for RC deep beams with and
without shear reinforcement. An average value of 400 can be used as « for RC deep
beams without shear reinforcement or with shear reinforcement ratio less than 0.1%,
whilst for RC deep beams with shear reinforcement ratio greater or equal to 0.1% a
value of 450 can be used as «. In this context, the shear reinforcement can be taken
either as the vertical or horizontal shear reinforcement or a combination thereof.
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Table 5-3 Summary of finite element analysis of RC deep beams with shear reinforcement

Principal
Specimen | f. (MPa) a/d d (mm) concrete a
strength (MPa)

A2 85.7 1.67 330 28 435

A3 85.1 1.67 330 29 451

B2 86.6 1.29 330 32 462

B3 88.1 1.29 330 34 489

D2 59.7 1.67 330 24 410

D3 58.1 1.67 330 25 430

E2 59.1 1.29 330 26 416

E3 59.2 1.29 330 29 463

F2 60.6 0.91 330 34 488 >
F3 59.5 0.91 330 34 490 S
Gl 30.9 1.67 330 23 467 8
G2 305 1.29 330 24 457 T
G3 313 0.91 330 25 429 &
BH-S-30 30 0.75 710 25 396 ™
BH-S-55 55 0.75 710 36 476

BH-S-80 80 0.75 710 39 466

BH-M-30 30 1.3 710 23 449

BH-M-55 55 13 710 28 451

BH-M-80 80 1.3 710 32 471

BH-B-30 30 2 710 19 407

BH-B-55 55 2 710 25 472

BH-B-80 80 2 710 27 458
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Table 5-4 Summary of finite element analysis of RC deep beams without shear

reinforcement

Principal
Specimen | f. (MPa) a/d d (mm) concrete o
strength (MPa)

Al 85.2 1.67 330 27 420

Bl 86.9 1.29 330 31 447

C1 85.7 0.91 330 34 444

D1 58.8 1.67 330 21 360

El 58.2 1.29 330 24 385

F1 60.5 0.91 330 28 402

H1 35.8 1.67 449 21 356 >
H2 35.8 1.65 328 18 307 S
H3 35.8 1.64 219 17 290 8
BN-5-30 | 30 0.75 710 23 365 T
BN-S-55 55 0.75 710 32 431 8
BN-S-80 80 0.75 710 38 451 @
BN-M-30 30 1.3 710 22 421

BN-M-55 55 1.3 710 25 413

BN-M-80 80 1.3 710 30 434

BN-B-30 30 2 710 18 385

BN-B-55 55 2 710 23 423

BN-B-80 80 2 710 26 436

5.6.3. NODE STRENGTH FACTOR

An accurate estimation of node strengths is also crucial for safe design solutions. For the
bottom node which is C-C-T, most codes of practice recommend using a strength which
is lower than the uniaxial concrete strength due to presence of a tie in this node. In
reality, concrete strength reduces due to the presence of lateral tensile strain and cracks.
However, in this region there is no cracking, which means that the tensile stress is
always below the concrete tensile strength. Hence, it is still safe to use the uniaxial
compressive strength of the concrete without any reduction in estimating the strength of

the node.
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The strength of the top node (C-C-C) is expected to be higher than the uniaxial concrete
strength because it is fully confined. Therefore, a factor with a value higher than one can
be used to account for this confinement. Richart et al. [133] provide a simple equation
(Eq.5.16) that can estimate the strength of the concrete when subjected to lateral
compressive strength. This equation can be applied in the top node to calculate the node

factor (Eq. 5.17) that needs to be used to estimate the effective strength.
f.="f +41c, (5.16)

Where f.. and o7 is confined concrete strength and lateral compressive stress,
respectively. If the strut stress vf; is used for o1 and resolved in the vertical direction, the

following node factor is developed

Vyoge = (14 4.1vsin 6) (5.17)

5.6.4. EVALUATION OF PROPOSED MODEL

The shear strength prediction according to the implementation of the STM using the
proposed concrete effectiveness factor (including lateral tensile strain predictions) and
the factors for estimating the strength of the nodes is shown in Figure 5-9 and
summarized in Figure 5-5 and Figure 5-6 for RC deep beams with and without shear
reinforcement, respectively. The use of the proposed model yields overall less
conservative predictions with lower standard deviations. This can lead to more
economical design solutions, yet maintaining an appropriate level of safety as shown in
Table 5-2.
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Figure 5-9-Shear strength prediction by STM with using the proposed concrete
effectiveness factor

Figure 5-10 and Figure 5-11 show the effect of shear span to depth ratio, concrete
compressive strength and member depth (i.e. size effect) on the performance of the three
codes of practice discussed in this paper, along with the proposed effectiveness factor
for RC deep beams with and without shear reinforcement, respectively. It can be seen
that ACI 318-14 which neglects the influence of both shear span to depth ratio, concrete
compressive strength and member depth, offer the less reliable predictions. The EC2 and
Model Code 2010, though they include the effect of concrete compressive strength, do
not sufficiently account for the effect of this parameter and they do not account for the
effect of shear span to depth ratio, as evidenced by their variable degree of
conservatism. The use of the proposed effectiveness factor accounts for the effect of
these parameters more accurately and leads to a more uniform performance level for

both RC deep beams with and without shear reinforcement.
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Figure 5-10-Effect of a) shear span to depth ratio b) concrete strength and c) depth on the
performance of different effectiveness factor (with shear reinforcement)
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Figure 5-11-Effect of a) shear span to depth ratio b) concrete strength and c¢) depth on the
performance of different effectiveness factor (No shear reinforcement)

5.7. CONCLUSIONS
The main conclusions of this research study can be summarized as follows:

1. A tie-arch mechanism is the main resisting mechanism in RC deep beams with
and without shear reinforcement and can be best represented by the strut-and-tie
model.

2. The selection of an appropriate strut-and-tie model and size of its elements is
critical for accurate shear capacity predictions.

3. The effectiveness factor models based on the modified compression field theory

show poor correlation against the experimental results, with a large scatter and
high coefficients of variation.
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4. The STM provision and the effectiveness factors of EC2, ACI 318-14 and Model
Code 2010 do not ensure adequate safety levels (after application of safety
factors) for RC deep beams without shear reinforcement.

5. A new model which utilises a concrete effectiveness factor based on predicted
lateral strain is proposed. The use of the proposed model leads to less
conservative yet safe predictions, and can accurately account for the effect of
concrete compressive strength, shear span to depth ratio, shear reinforcement and

member depth.
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CHAPTER 6. CONCLUSIONS AND
RECOMMENDATIONS FOR FUTURE
WORK

6.1. SUMMARY AND CONCLUSIONS

The main aim of this work was to develop better understanding of the behaviour and
capacity of RC Deep beams. This was achieved through the use of an extensive
experimental programme and numerical analysis. The results were used to develop a
unified strut-and-tie model and propose an accurate and reliable effectiveness factor for
designing RC deep beams. This chapter gives a brief summary of the work carried out in

this study and reports the main conclusions.

6.1.1. EXPERIMENTAL PROGRAMME AND CODE
COMPARISON

A total of 24 RC deep beams were tested in four-point bending to investigate the effect
of concrete compressive strength, shear span to depth ratio, shear reinforcement and
member depth on the shear behaviour and capacity of RC deep beams. Based on the
results, the STM provisions of EC2, ACI318-14 and Model Code 2010 were evaluated,
and the following conclusions can be drawn:

1. Shear span to depth ratio is the most important parameter that controls behaviour
and shear capacity of RC deep beams.

2. Concrete compressive strength has more influence on the shear strength of deep
beams than shear reinforcement. However, the presence of shear reinforcement
is crucial in controlling crack propagation and providing ductility to deep beams.

3. There is a pronounced size effect on the average shear strength (V/bd) of deep
beams; however, the first diagonal crack strength is not very size dependent.

4. The effectiveness factor is dominated by concrete compressive strength but it is

also influenced by the shear span to depth ratio. ACI 318-14 provisions neglect
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the effect of these two parameters in estimating the effective concrete strength of
the inclined strut and as a result lead to unconservative predictions.

5. There is a difference of about 15% to 20% on the experimental effectiveness
factor of deep beams with and without shear reinforcement. Amongst the models
examined in this paper, ACI 318-14 is currently the only code of practice that
accounts for the effect of shear reinforcement on the effectiveness factor. The
EC2 and Model code 2010 should be modified to account for the effect of shear
reinforcement on controlling crack growth.

6. Shear strength predictions by the STM with the provisions of both EC2 and
Model Code 2010 are generally conservative; however, their conservatism
reduces with increasing shear span to depth ratio because these two codes
neglect the effect of shear span to depth ratio on the concrete effectiveness

factor.

6.1.2. NUMERICAL ANALYSIS AND PARAMETRIC STUDY

An extensive numerical investigation was carried out using ABAQUS. The performance
of the built-in smeared crack model and concrete damage plasticity model were
examined and then the microplane M4 material model was implemented as a user
subroutine in the program to better simulate the performance of RC deep beams. The
microplane M4 model was validated against experimental results of 20 RC deep beams.
A parametric study was then carried out to investigate the effect of shear span to depth
ratio and concrete compressive strength for RC deep beams with and without shear
reinforcement. Based on the results of the numerical investigation and parametric study,

the following conclusions can be drawn:

1. The smeared crack and damage plasticity models are unable to realistically
simulate the shear behaviour of RC deep beams. This is because these models
cannot predict realistically shear deformation in discontinuity regions.

2. The implementation of the microplane material model M4 in ABAQUS led to
reasonably accurate predictions of the overall behaviour of the RC deep beams

analyzed; however, local strain values were generally underestimated because a
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5.

smeared approach is unable to realistically simulate the tension stiffening of the

concrete.

Concrete compressive strength and shear span to depth ratio are the key
parameter affecting the concrete effectiveness factor in the shear span of deep
beams.

Minimum shear reinforcement can enable a better distribution of stresses within
the shear span, control tensile strain and increase the effectiveness of the
concrete by up to 15%.

An accurate model to estimate the effectiveness factor should include the effect

of concrete strength, shear span to depth ratio and shear reinforcement.

6.1.3. STRUT-AND-TIE MODEL AND PROPOSED
EFFECTIVENESS FACTOR

The performance of the different effectiveness factors for the inclined strut in the strut-

and-tie model were evaluated against a database of experimental results of RC deep

beams. On the basis of this analysis, a more reliable effectiveness factor model based on

lateral tensile strain in the shear span was proposed to estimate the effective strength of

inclined strut along with the node factors to predict the effective strength of the nodes.

The main conclusions of this research study can be summarized as follows:

1.

A tie-arch mechanism is the main resisting mechanism in RC deep beams with
and without shear reinforcement and can be best represented by the strut-and-tie
model.

The selection of an appropriate strut-and-tie model and size for its elements is
critical for accurate shear capacity predictions.

The effectiveness factor models based on the modified compression field theory
show poor correlation against the experimental results, with a large scatter and

high coefficients of variation.
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4.

The STM provision and the effectiveness factors of EC2, ACI 318-14 and Model
Code 2010 do not ensure adequate safety levels (after application of safety
factors) for RC deep beams without shear reinforcement.

The use of the proposed model leads to less conservative yet safe predictions
with the lowest standard deviations of 0.26 for both RC deep beams with and
without shear reinforcement and can more accurately account for the effect of
concrete compressive strength, shear span to depth ratio, shear reinforcement and

member depth.

6.2. RECOMMENDATION FOR FUTURE WORK

Based on work conducted as part of this research programme the following

recommendations for future work are reported:

1.

More experimental work is required to investigate the effect of different
parameters such as main flexural reinforcement ratio and type and distribution of
loading on the behavior and capacity of RC deep beams.

More experimental work is needed to be done to investigate the effect of shear
reinforcement on the size effect of RC deep beams.

The finite element model (using microplane model M4) needs to be further
validated against experimental results, especially for RC slender beams as the
shear resisting mechanisms are different from those developed in RC deep
beams.

Mesh sensitivity techniques such as non-local or crack band model could be
implemented in the microplane model M4 to yield more reliable results. These
models can also better control crack propagation and compressive post peak
behaviour.

The proposed effectiveness factors for strut-and-tie model need to be further
validated using additional experimental work, including tests on more realistic

elements such as T-beams and beams subjected to distributed load.
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6. More sophisticated experimental work needs to be done on the distribution of
strain/stress in the shear span and the depth of the compression zone in RC deep
beams. This is to more realistically specify the size of both inclined and
compression zone struts in the strut-and-tie model.

7. More research is required to examine the current shear provisions of EC2 for RC
slender beams with shear reinforcement and assess/include the possible

contribution of concrete to the total shear resistance.
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APPENDIX A. DATABASE

Table A-1-Slender beams without shear reinforcement

b fu Top Bottom

# Author Specimen h(mm) | d(mm) (m a (mm) a/d P i Ga plate plate Ver.

m) (MPa) (MPa) (mm) \(an]t:;? ‘Evnlq(:;r)] (kN)

1 Clark [103] A0-1 457 404 203 914 2.26 215 0.0094 370 15 89 89 89.0

2 A0-2 457 408 203 914 2.24 26.0 0.0093 370 15 89 89 107.9
3 Laupa & Seiss S2 305 269 152 1295 481 26.9 0.0208 284 25 10 10 425

[134]
4 S3 305 265 152 1295 4.89 32.3 0.0252 410 25 10 10 53.1
5 S4 305 263 152 1295 4.92 30.8 0.0321 309 25 10 10 55.6
6 S5 305 262 152 1295 4.94 29.9 0.0411 315 25 10 10 49.8
7 S11 305 267 152 1295 4.85 14.8 0.0190 328 25 10 10 33.8
8 S13 305 262 152 1295 4.94 26.2 0.0411 304 25 10 10 49.8
9 ;éverage 203 178 102 765 4.30 23.9 0.0316 359 25 10 10 19.6
10 T-5a 203 178 102 765 4.30 23.9 0.0219 317 25 10 10 22.2
11 T-5b 203 178 102 765 4.30 239 0.0219 317 25 10 10 22.7
12 T-5¢ 203 178 102 765 4.30 239 0.0219 317 25 10 10 231
13 T-6b 203 178 102 765 4.30 21.6 0.0140 331 25 10 10 19.3
14 T-12a 203 178 147 765 4.30 33.7 0.0220 359 25 10 10 35.6
15 T-12b 203 178 147 765 4.30 33.7 0.0220 359 25 10 10 33.8
16 T-12¢ 203 178 147 765 4.30 33.7 0.0220 359 25 10 10 32.0
17 T2-Ma 305 269 152 915 3.40 29.8 0.0139 331 25 10 10 42.3
18 T2-Mb 305 269 152 915 3.40 217 0.0139 331 25 10 10 44.5
19 Moody et al A-Al 350 262 178 800 3.05 30.3 0.0217 483 25 102 102 60.7
[104]

20 A-A2 350 267 178 800 3.00 31.0 0.0215 483 25 102 102 67.4
21 A-A3 350 268 178 800 2.99 31.0 0.0222 483 25 102 102 76.3
22 A-Ad 350 270 178 800 2.96 315 0.0237 483 25 102 102 71.8
23 A-B1 350 267 178 800 3.00 21.2 0.0162 483 25 102 102 56.9
24 A-B2 350 268 178 800 2.99 21.6 0.0163 483 25 102 102 60.7
25 A-B3 350 270 178 800 2.96 19.2 0.0160 483 25 102 102 56.3
26 A-B4 350 272 178 800 2.94 16.8 0.0166 483 25 102 102 56.3
27 A-C1 350 268 178 800 2.99 6.3 0.0081 483 25 102 102 20.7
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b fu Top Bottom
# Author Specimen h(mm) | d(mm) (m a (mm) a/d P (,VT’V_.,“ a) (n?r?w) mzﬁ] \ZIIZ:?] zlke,i‘p)
m) (MPa) (mm) (mm)
28 A-C2 350 272 178 800 2.94 6.1 0.0083 483 25 102 102 25.1
29 A-C3 350 273 178 800 2.93 6.9 0.0080 483 25 102 102 26.0
30 A-C4 350 274 178 800 292 6.8 0.0082 483 25 102 102 25.8
31 B-B1 350 268 152 914 341 36.7 0.0189 483 25 203 203 58.5
32 B-B2 350 268 152 914 341 16.7 0.0189 483 25 203 203 36.3
33 B-B3 350 268 152 914 341 25.8 0.0189 483 25 203 203 53.0
34 B-B4 350 268 152 914 341 15.4 0.0189 483 25 203 203 41.2
35 B-B5 350 268 152 914 341 30.7 0.0189 483 25 203 203 52.7
36 B-B6 350 268 152 914 341 15.8 0.0189 483 25 203 203 35.2
37 B-B7 350 268 152 914 341 30.9 0.0189 483 25 203 203 51.9
38 B-B8 350 268 152 914 341 12.2 0.0189 483 25 203 203 318
39 B-B9 350 268 152 914 341 41.2 0.0189 483 25 203 203 54.1
40 B-B10 350 268 152 914 341 24.0 0.0189 483 25 203 203 49.6
41 B-B11 350 268 152 914 341 38.1 0.0189 483 25 203 203 60.8
42 B-B12 350 268 152 914 341 20.2 0.0189 483 25 203 203 489
43 B-B13 350 268 152 914 3.41 37.8 0.0189 483 25 203 203 56.3
44 B-B14 350 268 152 914 341 22.6 0.0189 483 25 203 203 439
45 B-B15 350 268 152 914 3.41 37.4 0.0189 483 25 203 203 51.9
46 B-B16 350 268 152 914 341 16.3 0.0189 483 25 203 203 385
47 Ferguson [135] F2 210 189 101 610 3.23 29.3 0.0210 483 6 25 25 22.2
48 Morrow & B28-A6 406 353 305 711 2.01 47.2 0.0383 483 6 102 102 334.7
Viest [106]
49 B40-B4 406 368 305 1016 2.76 34.8 0.0185 483 6 102 102 157.6
50 B56-B2 406 368 305 1422 3.86 14.7 0.0185 483 6 102 102 103.2
51 B56-E2 406 368 305 1422 3.86 14.7 0.0058 483 6 102 102 82.7
52 B56-A4 406 375 305 1422 3.79 25.0 0.0241 483 6 102 102 140.9
53 B56-B4 406 368 305 1422 3.86 27.2 0.0185 483 6 102 102 125.4
54 B56-E4 406 368 305 1422 3.86 28.4 0.0124 483 6 102 102 112.1
55 B56-A6 406 356 305 1422 3.99 39.9 0.0379 483 6 102 102 181.1
56 B56-B6 406 372 305 1422 3.82 457 0.0183 483 6 102 102 139.8
57 B70-B2 406 365 305 1778 4.87 16.3 0.0186 483 6 102 102 93.1
58 B70-A4 406 368 305 1778 4.83 27.2 0.0246 483 6 102 102 136.4
59 B70-A6 406 356 305 1778 4.99 45.0 0.0383 483 6 102 102 182.1
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b fu Top Bottom
# Author Specimen h(mm) | d(mm) (m a (mm) a/d P (IvaPk a) (n(wj?n) \?v:z;i v‘;:zm Xm")
m) (MPa) (mm) (mm)
60 B84-B4 406 363 305 2134 5.88 27.2 0.0188 483 6 102 102 116.4
61 B113-B4 406 365 305 2870 7.86 32.6 0.0186 483 6 102 102 111.6
62 Chang & 1A1 152 137 102 533 3.89 27.6 0.0289 328 25 64 64 19.9
Kesler [107]
63 1B1 152 137 102 330 241 27.6 0.0186 328 25 64 64 19.6
64 1c2 152 137 102 432 3.15 27.6 0.0237 328 25 64 64 19.6
65 1C2 152 137 102 432 3.15 27.6 0.0237 328 25 64 64 17.8
66 1AL 152 137 102 432 3.15 17.7 0.0186 328 25 64 64 17.0
67 A2 152 137 102 432 3.15 17.7 0.0186 328 25 64 64 17.3
68 11B1 152 137 102 533 3.89 17.7 0.0237 328 25 64 64 16.6
69 lic1 152 137 102 330 241 17.7 0.0289 328 25 64 64 17.8
70 1AL 152 137 102 533 3.89 14.9 0.0237 328 25 64 64 17.0
71 11B1 152 137 102 432 3.15 14.9 0.0186 328 25 64 64 15.3
72 11B2 152 137 102 432 3.15 14.9 0.0186 328 25 64 64 15.5
73 1c1 152 137 102 330 241 14.9 0.0289 328 25 64 64 18.4
74 4-21a 152 137 102 483 3.53 38.6 0.0289 328 25 64 64 211
75 4-21b 152 137 102 483 3.53 38.6 0.0186 328 25 64 64 24.6
76 4-22a 152 137 102 483 3.53 31.9 0.0186 328 25 64 64 21.4
7 4-22b 152 137 102 483 3.53 317 0.0186 328 25 64 64 23.4
78 4-23a 152 137 102 483 3.53 32.2 0.0186 328 25 64 64 216
79 4-23b 152 137 102 483 3.53 32.2 0.0186 328 25 64 64 225
80 5-21a 152 137 102 483 3.53 32.2 0.0289 328 25 64 64 28.9
81 5-21b 152 137 102 483 3.53 32.2 0.0289 328 25 64 64 215
82 5-22a 152 137 102 483 3.53 31.2 0.0289 328 25 64 64 22.4
83 5-22b 152 137 102 483 3.53 31.2 0.0289 328 25 64 64 25.9
84 5-23a 152 137 102 483 3.53 321 0.0289 328 25 64 64 245
85 5-23b 152 137 102 483 3.53 32.1 0.0289 328 25 64 64 23.4
86 Rodrigez et al E3N1 368 318 152 813 2.56 25.2 0.0159 483 25 102 102 109.5
[109]
87 E3N2 368 318 152 813 2.56 233 0.0159 483 25 102 102 102.3
88 C3N1 368 318 152 813 2.56 23.1 0.0159 483 25 102 102 65.9
89 C3N2 368 318 154 813 2.56 22.7 0.0159 483 25 102 102 104.8
90 E2N1 368 318 157 1295 4.07 29.0 0.0159 483 25 102 102 55.3
91 E2N2 368 318 152 1295 4.07 20.8 0.0159 483 25 102 102 57.2

160




APPENDIXA  DATABASE

) b fe f d ;;I;g{)e B;?lt;?em v,
# Author Specimen h(mm) | d(mm) ("rs a (mm) a/d P (M’V_.,k a) (mr?w) width width (m’)
(MP2) mm | (mm)
92 E2N3 368 321 156 1295 4.03 23.0 0.0159 483 25 102 102 475
93 C2N1 368 318 156 1295 4.07 26.1 0.0159 483 25 102 102 54.6
94 C2N2 368 318 152 1295 4.07 18.6 0.0159 483 25 102 102 53.5
95 Sozen et al A32.19 305 229 155 914 3.99 34.4 0.0032 1434 38 10 10 25.2
[136]
96 B.31.15 305 259 152 914 353 40.1 0.0059 1434 38 10 10 19.6
97 B.32.11 305 264 152 1372 5.20 36.0 0.0038 1434 38 10 10 242
98 B.32.19 305 259 152 914 353 29.9 0.0055 1434 38 10 10 234
99 B.32.31 305 259 152 914 3.53 18.8 0.0055 1434 38 10 10 16.9
100 B.32.34 305 257 152 914 3.56 17.3 0.0055 1434 38 10 10 215
101 B.32.41 305 269 152 914 3.40 22.6 0.0095 1434 38 10 10 35.6
102 B32.54 305 264 152 914 3.46 22.1 0.0124 1434 38 10 10 32.1
103 De Cassio & L-1 305 252 152 508 2.02 21.0 0.0336 303 25 152 152 116.1
Seiss [110]

104 L-2 305 252 152 762 3.02 215 0.0336 310 25 152 152 75.6
105 L-2A 305 252 152 762 3.02 36.7 0.0336 283 25 152 152 80.1
106 L-3 305 252 152 1016 4.03 28.0 0.0336 310 25 152 152 53.4
107 L-4 305 252 152 1270 5.04 25.8 0.0336 303 25 152 152 51.2
108 L-6 305 252 152 1778 7.06 30.6 0.0336 317 25 152 152 46.9
109 L-1R 305 252 152 508 2.02 21.0 0.0336 303 25 152 152 164.6
110 L-2R 305 252 152 762 3.02 215 0.0336 310 25 152 152 4.7
111 L-2aR 305 252 152 762 3.02 36.7 0.0336 283 25 152 152 92.5
112 L-3R 305 252 152 1016 4.03 28.0 0.0336 310 25 152 152 62.0
113 A-l 305 252 152 508 2.02 28.1 0.0098 459 25 305 305 73.4
114 A2 305 254 152 762 3.00 315 0.0098 469 25 305 305 41.8
115 A-3 305 254 152 1016 4.00 19.4 0.0098 452 25 305 305 34.2
116 A-4 305 254 152 1270 5.00 26.8 0.0098 459 25 305 305 35.1
117 A-12 305 254 152 762 3.00 26.1 0.0333 314 25 305 305 58.9
118 A-13 305 254 152 1016 4.00 22.1 0.0333 393 25 305 305 46.9
119 A-14 305 254 152 1270 5.00 275 0.0333 364 25 305 305 54.7
120 A-15 305 254 152 1524 6.00 25.0 0.0333 332 25 305 305 49.4
121 D-15 305 252 152 559 2.22 26.6 0.0101 461 25 152 152 735
122 D-14 305 252 152 559 222 321 0.0101 462 25 152 152 76.9
123 D-16 305 252 152 559 222 39.7 0.0101 586 25 152 152 90.5

161




APPENDIXA  DATABASE

. b fa f d ;gfe B;Itatl?em v,
# Author Specimen h(mm) | d(mm) :rrS a (mm) a/d P (MyPk a) (m?n) width width (ke’i“’)’
(MPa) mm | (mm)
124 D-13 305 252 152 699 2.77 19.2 0.0101 464 25 152 152 49.1
125 D-17 305 252 152 699 2.77 41.2 0.0101 586 25 152 152 59.7
126 Bower & Viest IA-1a 356 306 152 762 2.49 22.8 0.0159 324 6 102 102 59.2
[137]

127 1A-1b 356 314 152 762 243 30.0 0.0159 323 6 102 102 76.9
128 11B-1 356 318 152 1067 3.36 24.7 0.0153 323 6 102 102 45.4
129 11B-2 356 311 152 1219 3.92 20.9 0.0156 320 6 102 102 40.7
130 11B-3 356 308 152 1372 4.45 19.7 0.0158 321 6 102 102 36.9
131 1A-2a 356 311 152 1016 3.27 24.8 0.0159 308 25 102 102 73.1
132 1A-2b 356 311 152 1016 3.27 24.4 0.0159 319 25 102 102 39.7
133 1A-3a 356 311 152 1270 4.08 21.7 0.0159 326 25 102 102 52.0
134 1A-3b 356 305 152 1270 4.16 245 0.0159 323 25 102 102 60.5
135 1A-4a 356 305 152 1524 5.00 22.8 0.0159 321 25 102 102 51.0
136 |1A-4b 356 311 152 1524 4.90 21.9 0.0159 319 25 102 102 46.0
137 IA-5a 356 308 152 1270 4.12 23.9 0.0159 317 25 102 102 41.4
138 |A-5b 356 308 152 1270 4.12 215 0.0159 323 25 102 102 49.4
139 |1A-6a 356 305 152 1016 3.33 215 0.0159 308 25 102 102 41.9
140 |1A-6b 356 305 152 1016 3.33 243 0.0159 323 25 102 102 66.0
141 1A-7h 356 305 152 762 2.50 22.6 0.0159 317 25 102 102 57.0
142 |1A-8a 356 311 152 1100 3.54 241 0.0159 307 25 102 102 49.4
143 1A-8b 356 305 152 1100 3.61 215 0.0159 319 25 102 102 57.1
144 1B-1 356 305 152 813 2.67 22.2 0.0159 326 25 102 102 56.7
145 1B-2 356 305 152 1016 3.33 21.2 0.0159 330 25 102 102 65.2
146 1B-3 356 305 152 1016 3.33 228 0.0159 319 25 102 102 60.2
147 lla-1a 356 308 152 914 297 22.8 0.0159 319 25 102 102 61.7
148 lla-1b 356 318 152 914 2.87 255 0.0159 324 25 102 102 93.7
149 lla-2 356 312 152 1219 391 21.6 0.0159 319 25 102 102 67.3
150 11A-3 356 312 152 1524 4.88 21.7 0.0159 320 25 102 102 51.5
151 11A-4a 356 305 152 1829 6.00 20.0 0.0159 319 25 102 102 375
152 11A-4b 356 292 152 1829 6.26 229 0.0159 323 25 102 102 425
153 lIA-5 356 292 152 2743 9.39 23.6 0.0159 323 25 102 102 40.8
154 11A-8 356 292 152 2134 7.31 18.4 0.0159 307 25 102 102 36.4
155 1HA-9 356 292 152 2438 8.35 21.2 0.0159 328 25 102 102 42.3
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) b fe i d ;;I;g{)e B;?lt;?em v,
# Author Specimen h(mm) | d(mm) ("rs a (mm) a/d P (M’V_., a) (mr?w) width width (m’)
(MP2) mm | (mm)
156 Leonhardt & P2 162 142 503 490 3.45 134 0.0095 427 30 45 45 76.2
Walther [53]

157 P3 162 142 502 490 3.45 134 0.0111 427 30 45 45 81.1
158 P4 165 145 500 490 3.38 145 0.0140 427 30 45 45 100.8
159 P5 165 145 503 490 3.38 134 0.0186 427 30 45 45 100.8
160 P8 168 148 502 490 331 249 0.0091 427 30 45 45 88.0
161 P9 166 146 500 490 3.36 249 0.0186 427 30 45 45 105.8
162 P10 122 102 503 350 343 12.4 0.0110 427 30 45 45 59.3
163 P11 203 183 498 630 3.44 13.7 0.0111 427 30 45 45 101.2
164 P12 162 142 501 350 2.46 12.6 0.0095 427 30 45 45 100.5
165 4L 320 270 190 670 248 324 0.0207 465 30 100 100 81.6
166 4R 320 270 190 670 248 324 0.0207 465 30 100 100 87.0
167 51 320 270 190 810 3.00 324 0.0207 465 30 100 100 60.3
168 5r 320 270 190 810 3.00 324 0.0207 465 30 100 100 76.5
169 61 320 270 190 1100 4.07 324 0.0207 465 30 100 100 60.8
170 6r 320 270 190 1100 4.07 324 0.0207 465 30 100 100 68.2
171 7-1 320 278 190 1390 5.00 339 0.0201 465 30 100 100 62.3
172 7-2 320 278 190 1390 5.00 339 0.0201 465 30 100 100 68.2
173 8-1 320 278 190 1668 6.00 34.0 0.0201 465 30 100 100 65.7
174 8-2 320 274 190 1644 6.00 34.0 0.0204 465 30 100 100 65.7
175 9-1 323 273 190 1890 6.92 349 0.0205 465 30 100 100 58.9
176 9-2 323 273 190 1890 6.92 36.0 0.0205 465 30 100 100 58.9
177 D1/1 80 70 50 210 3.00 35.1 0.0171 451 15 30 30 7.3
178 D1/2 80 70 50 210 3.00 35.1 0.0171 451 15 30 30 7.2
179 D2/1 160 140 100 420 3.00 31.3 0.0162 427 15 50 50 21.2
180 D2/2 160 140 100 420 3.00 313 0.0162 427 15 50 50 23.2
181 D3/1 240 210 150 630 3.00 33.8 0.0162 413 15 75 75 46.4
182 D3/21 240 210 150 630 3.00 338 0.0162 413 15 75 75 429
183 D3/2r 240 210 150 630 3.00 33.8 0.0162 413 15 75 75 429
184 D4/1 320 280 200 840 3.00 34.6 0.0168 439 15 100 100 74.1
185 D4/21 320 280 200 840 3.00 34.6 0.0168 439 15 100 100 713
186 Da/2r 320 280 200 840 3.00 34.6 0.0168 439 15 100 100 713
187 C1 180 150 100 450 3.00 38.3 0.0129 425 30 60 60 21.6

163




APPENDIXA  DATABASE

. b fa f d ;gfe B;Itatl?em v,
# Author Specimen h(mm) | d(mm) :rrS a (mm) a/d P (MyPk a) (m?n) width width (ke’i“’)’
(MPa) mm | (mm)
188 c2 330 300 150 900 3.00 38.3 0.0128 425 30 80 80 64.7
189 C3 500 450 200 1350 3.00 38.3 0.0128 425 30 120 120 101.5
190 C4 670 600 225 1800 3.00 38.3 0.0128 425 30 120 120 152.1
191 EAl 320 270 190 750 2.78 22.2 0.0182 439 30 100 100 58.4
192 EA2 320 270 190 750 2.78 22.2 0.0178 490 30 100 100 74.6
193 E6 320 270 190 750 2.78 27.6 0.0247 426 30 100 100 91.2
194 13/1 323 273 190 625 2.29 37.3 0.0205 465 30 100 100 106.6
195 13/2 322 272 189 625 2.30 37.3 0.0207 465 30 100 100 106.7
196 14/1 323 273 190 750 2.75 36.2 0.0205 465 30 100 100 85.9
197 14/2 323 273 190 750 2.75 36.2 0.0205 465 30 100 100 86.3
198 15/1 322 272 190 1000 3.68 38.3 0.0205 465 30 100 100 80.9
199 15/2 323 273 189 1000 3.66 38.3 0.0206 465 30 100 100 86.0
200 16/1 323 273 190 1250 458 37.8 0.0205 465 30 100 100 84.2
201 16/2 324 274 189 1250 4.56 37.8 0.0205 465 30 100 100 83.7
202 1712 324 274 189 1500 5.47 355 0.0205 465 30 100 100 77.6
203 de Cassio 32-8E 102 83 321 332 4.00 23.2 0.0187 418 12 17 17 32.8
[138]

204 32-8F 102 83 319 330 3.98 21.2 0.0187 418 12 17 17 33.2
205 48-8F 102 83 479 331 3.99 279 0.0198 408 12 17 17 60.7
206 48-8E 102 82 479 329 4,01 26.7 0.0199 459 12 16 16 51
207 64-8F 102 83 639 332 4.00 30.4 0.0188 373 12 17 17 713
208 64-8E 102 87 639 347 3.99 31.2 0.0192 373 12 17 17 67.7
209 32-8D 102 84 320 336 4.00 21.2 0.0185 367 12 17 17 34.1
210 32-8C 102 82 319 326 3.98 23.2 0.0191 367 12 16 16 349
211 48-8D 102 84 479 336 4.00 26.6 0.0194 383 12 17 17 65
212 48-8C 102 83 483 332 4.00 25.2 0.0195 404 12 17 17 58.7
213 64-8C 102 82 640 328 4.00 285 0.0190 383 12 16 16 85.2
214 64-8D 102 81 640 324 4.00 285 0.0195 383 12 16 16 81.6
215 32-8A 102 81 322 324 4.00 23.7 0.0190 383 12 16 16 37.1
216 32-8B 102 81 317 325 4,01 23.7 0.0185 383 12 16 16 38
217 B32-8A 102 80 318 318 3.98 26.8 0.0281 403 12 16 16 49
218 B32-8B 102 80 318 320 4.00 26.8 0.0280 432 12 16 16 51.9
219 C32-8A 102 80 319 320 4.00 26.6 0.0195 394 12 16 16 41.2

164




APPENDIXA  DATABASE

b f Top Bottom
« f, d plate plate V,
: vk a exp.
# Author Specimen h (mm) d (mm) ("rs a (mm) a/d P (MPa) (mm) width width )
(MP2) mm | (mm)
220 C32-8B 102 80 319 318 3.98 26.6 0.0195 394 12 16 16 42.2
221 48-8B 102 82 505 326 3.98 27.8 0.0198 399 12 16 16 65.3
222 48-8A 102 81 479 324 4.00 278 0.0201 410 12 16 16 62
223 64-8A 102 82 640 327 3.99 28.5 0.0190 397 12 16 16 87
224 64-8B 102 81 636 322 3.98 29.2 0.0194 440 12 16 16 855
A2.1-
225 16.8A 203 168 21 450 2.68 346 0.0200 410 12 34 34 4.7
A2.1-
226 16.88 203 168 21 450 2.68 346 0.0200 410 12 34 34 4.7
227 A3-12A 152 122 30 325 2.66 285 0.0198 394 12 24 24 43
228 A3-12B 152 120 30 320 2.67 29 0.0197 394 12 24 24 4.2
229 A3-12C 152 122 30 325 2.66 285 0.0197 396 12 24 24 4.4
A4.25-
230 17A 203 170 42 680 4.00 137 0.0200 408 12 34 34 53
A4.25-
231 178 203 172 42 688 4.00 137 0.0194 408 12 34 34 6
232 B3-12A 152 120 29 480 4.00 29 0.0200 394 12 24 24 4.8
233 B3-12B 152 120 30 480 4.00 29 0.0197 394 12 24 24 4
B4.25-
234 17A 203 170 42 680 4.00 13.4 0.0200 408 12 34 34 55
B4.25-
235 178 203 170 42 680 4.00 13.7 0.0194 408 12 34 34 5.6
C4.25-
236 17A 203 170 42 454 2.67 137 0.0196 421 12 34 34 6.7
C4.25-
237 178 203 170 42 454 2.67 137 0.0196 421 12 34 34 5.9
A47-
238 14.7A 178 147 46 393 2.67 28.3 0.0208 436 12 29 29 9.6
A47-
239 14.78 178 147 46 393 2.67 28.3 0.0208 436 12 29 29 9.8
A4.25-
240 85A 102 86 42 230 2.67 29.7 0.0197 397 12 17 17 5.6
A4.25-
241 858 102 86 42 231 2.69 29.7 0.0197 397 12 17 17 5.8
A4.25-
242 8.5C 102 86 42 230 2.67 29.7 0.0197 397 12 17 17 5.8
243 AB-12A 152 121 60 323 2.67 29.7 0.0194 390 12 24 24 10.6
244 AB-12B 152 122 60 326 2.67 29.7 0.0192 390 12 24 24 10.5
245 AB-12C 152 120 60 321 2.68 29.7 0.0194 390 12 24 24 10.4
246 A8.5-17A 203 171 87 456 2.67 35 0.0192 392 12 34 34 235
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b f Top Bottom
* f d plate plate V,
. Yk a exp.
# Author Specimen h (mm) d (mm) :rrS a (mm) a/d P (MPa) (mm) width width )
(MPa) mm | (mm)
247 A8.5-17B 203 170 85 454 2.67 35 0.0196 392 12 34 34 239
248 A8.5-17C 203 170 86 454 2.67 33.9 0.0195 390 12 34 34 21
A10.4-
249 13.9A 178 139 103 372 2.68 23.9 0.0197 440 12 28 28 215
A10.4-
250 13.98 178 140 103 374 2.67 23.9 0.0196 440 12 28 28 23.8
251 Al12-12A 152 121 120 323 2.67 23.7 0.0195 402 12 24 24 27
252 A12-12B 152 122 120 326 2.67 29.2 0.0196 402 12 24 24 26
253 Al2-12C 152 121 120 323 2.67 31 0.0195 402 12 24 24 23.8
254 A12-12D 152 120 120 320 2.67 31 0.0197 402 12 24 24 237
Al4.7-
255 9.8A 127 99 147 264 2.67 265 0.0196 450 12 20 20 2238
Al4.7-
256 0.88 127 99 146 263 2.66 265 0.0197 450 12 20 20 25.8
257 B12-6A 76 62 120 165 2.66 26 0.0288 434 12 12 12 16.4
258 B12-6B 76 63 120 168 2.67 26 0.0284 434 12 13 13 17.9
259 A12-6A 76 60 121 161 2.68 30 0.0144 392 12 12 12 17
260 Al12-6B 76 62 120 165 2.66 30 0.0192 392 12 12 12 155
261 A12-6C 76 62 122 165 2.66 30 0.0190 392 12 12 12 15.7
262 Al12-6D 76 61 120 163 2.67 24.1 0.0194 404 12 12 12 16.6
263 Al12-6E 76 61 120 164 2.69 30.3 0.0193 404 12 12 12 18.6
D29.4-
264 9.8A 127 100 290 400 4.00 246 0.0290 382 12 20 20 37.8
D29.4-
265 9.88 127 100 294 400 4.00 246 0.0290 382 12 20 20 343
D29.4-
266 9.8C 127 98 293 392 4.00 24.6 0.0246 422 12 20 20 42.9
D29.4-
267 98D 127 99 294 396 4.00 24.6 0.0292 422 12 20 20 475
A29.4-
268 9.8A 127 99 293 264 2.67 272 0.0196 426 12 20 20 50.1
A29.4-
269 9.88 127 99 293 264 2.67 272 0.0196 426 12 20 20 525
C29.4-
270 9.8A 127 99 294 264 2.67 14.9 0.0195 372 12 20 20 36.3
C29.4-
271 988 127 99 294 264 2.67 18 0.0195 372 12 20 20 43.4
B29.4-
272 9.8A 127 98 294 392 4.00 25.6 0.0197 378 12 20 20 418
B29.4-
273 9.88 127 98 294 392 4.00 232 0.0197 378 12 20 20 45.9
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A.8.5-
274 UA 406 341 85 910 2.67 28 0.0186 408 12 68 68 28.6
A.8.5-
275 24B 406 340 87 909 2.67 25.8 0.0180 416 12 68 68 27.6
276 A50-25A 305 253 501 675 2.67 345 0.0181 399 12 51 51 188.7
277 A50-25B 305 252 502 674 2.67 341 0.0185 394 12 50 50 171.2
278 Ruesch et al. X 134 111 90 400 3.60 23.0 0.0265 481 30 10 10 14.6
[139]
279 Y 229 199 120 717 3.60 23.0 0.0265 407 30 10 10 30.1
280 z 302 262 180 947 3.61 242 0.0264 412 30 10 10 54.7
281 Bresler & | 0A-1 556 461 310 1753 3.80 226 0.0181 555 19 127 127 166.8
Scordelis [140]
282 0A-2 561 466 305 2210 4.74 23.7 0.0227 555 19 127 127 177.9
283 0A-3 556 462 307 3124 6.76 376 0.0273 552 19 127 127 189.0
284 Mathey & I1a-17 457 403 203 1524 3.78 29.2 0.0254 505 25 89 89 88.1
Watstein [111]
285 111a-18 457 403 203 1524 3.78 252 0.0254 505 25 89 89 80.7
286 Va-19 457 403 203 1524 3.78 235 0.0093 694 25 89 89 63.3
287 Va-20 457 403 203 1524 3.78 256 0.0093 694 25 89 89 65.9
288 Vib-21 457 403 203 1143 2.84 26.1 0.0084 707 25 89 89 71.4
289 Vib-22 457 403 203 1143 2.84 25.8 0.0084 707 25 89 89 62.4
290 VIb-23 457 403 203 1143 2.84 30.6 0.0084 707 25 89 89 75.1
291 Vla-24 457 403 203 1524 3.78 26.3 0.0047 696 25 89 89 545
292 Vla-25 457 403 203 1524 3.78 25.8 0.0047 696 25 89 89 49.9
293 Krefeld & | 11-4A3 457 390 203 915 2.35 30.6 0.0206 400 25 178 178 109.9
Thurston [113]
294 11-5A3 457 390 203 915 2.35 29.9 0.0309 400 25 178 178 170.4
295 11-11A2 381 314 152 915 291 30.2 0.0341 400 25 178 178 73.4
296 11-12A2 305 238 152 914 3.84 30.1 0.0450 400 25 178 178 64.1
297 111-18A2 381 316 152 915 2.90 193 0.0268 370 25 178 178 63.2
298 111-18B2 381 316 152 915 2.90 19.9 0.0268 370 25 178 178 72.1
299 111-18C2 381 316 152 915 2.90 226 0.0268 370 25 178 178 734
300 111-18D2 381 316 152 915 2.90 22.1 0.0268 370 25 178 178 60.0
301 1V-13A2 381 319 152 914 2.87 19.9 0.0080 379 25 178 178 48.5
302 1V-14A2 305 243 152 914 3.76 20.7 0.0105 379 25 178 178 35.1
303 1V-15A2 381 316 152 915 2.90 201 0.0134 370 25 178 178 45.8
304 1V-15B2 381 316 152 915 2.90 20.7 0.0134 370 25 178 178 52.0
305 1V-16A2 305 240 152 914 3.81 222 0.0177 370 25 178 178 41.8
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# Author Specimen h(mm) | d(mm) :rrS a (mm) a/d P (MyPk a) (m?n) width width (ke’i“’)’
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306 Vi7Az | 305 243 | 152 | o4 376 | 220 0.0209 379 % 178 78 | 440
307 IV-18E2 381 36 | 152 | 95 2.90 198 0.0268 370 % 78 78 | 818
308 V19A2 | 305 20 | 152 | o4 381 | 206 0.0353 370 % 178 178 | 463
300 V20A2 | 305 238 | 152 | 914 384 | 210 0.0452 00 % 78 78 | 507
310 V21Az | 305 238 | 203 | o4 384 19.9 0.0501 400 % 178 78 | 765
31 V2AC 305 24 | 152 | 1219 | 480 | 230 0.0132 394 % 78 78 | 378
32 V3AC 305 26 | 152 | 1219 | 476 | 208 0.0199 379 % 178 78 | 440
33 V-4AC 305 24 | 152 | 1219 | 480 165 0.0263 394 % 78 78 | 378
314 VEAC 305 22 | 152 | 1219 | 484 183 0.0335 370 % 178 178 | 418
315 V-6AC 305 20 | 152 | 1220 | 488 | 228 0.0430 00 % 78 78 | 534
316 V-3ce 305 26 | 152 | 1523 | 595 | 205 0.0199 379 % 178 178 | 3556
37 V-ace 305 4 | 152 | 1524 | 600 | 206 0.0263 394 % 78 78 | 400
318 V5CC 305 22 | 152 | 1524 | 605 | 203 0.0335 370 % 178 178 | 445
319 V-6CC 305 20 | 152 | 1524 | 610 | 206 0.0430 00 % 78 78 | 445
320 V-4EC 305 24 | 152 | 1820 | 720 | 212 0.0263 394 % 178 178 | 418
321 V5GC 305 22 | 152 | 1828 | 7.5 195 0.0335 379 % 178 78 | 396
322 V-6EC 305 250 | 152 | 1828 | 731 191 0.0430 00 % 178 78 | 423
33 V-4GC 305 24 | 152 | 2134 | 840 | 210 0.0263 394 % 78 78 | 369
324 V5GC 305 22 | 152 | 2133 | 846 | 219 0.0335 370 % 178 178 | 418
3% V-66C 305 20 | 152 | 2183 | 853 | 214 0.0430 00 % 78 78 | 405
326 VIl6C 305 %2 | 152 | o4 363 | 201 0.0335 370 % 178 78 | 512
327 e 305 256 | 152 | 915 357 346 0.0199 379 25 178 178 55.6
328 XL”AC 305 54 | 152 | o014 3.60 20.2 0.0263 394 25 178 178 57.8
329 Tanc 305 22 | 152 | ou4 363 | 328 0.0335 370 2 178 178 | 56.9
330 e 305 250 | 152 | o14 366 | 344 0.0430 400 25 178 178 | 60.0
31 VIIIBAC | 305 26 | 152 | 1200 | 476 | 319 0.0199 379 3 78 78 | 534
332 VIl-4AC | 305 24 | 152 | 1219 | 480 | 305 0.0263 394 % 178 78 | 538
33 VIIISAC | 305 2 | 152 | 1200 | 484 | 328 0.0335 370 3 78 78 | 543
334 VIII6AC | 305 250 | 152 | 1220 | 488 | 341 0.0430 00 % 178 78 | 592
335 VIl4cC | 305 24 | 152 | 1524 | 600 | 384 0.0263 394 3 78 78 | 525
336 VIIl5CC | 305 22 | 152 | 1524 | 605 | 374 0.0335 370 % 178 78 | 574
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# Author Specimen h(mm) | d(mm) (m a (mm) a/d P (,VT’V_.,“ a) (n?r?w) mzﬁ] \ZIIZ:E zlke,i‘p)
m) (MPa) (mm) (mm)

337 VIll6cC | 305 20 | 152 | 1524 | 6.10 384 0.0430 400 % 178 78 | 632
338 VINIBEC | 305 2 | 152 | 1828 | 725 374 0,033 370 3 78 78 | 534
339 VIII6EC | 305 20 | 152 | 1828 | 731 338 0.0430 400 % 178 78 | 489
30 IX3AAC | 305 256 | 152 | 915 357 126 0.0199 379 3 78 78 | 405
341 IX4AAC | 305 34 | 152 | oW 360 129 0.0263 394 % 178 78 | 427
2 IXBAAC | 305 22 | 152 | oW 363 54 0,033 370 3 78 78 | 503
3 IX6AAC | 305 20 | 152 | oW 3.66 134 0.0430 400 %5 178 78 | 623
34 TX3AC 305 26 | 152 | 1219 | 476 37 0.0199 379 % 78 78 | 6.9
345 IX4AC 305 254 | 152 | 1219 | 480 129 0.0263 394 %5 178 78 | 400
36 TX5AC 305 2 | 152 | 1219 | 484 | 154 0,033 370 % 78 78 | 436
347 TX6AC 305 250 | 152 | 1220 | 488 124 0.0430 400 %5 178 78 | 40.9
8 TX3CC 305 26 | 152 | 1523 | 595 22 0.0199 379 % 78 78 | 3Ll
349 TX-4CC 305 254 | 152 | 1524 | 6.00 71 0.0263 394 %5 178 78 | 3.1
350 TX5CC 305 22 | 152 | 1524 | 605 47 0,033 370 % 78 78 | 2
351 TX6CC 305 250 | 152 | 1524 | 6.0 137 0.0430 400 %5 178 78 | 396
352 X*C 533 483 | 203 | 155 | 316 168 0.0156 394 % 78 78 | a5
353 XI*PCa | 305 250 | 152 | 1828 | 731 363 0.0430 400 %5 178 178 | 534
354 XI*PCb | 305 20 | 152 | 1828 | 74l 363 0.0430 200 3 78 78 | 534
355 s1*0Ca | 305 254 | 152 | 1524 | 6.00 357 0.0263 394 %5 178 178 | 485
356 P 305 254 | 152 | 1524 | 6.00 39.0 0.0263 394 25 178 178 525
357 SC'L* 508 456 | 254 | 1830 | 401 38.3 0.0222 370 25 178 178 | 1468
358 P 508 456 | 254 | 1830 | 401 38.3 0.0222 370 25 178 178 | 1334
350 | Kani [20] % 305 271 | 152 | 543 2.00 % 0.0187 3% 19 152 152 | 1041
360 % 305 271 | 152 | 543 2,00 7 0.0187 3% 9 52 2 | 781
361 27 305 271 | 152 | 678 250 0 0.0187 3% 19 152 52 | 514
362 28 305 271 | 152 | 678 250 2 0.0187 3% 9 52 2 | 543
363 29 305 271 | 152 | 1221 | 451 % 0.0187 350 19 152 2 | 429
364 0 305 271 | 12 | 1221 | 451 % 0.0187 30 9 52 2 | 463
365 E3 305 260 | 155 | 953 354 % 0.0182 291 19 152 2 | 449
366 3% 305 273 | 153 | 953 3.49 % 0.0182 291 9 52 52 | 516
367 0 152 0 | 152 | 747 535 264 0.0259 368 19 152 2 | 320
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368 41 152 141 152 340 241 27.2 0.0261 381 19 152 152 51.4
369 43 152 137 151 813 5.93 28.0 0.0273 392 19 152 152 29.1
370 45 152 133 151 272 2.05 255 0.0283 392 19 152 152 64.6
371 47 152 132 151 678 5.13 45.4 0.0284 392 19 152 152 28.2
372 48 152 133 151 678 5.09 24.8 0.0282 392 19 152 152 27.1
373 52 152 138 152 544 3.93 24.8 0.0269 392 19 152 152 28.9
374 55 152 135 150 406 3.02 251 0.0280 392 19 152 152 32.6
375 56 152 137 153 476 3.46 27.2 0.0267 403 19 152 152 28.0
376 57 152 139 153 747 5.39 26.4 0.0261 375 19 152 152 31.6
377 58 152 138 152 476 3.44 27.2 0.0266 417 19 152 152 28.9
378 59 152 140 154 373 2.67 26.6 0.0263 392 19 152 152 50.2
379 60 152 139 155 407 293 26.8 0.0264 392 19 152 152 39.3
380 81 305 274 153 1628 593 275 0.0276 343 19 152 152 51.2
381 83 305 271 156 814 3.00 274 0.0274 343 19 152 152 64.9
382 84 305 271 151 1085 4.00 27.4 0.0284 342 19 152 152 55.4
383 91 305 269 154 1628 6.06 27.4 0.0270 364 19 64 64 51.0
384 93 305 273 155 1763 6.46 30.3 0.0266 372 19 152 152 53.8
385 95 305 275 153 678 2.47 253 0.0275 338 19 152 152 72.7
386 96 305 275 153 1085 3.94 253 0.0276 335 19 64 64 56.3
387 97 305 276 152 815 2.95 27.2 0.0268 366 19 64 64 62.5
388 98 305 275 153 679 2.47 26.2 0.0268 366 19 152 152 76.3
389 99 305 272 152 679 2.50 26.2 0.0273 366 19 152 152 77.2
390 100 305 270 153 544 2.02 27.2 0.0275 366 19 64 64 111.9
391 61 610 542 156 1085 2.00 26.8 0.0255 349 19 76 76 163.2
392 63 610 543 154 2170 4.00 26.2 0.0277 352 19 64 64 93.2
393 64 610 541 156 4340 8.03 25.7 0.0275 352 19 64 64 79.0
394 65 610 552 150 3899 7.06 27.0 0.0282 374 19 152 152 112.3
395 66 610 541 156 3255 6.01 26.4 0.0275 352 19 64 64 90.7
396 71 610 544 155 1628 2.99 27.4 0.0266 373 19 229 229 102.1
397 74 610 523 152 1631 3.12 27.2 0.0284 366 19 152 152 107.6
398 75 610 524 152 1631 3.11 27.3 0.0284 367 19 152 152 107.9
399 76 610 518 152 1359 2.63 30.8 0.0287 372 19 64 64 114.8
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400 79 610 556 153 3805 6.84 26.1 0.0272 381 19 152 152 83.6
401 3042 1219 1095 154 2737 2.50 26.4 0.0270 375 19 229 229 236.9
402 3043 1219 1092 154 3277 3.00 27.0 0.0271 376 19 229 229 165.0
403 3044 1219 1097 152 4364 3.98 29.5 0.0272 376 19 229 229 159.0
404 3045 1219 1092 155 5461 5.00 28.3 0.0270 381 19 229 229 152.3
405 3046 1219 1097 155 8418 7.67 26.7 0.0270 360 19 229 229 154.1
406 3047 1219 1095 155 9495 8.67 26.7 0.0269 376 19 229 229 147.0
407 3061 1202 1091 154 3378 3.10 274 0.0080 345 19 152 152 97.5
408 102 305 269 153 543 2.02 253 0.0076 423 19 152 152 48.8
409 103 305 274 155 814 297 29.4 0.0074 423 19 152 152 38.8
410 104 305 269 154 1072 3.99 253 0.0076 423 19 152 152 33.6
411 105 305 272 152 679 2.50 26.2 0.0077 383 19 152 152 415
412 106 305 268 154 678 253 28.8 0.0076 422 19 152 152 44.6
413 107 305 267 154 1356 5.08 26.6 0.0076 422 19 152 152 25.7
414 111 305 272 154 678 249 27.0 0.0076 368 19 152 152 433
415 112 305 273 153 678 2.48 27.0 0.0076 368 19 152 152 39.4
416 114 305 270 153 544 2.01 255 0.0080 486 19 152 152 61.4
417 115 305 272 152 679 2.50 26.2 0.0077 383 19 152 152 45.3
418 116 305 271 152 815 3.01 26.4 0.0078 384 19 152 152 39.3
419 121 305 272 152 815 3.00 20.3 0.0185 330 19 152 152 49.0
420 122 305 276 150 1087 3.94 19.9 0.0184 343 19 152 152 38.8
421 123 305 271 155 1085 4.00 15.4 0.0179 346 19 152 152 37.8
422 124 305 271 154 1356 5.00 154 0.0180 345 19 152 152 32.0
423 126 305 272 155 814 2.99 16.3 0.0178 346 19 152 152 42.7
424 130 305 276 153 1467 532 18.0 0.0179 346 19 152 152 40.1
425 131 305 274 151 679 248 18.1 0.0185 401 19 152 152 49.6
426 132 305 271 154 679 251 18.6 0.0181 417 19 152 152 49.8
427 133 305 273 154 1359 4.98 19.9 0.0181 508 19 152 152 385
428 141 305 270 151 544 2.01 19.3 0.0081 382 19 152 152 48.7
429 143 305 274 154 1085 3.96 17.7 0.0074 428 19 152 152 30.2
430 147 305 287 152 678 2.36 16.8 0.0070 417 19 152 152 423
431 149 305 272 153 678 249 18.0 0.0078 380 19 152 152 437
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432 150 305 273 153 678 2.48 18.0 0.0077 380 19 152 152 46.2
433 151 305 273 154 679 2.49 19.3 0.0078 382 19 152 152 35.6
434 152 305 270 149 815 3.02 19.7 0.0079 384 19 152 152 325
435 153 305 273 152 815 2.99 19.7 0.0076 384 19 152 152 32.8
436 163 305 273 156 678 2.48 35.4 0.0076 378 19 152 152 40.5
437 164 305 271 156 1085 4.00 33.8 0.0073 412 19 152 152 35.8
438 166 305 271 152 815 3.01 35.4 0.0078 377 19 152 152 40.3
439 179 305 264 153 678 257 32.3 0.0053 400 19 152 152 33.6
440 182 305 268 155 1356 5.06 33.9 0.0180 386 19 152 152 48.8
441 186 305 272 155 1085 3.99 35.1 0.0178 394 19 152 152 55.4
442 191 305 275 154 815 2.96 34.0 0.0180 497 19 152 152 53.1
443 193 305 278 153 678 244 34.6 0.0180 352 19 152 152 56.7
444 194 305 278 154 814 2.93 34.6 0.0180 352 19 152 152 51.2
445 195 305 275 153 1085 3.95 34.6 0.0182 352 19 152 152 47.3
446 196 305 269 154 1359 5.05 36.2 0.0185 380 19 152 152 51.2
447 197 305 274 150 679 2.48 36.0 0.0184 376 19 152 152 60.1
448 202 305 273 154 1628 5.96 33.9 0.0268 377 19 152 152 49.9
449 206 305 270 152 679 2.51 35.2 0.0273 381 19 152 152 100.3
450 208 305 275 157 1221 4.44 35.7 0.0268 379 19 152 152 60.1
451 210 305 272 154 679 2.50 35.2 0.0267 381 19 152 152 79.0
452 211 305 270 153 815 3.02 35.2 0.0273 381 19 152 152 57.2
453 212 305 273 155 815 2.99 35.2 0.0266 381 19 152 152 60.5
454 213 305 276 154 1223 4.43 36.7 0.0266 381 19 152 152 57.4
455 214 305 272 153 679 2.50 36.0 0.0271 412 19 152 152 82.0
456 215 305 274 154 679 2.48 36.0 0.0267 412 19 152 152 88.1
457 246 305 274 153 952 3.47 27.6 0.0051 400 19 152 152 254
458 248 305 282 153 678 2.40 27.6 0.0049 400 19 152 152 37.2
459 266 305 272 153 673 2.47 18.1 0.0050 396 19 152 152 325
460 267 305 269 153 949 3.53 20.7 0.0052 400 19 152 152 245
461 268 305 275 153 816 297 20.1 0.0049 396 19 152 152 27.2
462 271 305 269 611 1631 6.06 27.0 0.0275 377 19 152 152 217.2
463 272 305 271 611 1359 5.01 27.0 0.0273 377 19 152 152 227.8
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464 273 305 271 612 1087 4.01 27.2 0.0272 377 19 152 152 206.2
465 Rajagopalan & S-1 311 259 154 1016 3.92 36.6 0.0143 655 13 50 50 35.6
Ferguson [141]

466 S-2 311 265 154 1016 3.83 33.1 0.0098 655 13 50 50 37.4
467 S-3 311 267 152 1118 4.19 29.0 0.0081 524 13 50 50 311
468 S-4 311 268 152 1118 417 33.1 0.0063 524 13 50 50 28.0
469 S-5 311 262 152 1118 4.27 279 0.0053 1779 13 50 50 33.6
470 S-6 311 267 151 1118 419 31.0 0.0035 1779 13 50 50 27.4
471 S-7 311 268 152 1118 4.17 28.6 0.0025 1779 13 50 50 30.0
472 S-9 311 262 152 1118 427 25.1 0.0053 1779 13 50 50 245
473 S-12 311 268 153 1118 4.17 29.7 0.0025 1779 13 50 50 246
474 S-13 311 265 152 1118 422 23.7 0.0173 655 13 50 50 40.0
475 S-14 349 269 151 1119 4.16 29.8 0.0063 524 13 50 50 25.0
476 S-15 311 269 761 1119 4.16 33.0 0.0063 524 13 50 50 150.8
477 Bhal [142] B1 350 297 240 900 3.03 232 0.0126 434 30 59 59 70.7
478 B2 650 600 240 1800 3.00 29.6 0.0126 434 30 120 120 119.5
479 B3 950 900 240 2700 3.00 2715 0.0126 434 30 180 180 166.8
480 B4 1250 1200 240 3600 3.00 25.2 0.0126 434 30 240 240 185.2
481 B5 650 600 240 1800 3.00 26.6 0.0063 434 30 120 120 106.2
482 B6 650 600 240 1800 3.00 24.7 0.0063 430 30 120 120 114.1
483 B7 950 900 240 2700 3.00 27.2 0.0063 434 30 180 180 139.8
484 B8 950 900 240 2700 3.00 271.7 0.0063 430 30 180 180 127.5
485 Taylor [143] 1A 406 370 203 1118 3.02 28.9 0.0103 350 10 10 10 61.8
486 2A 406 370 203 1118 3.02 33.2 0.0155 350 10 10 10 91.6
487 1B 406 370 203 1118 3.02 28.9 0.0103 350 10 10 10 75.6
488 2B 406 370 203 1118 3.02 33.2 0.0155 350 10 10 10 100.5
489 3B 406 370 203 1118 3.02 31.6 0.0103 350 10 10 10 76.1
490 5A 406 370 203 914 247 29.9 0.0103 350 10 10 10 80.5
491 5B 406 370 203 914 247 29.9 0.0103 350 10 10 10 80.5
492 Mattock [144] 1 305 254 152 762 3.00 17.1 0.0103 400 19 10 10 36.5
493 3 305 254 152 762 3.00 46.9 0.0103 400 19 10 10 54.7
494 10 305 254 152 762 3.00 18.6 0.0310 400 19 10 10 56.0
495 15 305 254 152 1372 5.40 25.9 0.0103 400 19 10 10 311
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4% 18 305 24 | 152 | 1872 | 540 181 0.0207 400 19 10 10 %6
97 2 305 24 | 152 | 1372 | 540 6.1 0.0310 00 19 0 10 200
498 2 305 24 | 152 | 1872 | 540 | 292 0.0310 400 19 10 10 525
299 | Placas & | RL 305 72 | 152 | o1 336 | 262 0.0098 621 19 0 10 349
Regan [145]
500 R2 305 772 | 152 | o4 336 | 262 0.0146 621 19 10 10 471
501 R3 305 72 | 152 | o1 336 | 248 0.0146 621 19 0 10 349
502 R7 305 272 | 152 | o4 336 | 281 0.0146 621 19 10 10 543
503 D2 305 72 | 152 | oW 336 | 303 0.0146 621 19 0 10 525
504 | Taylor [21] AL 1000 | 930 | 400 | 2800 | 301 | 287 0.0135 420 B 186 186 | 3584
505 A2 000 | 930 | 400 | 2800 | 301 | 251 0.0135 ) 19 186 86 | 3284
506 BI 500 465 | 200 | 1400 | 301 | 242 0.0135 420 B 93 93 | 1043
507 B2 500 %65 | 200 | 1400 | 301 | 220 0.0135 ) 19 93 %3 873
508 B3 500 45 | 200 | 1400 | 301 | 284 0.0135 420 9 93 93 853
509 1 250 233 | 100 | 700 300 | 227 0.0135 ) 19 g a7 25
510 c2 250 233 | 100 | 700 300 | 227 0.0135 420 9 & a7 240
511 c3 250 233 | 100 | 700 300 | 244 0.0135 320 9 g & 275
512 ca 250 233 | 100 | 700 3.00 185 0.0135 420 9 g a7 225
513 c5 750 233 | 100 | 700 3.00 199 0.0135 320 9 g & 270
514 3 250 233 | 100 | 700 300 | 256 0.0135 420 2 g a7 275
515 b1 150 9 | 60 | 420 302 | 284 0.0135 320 2 2 % 116
516 D2 150 39 | 60 | 420 302 | 284 0.0135 420 2 28 28 121
517 D3 150 9 | 60 | 420 302 | 284 0.0135 420 2 T 3 106
518 D4 150 39 | 60 | 420 302 | 284 0.0135 420 2 28 28 114
519 ﬁ?g]’ & Koch | 9y 539 s0 | 00| 185 | 3es 2.6 0.0046 535 30 100 100 | 2674
520 16 794 750 130 2150 | 367 304 0.0042 536 30 150 150 | 4067
521 2 281 250 | 10| e 368 | 269 0.0064 554 30 50 50 | 2180
522 12 540 s0 | 100 | s | 3es | 273 0.0065 535 30 100 100 | 3302
523 3 289 50 | 001 o2 3.68 27.3 0.0001 535 30 50 50 2225
524 8 544 500 130 2750 | 550 311 0.0063 535 30 100 100 | 2871
525 9 544 s0 | 19| 20 | s50 19.9 0.0063 535 30 100 100 | 2606
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b fox Top Bottom
# Author Specimen h(mm) | d(mm) (m a (mm) a/d P (,VT’V_.,“ a) (n?r?w) mzﬁ] \ZIIZ:E zlke,i‘p)
m) (MPa) (mm) (mm)

526 10 544 500 180 2750 5.50 20.0 0.0063 535 30 100 100 261.6
527 17 794 750 180 2750 3.67 28.7 0.0042 535 30 150 150 363.5
528 Chana [147] 2.1a 406 356 203 1068 3.00 49.3 0.0169 414 20 10 10 96.0
529 2.1b 406 356 203 1068 3.00 49.3 0.0169 414 20 10 10 97.1
530 2.2a 406 356 203 1068 3.00 41.6 0.0169 414 10 10 10 87.4
531 2.2b 406 356 203 1068 3.00 416 0.0169 414 10 10 10 94.4
532 2.3a 406 356 203 1068 3.00 45.2 0.0169 414 20 10 10 99.4
533 2.3b 406 356 203 1068 3.00 452 0.0169 414 20 10 10 96.4
534 3.1a 203 177 100 531 3.00 345 0.0174 414 10 10 10 238
535 3.1b 203 177 100 531 3.00 345 0.0174 414 10 10 10 239
536 3.2a 203 177 100 531 3.00 36.8 0.0174 414 10 10 10 245
537 3.2b 203 177 100 531 3.00 36.8 0.0174 414 10 10 10 255
538 3.3a 203 177 100 531 3.00 40.1 0.0174 414 10 10 10 26.5
539 3.3b 203 177 100 531 3.00 40.1 0.0174 414 10 10 10 23.2
540 D1 203 177 100 531 3.00 31.6 0.0174 414 10 10 10 22.1
541 D2 203 177 100 531 3.00 324 0.0174 414 10 10 10 23.4
542 D3 203 177 100 531 3.00 447 0.0174 414 10 10 10 214
543 4.1a 127 106 60 318 3.00 30.9 0.0172 414 5 10 10 9.8
544 4.1b 127 106 60 318 3.00 30.9 0.0172 414 5 10 10 8.7
545 4.2a 127 106 60 318 3.00 30.9 0.0172 414 5 10 10 9.0
546 4.2b 127 106 60 318 3.00 30.9 0.0172 414 5 10 10 9.7
547 43a 127 106 60 318 3.00 52.2 0.0172 414 5 10 10 11.7
548 4.3b 127 106 60 318 3.00 52.2 0.0172 414 5 10 10 12.4
549 4.4a 127 106 60 318 3.00 52.2 0.0172 414 5 10 10 9.6
550 4.4b 127 106 60 318 3.00 52.2 0.0172 414 5 10 10 10.5
551 5.1a 203 170 200 510 3.00 40.3 0.0180 414 10 10 10 47.8
552 5.1b 203 170 200 510 3.00 40.3 0.0180 414 10 10 10 47.8
553 5.2a 203 170 200 510 3.00 39.6 0.0180 414 10 10 10 55.0
554 5.2b 203 170 200 510 3.00 39.6 0.0180 414 10 10 10 56.0
555 6.1 51 42 23 126 3.00 35.8 0.0170 414 2 10 10 21
556 6.2 51 42 23 126 3.00 38.0 0.0170 414 2 10 10 1.9
557 6.3 51 42 23 126 3.00 39.1 0.0170 414 2 10 10 21
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b fu Top Bottom
# Author Specimen h(mm) | d(mm) (m a (mm) a/d P (IvaPk a) (n??n) x:g;ﬁ v‘;:zm Xm")
m) (MPa) (mm) (mm)
558 64 51 2 23 | 126 300 | 60.0 0.0170 412 2 10 10 21
559 65 51 % 23 | 126 300 | 46.9 0.0170 a4 2 0 10 26
560 66 51 2 23 | 126 300 | 640 0.0170 412 2 10 10 27
561 67 51 % 23 | 126 300 | 431 0.0170 a4 2 0 10 24
562 68 51 2 23 | 126 300 | 426 0.0170 412 2 10 10 22
563 6.9 51 % 23 | 126 300 | 450 0.0170 a4 2 0 10 23
564 | Kwun [148] 4c1 248 226 | 152 | 686 304 | 4656 0.0017 | 1167 19 10 10 19.9
565 ac2 28 226 | 152 | 686 304 | 450 00017 | 1167 19 0 10 478
566 351 305 25 | 154 | 762 299 | 372 00010 | 1641 19 10 10 28.9
567 | Heger & | SW9-0A 24 84 | 914 | 597 324 | 485 0.0062 603 19 50 50 | 1676
McGrath [149]
568 SW9-0B 227 190 | 914 | 597 314 | 485 0.0060 603 19 50 50 | 1555
560 oM 225 187 | o4 | 597 3.19 485 0.0061 594 19 50 50 156.7
570 oo 226 185 | o4 | 597 323 485 0.0062 594 19 50 50 1743
571 b 226 s | o4 | 3 219 | 485 0.0066 594 19 50 50 | 3081
572 SWi40A | 227 01 | o14 | 597 313 | 490 0.0093 673 19 50 50 | 1972
573 SWia0B | 226 86 | 914 | 597 321 | 490 0.0096 673 19 50 50 | 1959
574 SX\”B' 225 184 | 914 | 507 3.24 483 0.0124 633 19 50 50 202.6
575 e 225 180 | o4 | 597 332 483 0.0127 633 19 50 50 2228
576 | Mphonde & | AO-33b | 337 298 | 152 | 1067 | 358 | 213 0.0334 A 10 50 50 646
Frantz [150]

577 AO33C 337 208 | 152 | 1067 | 358 | 278 0.0233 412 10 50 50 6.8
578 AO73a 337 208 | 152 | 1067 | 358 | 386 0.0334 A 10 50 50 822
579 AO73b | 337 208 | 152 | 1067 | 358 | 427 0.0334 412 10 50 50 828
580 AOIL3a | 337 298 | 152 | 1067 | 358 | 769 0.0334 a4 10 50 50 89,7
581 o 337 208 | 152 | 1067 | 358 | 766 0.0334 414 10 50 50 8.4
582 AOI53a | 337 298 | 152 | 1067 | 358 | 834 0.0334 a4 10 50 50 934
583 fots 337 208 | 152 | 1067 | 358 | 961 0.0334 414 10 50 50 | 1000
584 AO-153c | 337 208 | 152 | 1067 | 358 | 942 0.0334 4 10 50 50 978
585 A032 37 298 | 152 | 740 248 | 211 0.0334 i 10 50 50 778
586 AOT2 37 298 | 152 | 740 248 | 463 0.0334 4 10 50 50| 1179
587 A0l | 337 298 | 152 | 740 248 | 813 0.0334 i 10 50 50 | 1113

176




APPENDIXA  DATABASE

b fu Top Bottom
# Author Specimen h(mm) | d(mm) (m a (mm) a/d P (l\/le:’ka) (n?r?w) mzﬁ] \ZIIZ:?] zlke,i‘p)
m) (MPa) (mm) (mm)
588 AO-152a | 337 298 | 152 | 740 2.48 85.9 0.0334 414 10 50 50 | 1778
589 o 337 208 | 152 | 740 2.48 71.2 0.0334 414 10 50 50 205.8
590 | Elzanaty et al. | F7 305 268 | 178 | 1073 | 400 207 0.0060 434 3 0 10 37
[151]
591 FI1 305 270 | 178 | 1080 | 400 207 0.0119 434 3 10 10 %53
592 12 305 268 | 178 | 1073 | 400 207 0.0244 434 3 0 10 557
593 78 305 273 | 178 | 1002 | 400 | 40.0 0.0093 434 3 10 10 %4
594 13 305 270 | 178 | 1080 | 400 | 40.0 0.0119 434 3 0 10 %6
595 F14 305 268 | 178 | 1073 | 400 | 40.0 0.0244 434 3 10 10 65.7
596 1 305 270 | 178 | 1080 | 400 655 0.0119 434 3 0 10 58,7
597 = 305 268 | 178 | 1073 | 400 655 0.0244 434 3 10 10 676
598 FI0 305 267 | 178 | 1067 | 400 655 0.0321 434 3 0 10 790
599 Fo 305 268 | 178 | 1073 | 400 793 0.0163 434 3 10 10 636
600 FI5 305 268 | 178 | 1073 | 400 793 0.0244 434 3 0 10 8.6
601 3 305 268 | 178 | 537 2.00 69.0 0.0119 434 3 10 10 853
602 = 305 268 | 178 | 537 2,00 69.0 0.0244 434 3 0 0 | 1296
603 =3 305 268 | 178 | 1610 | 601 634 0.0250 434 3 10 10 615
604 ;"‘[’ﬂ”gs]ky e .'?2"1’2'0’ 500 455 | 200 | 1000 | 220 432 0.0088 455 10 200 200 | 1770
605 | Muruyama & | NI 250 230 | 200 | 625 272 | 471 0.0168 343 19 % % 971
Ilwabuchi [152]
606 Nz 250 230 | 200 | 625 272 510 0.0168 343 19 % % 834
607 NPT 250 230 | 200 | 775 337 | 472 0.0346 343 19 % % 873
608 NP2 250 230 | 200 | 775 337 | 473 0.0346 343 19 % %0 | 1128
609 NP3 250 230 | 200 | 775 337 | 492 0.0346 343 19 % % 95.2
610 NSI 250 230 | 200 | 750 326 | 455 0.0279 343 19 % % 932
611 NS2 250 230 | 200 | 750 326 | 468 0.0279 343 19 % % 912
612 NS3 250 230 | 200 | 750 326 | 491 0.0346 343 19 % % 86.3
613 NS4 250 230 | 200 | 750 326 505 0.0346 343 19 % % 824
614 NLT 250 230 | 200 | 1000 | 435 | 469 0,027 343 19 % % 912
615 NLZ 250 230 | 200 | 1000 | 435 | 439 0.0279 343 19 % % 804
616 NL3 250 230 | 200 | 1000 | 435 | 435 0.0279 343 19 % % 834
617 NLA 250 230 | 200 | 1000 | 435 | 479 0.0346 343 19 % % 893
618 NL5 250 230 | 200 | 1000 | 435 | 471 0.0346 43 19 % % 912
619 | Mansur et al | A2 225 200 | 150 | 560 2.80 22 0.0134 263 20 10 10 %50
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. b fa f d ;gfe B;Itatl?em v,
# Author Specimen h(mm) | d(mm) :rrS a (mm) a/d P (MyPk a) (m?n) width width (ke’i“’)’
(MPa) mm) | (mm)

620 | [153] A3 225 200 | 150 | 720 3.60 22 0.0134 %63 20 10 10 385
621 A 225 200 | 150 | 880 340 %2 0.0134 ) 20 0 10 38
622 | Ahmad & Lue | AL 254 203 | 127 | 813 4.00 6.0 0.0393 s | 127 10 10 28.9

[121]
623 2 254 203 | 127 | 609 3.00 6.0 0.0393 | 127 0 10 345
624 A3 254 203 | 127 | 548 2.70 6.0 0.0393 s | 127 10 10 345
625 A 254 208 | 127 | 467 2.30 6.0 0.0393 e | 127 0 10 6.7
626 AT 254 208 | 127 | 832 400 6.0 0.0177 s | 127 10 10 234
627 A8 254 208 | 127 | 624 3.00 6.0 0.0177 | 127 0 10 25
628 A9 254 208 | 127 | 562 2.70 6.0 0.0177 s | 127 10 10 400
629 ATO 254 208 | 127 | 478 2.30 6.0 0.0177 | 127 0 10 a1
630 BI 254 202 | 127 | 808 400 730 0.0504 s | 127 10 10 24.9
631 B2 254 202 | 127 | 606 3.00 730 0.0504 | 127 0 10 345
632 B3 254 202 | 127 | 545 2.70 730 0.0504 s | 127 10 10 50.0
633 B4 254 202 | 127 | 465 2.30 730 0.0504 | 127 0 10 716
634 B7 254 208 | 127 | 832 4.00 730 0.0225 s | 127 10 10 22
635 B8 254 208 | 127 | 624 3.00 730 0.0225 | 127 10 10 234
636 B9 254 208 | 127 | 562 2.70 730 0.0225 s | 127 10 10 200
637 B10 254 208 | 127 | 478 2.30 730 0.0225 | 127 10 10 320
638 c1 254 84 | 127 | 73% 400 700 0.0664 s | 127 10 10 271
639 c2 254 84 | 127 | 552 3.00 700 0.0664 | 127 10 10 78
640 3 254 84 | 127 | 497 2.70 700 0.0664 s | 127 10 10 345
641 ca 254 84 | 127 | 423 2.30 700 0.0664 | 127 10 10 %5
642 c7 254 207 | 127 | 88 400 700 0.0326 s | 127 10 10 2.7
643 c8 254 207 | 127 | 621 3.00 700 0.0326 | 127 10 10 22
644 Co 254 207 | 127 | 559 2.70 700 0.0326 s | 127 10 10 227
645 c10 254 207 | 127 | 476 2.30 700 0.0326 s | 127 0 10 285
646 | Nwa e al | 1 2100 | 2000 | 600 | 6000 | 3.00 271 0.0028 999 % 200 200 | 4020

[154]
647 2 2100 | 2000 | 600 | 6000 | 3.00 26.2 0.0014 999 % 200 200 | 3820
648 3 1100 | 1000 | 300 | 3000 | 3.00 246 0.0014 999 % 200 200 | 1020
649 | Regan & | 10 100 8 | 400 | 450 5.42 378 0.0166 670 10 100 100 625

Rezai-Jorabi
g0 | 1259 2.0 100 83 | 600 | 450 542 378 0.0158 670 10 100 100 850
651 30 100 8 | 800 | 450 5.42 378 0.0154 670 10 100 00 | 975
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b f Top Bottom
o f, d plate plate V,
. W a exp
# Author Specimen h (mm) d (mm) ("rs a (mm) a/d P (MPa) (mm) width width )
(MPa) (mm) (mm)
652 40 100 83 | 400 | 450 542 281 0.0166 670 10 100 100 | 545
653 50 100 83 | 600 | 450 542 281 0.0158 670 0 100 00 | 0.0
654 60 100 83 | 800 | 450 542 281 0.0154 670 10 100 00 | 965
655 10,0 100 83 | 400 | 450 542 34 0.0166 670 20 100 00 | 525
656 110 100 83 | 400 | 450 542 334 0.0166 670 20 100 100 | 550
657 2.0 100 83 | 600 | 450 542 34 0.0158 670 20 100 00 | 76.0
658 130 100 83 | 600 | 450 542 334 0.0158 670 20 100 00 | 795
659 2.0 100 83 | 800 | 450 542 310 0.0154 670 20 100 00 | 925
660 15.0 100 83 | 800 | 450 542 308 0.0154 670 20 100 00 | 5.0
661 16.0 100 83 | 800 | 450 542 32 0.0154 670 20 100 00 | 1080
662 70 100 g3 | 10| 450 5.42 310 0.0151 670 20 100 100 | 90.0
663 150 100 g3 | 0] 450 5.42 312 0.0151 670 20 100 100 | 1200
664 190 100 g3 | 10| 4s0 5.42 29.0 0.0151 670 20 100 100 | 1110
665 200 100 83 180 450 5.42 308 0.0151 670 20 100 100 | 1225
666 20 100 g3 | 201 4s0 5.42 37.0 0.0164 670 20 100 100 | 1215
667 230 100 3 | 201 450 5.42 35.4 0.0164 670 20 100 100 | 1250
668 240 100 g3 | 20| 4s0 5.42 38.6 0.0164 670 20 100 100 | 1500
669 260 100 83 150 450 5.42 20.7 0.0164 670 20 100 100 | 1375
670 6R 100 83 | 800 | 450 542 312 0.0154 670 20 100 100 | 1165
671 R 100 g3 | 10| 450 5.42 310 0.0151 670 20 100 100 | 1375
Johnson &
672 | Ramirez[156] | 6 610 539 | 305 | 1670 | 3.0 5.9 0.0249 525 19 102 102 | 3163
673 | Adebar & | STL 310 278 | 360 | 1600 | 5.6 525 0.0157 539 19 0 0 | 1275
Collins [157]
674 ST2 310 278 | 360 | 1600 | 576 525 0.0157 539 19 10 0 | 1187
675 ST3 310 278 | 200 | 1600 | 576 | 493 0.0195 539 19 0 0| 1077
676 ST16 210 178 | 290 | 1600 | 899 515 0.0304 539 19 10 10 751
577 ST17 10 378 | 290 | 1600 | 423 515 0.0137 539 19 0 0 | 1189
678 ST23 310 278 | 290 | 1600 | 576 58.9 0.0099 539 19 10 10 89.9
679 | Thorenfeldt & | BIL 250 221 | 150 | 663 3.00 54 0.0182 500 16 % 3 581

Drangshold
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. b fa f d ;gfe B;Itatl?em v,
# Author Specimen h(mm) | d(mm) :rrS a (mm) a/d P (MyPk a) (m?n) width width (ke’i“’)’
(MPa) mm | (mm)
680 [158] B12 251 221 151 508 2.30 54 0.0182 500 16 25 25 70.8
681 B13 252 207 152 828 4.00 54 0.0324 500 16 25 25 70.5
682 B14 253 207 153 621 3.00 54 0.0324 500 16 25 25 82.6
683 B15 254 207 154 476 2.30 54 0.0324 500 16 25 25 107.1
684 B21 250 221 150 663 3.00 78 0.0182 500 16 25 25 67.9
685 B22 250 221 150 508 2.30 78 0.0182 500 16 25 25 102.7
686 B23 250 207 150 828 4.00 78 0.0324 500 16 25 25 77.8
687 B24 250 207 150 621 3.00 78 0.0324 500 16 25 25 82.6
688 B25 250 207 150 476 2.30 78 0.0324 500 16 25 25 175.8
689 B43 250 207 150 828 4.00 86 0.0324 500 16 25 25 86.2
690 B44 250 207 150 621 3.00 86 0.0324 500 16 25 25 107.2
691 B45 250 207 150 476 2.30 86 0.0324 500 16 25 25 148.3
692 B51 250 221 150 663 3.00 98 0.0182 500 16 25 25 56.2
693 B52 250 221 150 508 2.30 98 0.0182 500 16 25 25 7.7
694 B53 250 207 150 828 4.00 98 0.0324 500 16 25 25 76.8
695 B54 250 207 150 621 3.00 98 0.0324 500 16 25 25 7.7
696 B55 250 207 150 476 2.30 98 0.0324 500 16 25 25 156.1
697 B61 500 442 300 1326 3.00 78 0.0182 500 16 25 25 179.8
698 B61R 500 442 300 1326 3.00 78 0.0182 500 16 25 25 180.3
699 B62 500 442 300 1017 2.30 78 0.0182 500 16 25 25 438.7
700 B63 500 414 300 1656 4.00 78 0.0324 500 16 25 25 2225
701 B63R 500 414 300 1656 4.00 78 0.0324 500 16 25 25 229.4
702 B64 500 414 300 1242 3.00 78 0.0324 500 16 25 25 280.7
703 B65 500 414 300 952 2.30 78 0.0324 500 16 25 25 576.3
704 B65R 500 414 300 952 2.30 78 0.0324 500 16 25 25 710.3
705 Bazant & S1B4 51 41 38 123 3.00 47.0 0.0170 793 4.8 10 10 3.2
Kazemi [24]

706 S1B5 51 41 38 123 3.00 47.0 0.0170 793 4.8 10 10 3.0
707 S1B6 51 41 38 123 3.00 47.0 0.0170 793 4.8 10 10 3.1
708 S1B7 101 81 38 243 3.00 47.0 0.0170 793 4.8 10 10 55
709 S1B8 101 81 38 243 3.00 47.0 0.0170 793 4.8 10 10 5.6
710 S1B9 101 81 38 243 3.00 47.0 0.0170 793 4.8 10 10 52
711 S1B10 204 163 38 489 3.00 47.0 0.0170 793 4.8 10 10 9.1
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b f Top Bottom
o f, d plate plate V,
. W a exp
# Author Specimen h (mm) d (mm) ("rs a (mm) a/d P (MPa) (mm) width width )
(MPa) (mm) (mm)

a7 SIBIL 204 | 163 | 38 | 49 | 300 | 470 | 0070 | 793 | 48 10 10 98
713 SIB12 204 | 163 | 38 | 489 | 300 | 470 | 00170 | 793 | 48 10 0 | 101
714 5281 % 0 | 3 | 60 300 | 460 | 00m0 | 793 | 48 10 10 21
715 5282 % 0 | 3 | 60 300 | 460 | o0o0w0 | 793 | 48 10 10 24
716 5283 % 0 | 3 | 60 300 | 460 | 00m0 | 793 | 48 10 10 23
717 5284 50 4T | 38 | 128 | 300 | 460 | 00160 | 793 | 48 10 10 29
718 285 50 4T | 38 | 12 | 300 | 40 | 00160 | 793 | 48 10 10 27
719 5286 50 4T | 8 | 123 | 300 | 460 | o000 | 793 | 48 10 10 32
720 5287 103 8 | 3 | 22 | 300 | 460 | o000 | 793 | 48 10 10 54
721 5288 103 8 | 3 | 22 | 300 | 460 | oo0w0 | 793 | 48 10 10 50
77, 5289 103 8 | 3 | 22 | 300 | 460 | o000 | 793 | 48 10 10 2
723 2810 203 | 165 | 38 | 4% | 300 | 460 | 00160 | 793 | 48 10 10 73
724 S2B11 203 | 165 | 38 | 45 | 300 | 40 | 00160 | 793 | 48 10 10 84
725 2812 203 | 165 | 38 | 495 | 300 | 460 | 00160 | 793 | 48 10 10 82
726 2813 206 | 330 | 38 | 090 | 300 | 460 | 00160 | 793 | 48 10 0 | 103
727 2814 406 | 330 | 38 | 990 | 300 | 460 | 0060 | 793 | 48 10 0 | 13
728 2815 206 | 330 | 38 | 9090 | 300 | 460 | 00160 | 793 | 48 10 10 93
729 | Halloren[1s] | BIOSBI3 | g 192 | 163 | 700 3.65 86.2 0.0217 630 18 10 10 825
730 BISBL | 23 194 | 15 | 700 | 361 | se2 | o021 | 630 18 10 10 | 765
731 BI0B22 | 234 | 103 | 158 | 700 | 363 | 846 | o022 | 630 | 18 10 10 | 755
732 SO | aa 196 | 155 | 700 | 357 | 618 | o023 | 443 18 10 10 | 695
733 St | 23 195 | 156 | 700 | 359 | 691 | 0.0223 a3 18 10 10 74.0
734 BO0SBIT | 23 191 | 157 | 700 | 366 | 449 | 00226 | 630 18 10 10 | 590
735 BIOSBI8 | 235 | 104 | 155 | 70 | 361 | 449 | 00225 | 630 | 18 10 10 | 630
736 B0SB2L | 235 | 104 | 155 | 700 | 361 | 846 | 00225 | 630 | 18 10 10 | 690
737 SUSCl | 2 193 | 156 | 700 | 363 | 618 | 00225 a3 18 10 10 710
738 SUSPl | a7 194 | 15 | 700 | 361 | 608 | 00308 | 404 18 10 10 | 885
739 S9ID | a4g | 105 | 156 | 700 | 350 | 608 | 0036 | 4%4 | 18 10 10 | 900
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b f Top Bottom
* f d plate plate V,

- K 2 exp.

# Author Specimen h (mm) d (mm) :rrS a (mm) a/d P (MPa) (mm) width width )
(MP2) m) | (mm)
740 SSD3 | 2g 15 | 15 | 700 | 359 | 657 | 00306 | 494 18 10 10 | 85
741 S | s 15 | 155 | 700 | 359 | 657 | 00309 | 494 18 10 10 79.0
742 T | 20 196 | 156 | 700 | 357 | 583 | 00304 | 494 18 10 10 78.0
743 el B 196 | 150 | 700 | 357 | 583 | 00410 | 494 18 10 10 825
744 DB | 232 191 | 15 | 700 | 366 | 328 | 00228 | 51 18 10 10 56.0
745 DSBS | 23 194 | 15 | 700 | 361 | 328 | 00224 | 51 18 10 10 535
746 P | 2m 192 | 1s6 | 700 | 365 | 311 | 00226 651 18 10 10 49.0
747 BB | 23 193 | 157 | 700 | 363 | 311 | 00220 651 18 10 10 535
728 | Kim & Park | CTLL 300 270 | 170 | 810 | 300 | 537 | o017 | 477 %5 10 10 711
[160]
749 cTL2 300 770 | 170 | 80 | 300 | 537 | o017 | 477 % 10 10 716
750 PLOT 300 272 | 170 | 816 | 300 | 537 | oof | 477 % 10 0 | %3
751 PLO-2 300 7727 | 170 | 86 | 300 | 537 | ooiol | 477 % 10 10 564
752 P3a1 300 %67 | 170 | 81 | 300 | 537 | 003 | 477 % 10 10 781
753 P32 300 %67 | 170 | 81 | 300 | 537 | 0038 | 477 % 10 10 785
754 Pa61 300 %5 | 170 | 765 | 300 | 537 | 00468 | 477 % 10 0 | 897
755 Pi62 300 255 | 170 | 765 | 300 | 537 | 00468 | 477 % 10 0 | %4
756 AGE1 300 270 | 170 | 1215 | 450 | 537 | o017 | 477 % 10 0 | 666
757 AG52 300 770 | 170 | 1215 | 450 | 537 | ooi87 | 477 % 10 10 638
758 A6O1 300 270 | 170 | 1620 | 600 | 537 | 00187 | 477 % 10 0 | 592
759 A602 300 770 | 170 | 1620 | 600 | 537 | ooi87 | 477 % 10 10 610
760 D121 170 12 | 170 | 426 | 300 | 537 | o017 | 477 % 10 0 | 410
761 D1422 170 T2 | 170 | 426 | 300 | 537 | o017 | 477 % 10 | 393
762 D550-1 620 550 | 300 | 1650 | 300 | 537 | 00188 | 477 % 10 0 | 2261
763 D550-2 620 550 | 300 | 1650 | 300 | 537 | 00188 | 477 % 10 | 2145
764 D9T5-1 1000 | 915 | 300 | 2745 | 300 | 537 | 00187 | 477 % 10 0 | 2718
765 D915-2 1000 | 915 | 300 | 2745 | 300 | 537 | 00187 | 477 % 10 | 3321
766 | Walraven & | AL 150 25 | 200 | 355 | 300 3 00083 | 440 1 3 3T | 315
Lehwalter [26]

767 A2 250 420 | 200 | 1260 | 300 23 00074 | 440 1 7 8 | 706
768 A3 750 720 | 200 | 2160 | 300 3 00079 | 440 1 2 a4 | 1008
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# Author Specimen h(mm) | d(mm) ("rs a (mm) a/d P (M’V_.,k a) (mr?w) width width (m’)
(MPa) mm | (mm)
769 Xie et al. [50] NNN-3 254 216 127 648 3.00 39.7 0.0207 421 19 15 15 36.7
770 NHN-3 254 216 127 648 3.00 104.2 0.0207 421 19 15 15 45.7
771 Matsui et al. Al 180 150 100 450 3.00 324 0.0265 367 19 10 10 275
[161]
772 A2 180 150 100 450 3.00 324 0.0265 367 19 10 10 31.9
773 B1 180 150 100 450 3.00 38.4 0.0265 367 19 10 10 29.3
774 B2 180 150 100 450 3.00 38.4 0.0265 367 19 10 10 30.7
775 C1 180 150 100 450 3.00 48.7 0.0265 367 19 10 10 29.6
776 Cc2 180 150 100 450 3.00 48.7 0.0265 367 19 10 10 323
77 D1 180 150 100 450 3.00 70.9 0.0265 367 19 10 10 334
778 D2 180 150 100 450 3.00 70.9 0.0265 367 19 10 10 33.9
779 El 180 150 100 450 3.00 83.4 0.0265 367 19 10 10 38.3
780 E2 180 150 100 450 3.00 83.4 0.0265 367 19 10 10 425
781 F1 180 150 100 450 3.00 1275 0.0265 367 19 10 10 34.4
782 F2 180 150 100 450 3.00 127.5 0.0265 367 19 10 10 48.1
783 L1 260 225 100 675 3.00 1245 0.0255 403 19 10 10 69.7
784 L2 260 225 100 675 3.00 1245 0.0255 403 19 10 10 425
785 M1 260 225 100 788 3.50 1245 0.0255 403 19 10 10 434
786 M2 260 225 100 788 3.50 1245 0.0255 403 19 10 10 43.8
787 N1 260 225 100 900 4.00 1245 0.0255 403 19 10 10 41.3
788 N2 260 225 100 900 4.00 1245 0.0255 403 19 10 10 38.8
789 S1 360 320 100 1080 3.38 1275 0.0290 336 19 10 10 54.0
790 S2 360 320 100 1080 3.38 1275 0.0290 336 19 10 10 83.1
791 [Yﬁ?_(]m et al N1-S 750 655 375 2150 3.28 36.0 0.0288 400 20 150 150 249.0
792 M1-S 750 655 375 2150 3.28 67.0 0.0288 400 10 150 150 296.0
793 H1-S 750 655 375 2150 3.28 87.0 0.0288 400 10 150 150 327.0
794 Konig et al. sl.1 200 153 300 570 3.73 90.1 0.0134 660 16 50 50 70.1
[57]
795 s4.1 200 153 300 570 3.73 110.9 0.0134 660 16 50 50 74.2
796 s2.3 400 348 300 1230 3.53 93.7 0.0094 469 16 70 70 123.1
797 s3.3 800 746 300 2630 353 94.4 0.0083 487 16 149 149 192.8
798 s1.2 200 152 300 570 3.75 91.2 0.0221 517 16 50 50 75.8
799 s4.2 200 152 300 570 3.75 110.9 0.0221 517 16 50 50 90.3
800 s2.2 400 348 300 1230 3.53 91.3 0.0188 469 16 100 100 187.1
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801 s3.2 800 718 300 2556 3.56 93.7 0.0172 487 16 144 144 259.1
802 s1.3 200 146 300 570 3.90 93.7 0.0422 487 16 50 50 98.6
803 s4.3 200 146 300 570 3.90 110.9 0.0422 487 16 50 50 1223
804 s2.4 400 328 300 1230 3.75 94.1 0.0376 487 16 66 66 229.8
805 s3.4 800 690 300 2630 3.81 94.1 0.0357 487 16 138 138 379.0
806 Kawano & AlA 330 300 105 900 3.00 24.8 0.0126 400 20 60 60 335
Wantanabe
807 [162] AlB 330 300 105 900 3.00 248 0.0126 400 20 60 60 29.5
808 A2A 570 500 176 1500 3.00 27.3 0.0136 400 20 100 100 82.5
809 A2B 570 500 176 1500 3.00 273 0.0136 400 20 100 100 101.5
810 A3A 1050 950 350 2850 3.00 20.7 0.0122 400 20 190 190 216.0
811 A3B 1050 950 350 2850 3.00 20.6 0.0122 400 20 190 190 2375
812 AdA 2200 2000 600 6000 3.00 22.2 0.0120 400 40 400 400 610.5
813 A4B 2200 2000 600 6000 3.00 23.1 0.0120 400 40 400 400 560.0
814 Ghannoum N220-1 220 190 400 475 2.50 34.2 0.0120 433 20 100 100 103.6
[163]
815 N350-1 350 313 400 783 2.50 34.2 0.0120 477 20 100 100 157.9
816 N485-1 485 440 400 1100 2.50 34.2 0.0120 385 20 100 100 186.8
817 N960-1 960 889 400 2223 2.50 34.2 0.0120 385 20 100 100 360.2
818 N220-h 220 190 400 475 2.50 34.2 0.0200 433 20 100 100 122.7
819 N350-h 350 313 400 783 2.50 34.2 0.0200 477 20 100 100 178.4
820 N485-h 485 440 400 1100 2.50 34.2 0.0200 385 20 100 100 214.6
821 N960-h 960 889 400 2223 2.50 34.2 0.0200 385 20 100 100 379.7
822 H220-1 220 190 400 475 2.50 58.6 0.0120 433 10 100 100 105.8
823 H350-1 350 313 400 783 2.50 58.6 0.0120 477 10 100 100 157.1
824 H485-1 485 440 400 1100 2.50 58.6 0.0120 385 10 100 100 197.7
825 H960-1 960 889 400 2223 2.50 58.6 0.0120 385 10 100 100 310.4
826 H220-h 220 190 400 475 2.50 58.6 0.0200 433 10 100 100 135.3
827 H350-h 350 313 400 783 2.50 58.6 0.0200 477 10 100 100 189.5
828 H485-h 485 440 400 1100 2.50 58.6 0.0200 385 10 100 100 198.2
829 H960-h 960 889 400 2223 2.50 58.6 0.0200 385 10 100 100 3311
830 Islam et al. M100-S0 250 203 150 800 3.94 83.3 0.0322 532 10 10 10 65.0
[164]
831 M100-S1 250 203 150 800 3.94 83.3 0.0322 532 10 10 10 107.7
832 M100-S2 250 203 150 800 3.94 83.3 0.0322 532 10 10 10 1311
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) b fe i d ;;I;g{)e B;?lt;?em v,
# Author Specimen h(mm) | d(mm) ("rs a (mm) a/d P (M’V_., a) (mr?w) width width (m’)
(MP2) mm | (mm)
833 M100-S3 250 203 150 800 3.94 83.3 0.0322 532 10 10 10 96.9
834 M100-S4 250 203 150 800 3.94 83.3 0.0322 532 10 10 10 80.7
835 M80-S0 250 203 150 800 3.94 72.2 0.0322 532 10 10 10 58.0
836 M80-S1 250 203 150 800 3.94 722 0.0322 532 10 10 10 117.3
837 M80-S2 250 203 150 800 3.94 72.2 0.0322 532 10 10 10 123.0
838 M80-S3 250 203 150 800 3.94 722 0.0322 532 10 10 10 115.4
839 M80-S4 250 203 150 800 3.94 72.2 0.0322 532 10 10 10 72.1
840 M60-S0 250 207 150 800 3.86 50.8 0.0202 554 10 10 10 455
841 M60-S1 250 207 150 800 3.86 50.8 0.0202 554 10 10 10 92.3
842 M60-S2 250 207 150 800 3.86 50.8 0.0202 554 10 10 10 103.8
843 M60-S3 250 207 150 800 3.86 50.8 0.0202 554 10 10 10 90.4
844 M60-S4 250 207 150 800 3.86 50.8 0.0202 554 10 10 10 51.9
845 M40-S0 250 205 150 800 3.90 34.4 0.0319 320 10 10 10 55.0
846 M40-S1 250 205 150 800 3.90 344 0.0319 320 10 10 10 84.6
847 M40-S2 250 205 150 800 3.90 34.4 0.0322 320 10 10 10 96.1
848 M40-S3 250 205 150 800 3.90 34.4 0.0319 320 10 10 10 80.7
849 M40-S4 250 205 150 800 3.90 34.4 0.0319 320 10 10 10 76.9
850 M25-S0 250 207 150 800 3.86 26.6 0.0202 350 10 10 10 475
851 M25-S1 250 207 150 800 3.86 26.6 0.0202 350 10 10 10 67.3
852 M25-S2 250 207 150 800 3.86 26.6 0.0202 350 10 10 10 94.2
853 M25-S3 250 207 150 800 3.86 26.6 0.0202 350 10 10 10 56.5
854 M25-54 250 207 150 800 3.86 26.6 0.0202 350 10 10 10 65.4
855 Collins and B100 1000 925 300 2700 292 36.0 0.0101 550 10 152 152 225.0
Kuchma [165]
856 B100-R 1000 925 300 2700 292 36.0 0.0101 550 10 152 152 249.0
857 B100D 1000 925 300 2700 292 36.0 0.0119 550 10 152 152 320.0
858 B100H 1000 925 300 2700 292 98.0 0.0101 550 10 152 152 193.0
859 B100HE 1000 925 300 2700 292 98.0 0.0101 550 10 152 152 217.0
860 B100L 1000 925 300 2700 292 39.0 0.0101 483 10 152 152 223.0
861 B100L-R 1000 925 300 2700 292 39.0 0.0101 483 10 152 152 235.0
862 B100B 1000 925 300 2700 292 39.0 0.0101 550 10 152 152 204.0
863 BN100 1000 925 300 2700 292 37.2 0.0076 550 10 152 152 192.0
864 BND100 1000 925 300 2700 292 37.2 0.0105 550 10 152 152 258.0
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# Author Specimen h(mm) | d(mm) (m a (mm) a/d P (IvaPk a) (n(wj?n) \?v:z;i v‘;:zm Xm")
m) (MPa) (mm) (mm)
865 BH100 1000 | 925 | 300 | 2700 | 292 | 988 0.0076 550 10 152 152 | 1930
366 BADI0O | 1000 | 925 | 300 | 2700 | 292 | 988 0.0105 550 10 52 52 | 2780
867 BHDIOO | 1000 | 25 | 300 | 2700 | 292 | 988 0.0105 550 10 152 152 | 3340
868 BRLIOO | 1000 | 925 | 300 | 2700 | 292 | 940 0.0050 550 10 152 152 | 1630
869 ?lhz'g] et al MHB2S 1 250 215 | 125 | 538 2.50 52.0 0.0377 414 19 45 45 56.4
870 HB25-0 250 215 | 125 | 538 250 | 730 0.0377 412 13 I3 3 804
871 | Adebar[124] | DF-1 1000 | 1000 | 500 | 2330 | 233 | 210 0.0042 550 20 150 50 | 429.0
872 DF-2 1000 | 1000 | 500 | 2330 | 233 184 0.0042 550 20 150 150 | 315.0
873 DF2R 000 | 1000 | 500 | 2330 | 233 84 0.0042 550 20 150 50 | 3780
874 DF3 1000 | 1000 | 500 | 2330 | 233 184 0.0042 550 20 150 150 | 329.0
875 DF 4 7000 | 1000 | 500 | 2330 | 233 | 255 0.0060 550 20 150 50 | 387.0
876 DF 5 1000 | 996 | 500 | 2400 | 241 | 255 0.0066 550 20 150 150 | 38L.0
877 DF-6 1000 | 1000 | 500 | 2200 | 220 | 210 0.0098 550 20 200 200 | 7710
878 DF-7 1000 | 1000 | 500 | 2330 | 233 | 206 0.0098 550 20 150 150 | 435.0
879 DF-8 1000 | 1000 | 500 | 2330 | 233 | 224 0.0098 550 20 150 150 | 5310
880 DF-8R 7000 | 1000 | 500 | 2330 | 233 | 224 0.0098 550 20 150 50 | 579.0
881 DF-9 1000 | 1000 | 500 | 2330 | 233 | 317 0.0098 550 20 150 150 | 5320
882 DF-10 7000 | 1000 | 500 | 2330 | 233 | 317 0.0098 550 20 150 150 | 524.0
883 DF-10R 7000 | 1000 | 500 | 2330 | 233 | 317 0.0098 550 20 150 150 | 605.0
884 | Pendyala & | 2 160 40 | 80 | 700 500 | 340 0.0202 410 10 10 10 165
Mendis [125]
885 r 160 0 | 80 | 700 500 | 630 0.0202 10 10 0 10 16.0
886 6 160 40 | 80 | 700 500 | 87.0 0.0202 410 10 10 10 180
ggy | Yoshida[166] JBZOOO’ 2000 | 1890 | 300 | 5400 | 286 336 0.0074 435 10 300 300 | 255.0
888 | Angelakos et | DB120 000 | 925 | 300 | 2700 | 292 | 250 0.0101 550 10 52 52 | 1790
al. [48]

889 DB130 000 | 925 | 300 | 2700 | 292 | 320 0.0101 550 10 152 52 | 185.0
890 DB140 000 | 925 | 300 | 2700 | 292 | 380 0.0101 550 10 152 52 | 180.0
891 DB165 000 | 925 | 300 | 2700 | 292 | 650 0.0101 550 10 152 52 | 185.0
892 DB180 000 | 925 | 300 | 2700 | 292 | 800 0.0101 550 10 52 52 | 1720
893 DB230 000 | 925 | 300 | 2700 | 292 | 320 0.0202 550 10 152 52 | 257.0
894 DB0530 | 1000 | 925 | 300 | 2700 | 292 | 320 0.0050 550 10 152 52 | 1650
895 | Cao [167] SB2003/0 | 2000 | 1890 | 300 | 5400 | 286 | 300 0.0036 435 10 300 300 | 2240
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# Author Specimen h(mm) | d(mm) (m a (mm) a/d i da plate plate Ve
m) P (MPa) | (mm) width width (kN)
(MP2) mm) | (mm)
896 %3122/0 2000 1890 | 300 | 5400 2.86 275 0.0152 435 10 300 300 402.0
897 | Guadagnini SB40 250 224 150 750 3.35 228 0.0135 499 20 100 100 250
[82]
898 SB41 250 224 150 500 2.23 128 0.0135 499 20 100 100 67.5
Tariq & | R-
899 | \ouhook S007Na 400 346 160 950 2.75 37.3 0.0072 483 20 69 69 58.9
[168]
R,
900 S007ND 400 346 160 950 2.75 37.3 0.0072 483 20 69 69 63.3
R-
901 SO10NL 400 346 160 | 1150 3.32 432 0.0108 483 20 69 69 66.7
R-
902 S010N2 400 346 160 | 1150 3.32 432 0.0108 483 20 69 69 62.2
R-
903 015N 400 325 160 | 1150 3.54 34.1 0.0154 483 20 65 65 69.8
R-
204 S015N2 400 325 160 | 1150 3.54 341 0.0154 483 20 65 65 705
905 '[‘1“;;*3]" et | arg 1005 020 | M| 200 | 293 64.1 0.0794 460 10 152 152 | P%
906 8334) test | g7t 1219 1151 | 356 | 3353 2,91 31.8 0.0074 478 19 230 230 243.8
907 | Rahal & Al- | A65-NTR 370 330 200 900 2.73 61.3 0.0216 483 12 10 10 125.0
Shaleh [55]
908 B65-NTR 370 305 200 900 2.95 61.9 0.0389 483 2 10 10 170.0
909 | Bentz & | SBBLL 103 84 104 248 2.95 33.0 0.0163 494 10 10 10 145
Buckley [73]
910 SBB1.2 103 84 105 248 2.95 33.0 0.0162 494 10 10 10 185
911 SBB1.3 103 84 104 248 2.95 33.0 0.0163 494 10 10 10 15.0
912 SBB2.1 206 168 106 295 2.95 30.0 0.0160 494 10 10 10 28.8
913 SBB2.2 206 168 105 295 2.95 30.0 0.0162 494 10 10 10 305
914 SBB2.3 206 166 106 295 2.98 30.0 0.0162 494 10 10 10 29.7
915 SBB3.1 378 333 105 990 2.97 34.0 0.0155 490 10 10 10 222
916 SBB3.2 378 333 101 990 2.97 34.0 0.0161 490 10 10 10 206
017 SBB3.3 378 333 101 990 2.97 340 0.0161 490 10 10 10 229
918 | Cladera and | H50/1 200 359 200 | 1080 3.01 29.9 0.0224 500 2 150 150 99.7
Marf [170]
919 H60/1 400 359 200 | 1080 3.01 60.8 0.0224 500 12 150 150 108.1
920 H75/1 200 359 200 | 1080 3.01 68.9 0.0224 500 2 150 150 99.9
921 H100/1 400 359 200 | 1080 3.01 87.0 0.0224 500 12 150 150 117.9
922 | ElFSayed etal. | SN-0.8 200 326 250 | 1000 3.07 50.0 0.0086 453 19 300 300 985
[171]
923 SN-1.2 400 326 250 | 1000 3.07 146 0.0123 460 19 300 300 1165
924 SN-1.7 400 326 250 | 1000 3.07 136 0.0172 460 19 300 300 1445
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# Author Specimen h(mm) | d(mm) (m a (mm) a/d i G plate plate Ve,
m) P (MPa) | (mm) width width (kN)
(MPa) (mm) (mm)
925 SH17 400 326 | 250 | 1000 | 307 | 620 0.0172 60 19 300 300 | 160.0
Sherwood et AT-2-
o2 | S e 470 437 | 250 | 1205 | 296 | 377 0.0009 465 10 152 152 | 11538
AT
927 ol 470 440 | 250 | 1205 | 204 | 385 0.0009 465 10 152 152 | 1133
AT 100
028 SN 470 440 0| 1205 | 204 | 300 0.0009 465 10 152 152 | 476.0
AT-2 100
929 e 470 437 0| 1205 | 206 | 379 0.0009 465 10 152 152 | 4448
930 AT-2- 472 a0 | 300 | 1205 | 204 406 0.0009 465 10 152 152 | 12
3000 0 3
931 AT3A 338 307 | 6% | 1039 | 338 | 375 0.0009 28 10 52 52 | 2393
932 AT3C 3% 305 | 706 | 1039 | 341 | 371 0.0009 48 10 152 152 | 2602
933 AT3B 338 305 | 701 | 1039 | 341 | 378 0.0009 28 10 52 52 | 2548
934 AT3D 3% 307 | 706 | 1039 | 338 | 371 0.0009 48 10 152 152 | 250.2
o35 | Lubell[173] AWL 500 s38 | 7| 180 | 344 36.9 0.0079 467 10 305 305 | 585.0
936 AW4 500 so6 | 9| 1850 | 366 | 309 0.0169 467 10 305 305 | 716.0
937 AW8 501 so7 | 10| uss0 | 3es | 304 0.0169 467 10 152 152 | 789.0
938 AX6 3% 288 | 703 | 1040 | 361 | 410 0.0173 %67 10 52 52 | 2810
939 AXT 3% 287 | 704 | 1040 | 362 | 410 0.0104 a3 10 152 152 | 249.0
940 AX8 339 289 | 705 | 1040 | 360 | 410 0.0172 %67 10 52 52 | 2720
941 AL 467 436 | 249 | 1300 | 300 | 407 0.0033 900 10 152 52 | 850
942 | Seliem e a | G273z | 915 850 | 460 | 2325 | 274 | 320 0.0072 68 19 230 230 | 28456
[127]
943 M2732 | 915 850 | 460 | 2325 | 274 | 320 0.0044 865 19 230 230 | 3276
944 | Sherwood et | L-ONI 1510 | 1400 | 300 | 4050 | 289 | 384 0.0083 52 10 152 52 | 2650
al. [172]
945 [-10N2 1510 | 1400 | 300 | 4050 | 289 | 403 0.0083 52 10 152 52 | 242.0
96 L-10H 510 | 1400 | 300 | 4050 | 289 | 736 0.0083 52 10 152 52 | 2400
947 [-20NT 1510 | 1400 | 300 | 4050 | 289 | 314 0.0083 52 20 152 52 | 265.0
948 202 1510 | 1400 | 300 | 4050 | 289 | 332 0.0083 52 20 152 52 | 266.0
949 L-40NT 1510 | 1400 | 300 | 4050 | 289 | 281 0.0083 52 0 152 52 | 242.0
950 L-40N2 1510 | 1400 | 300 | 4050 | 289 | 285 0.0083 52 20 152 52 | 288.0
951 L-50NT 1510 | 1400 | 300 | 4050 | 289 | 410 0.0083 52 50 152 52 | 2720
952 502 1510 | 1400 | 300 | 4050 | 289 | 401 0.0083 52 50 152 52 | 298.0
953 [50N2R | 1510 | 1400 | 300 | 4050 | 289 | 401 0.0083 52 50 152 52 | 3230
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954 S-10N1 330 280 122 810 2.89 41.9 0.0083 494 10 30 30 36.6
955 S-10N2 330 280 122 810 2.89 419 0.0083 494 10 30 30 383
956 S-10H 330 280 122 810 2.89 773 0.0083 494 10 30 30 37.7
957 S-20N1 330 280 122 810 2.89 392 0.0083 494 20 30 30 39.1
958 S-20N2 330 280 122 810 2.89 38.1 0.0083 494 20 30 30 38.2
959 S-40N1 330 280 122 810 2.89 29.1 0.0083 494 20 30 30 418
960 S-40N2 330 280 122 810 2.89 29.1 0.0083 494 40 30 30 349
961 S-50N1 330 280 122 810 2.89 435 0.0083 494 50 30 30 385
962 S-50N2 330 280 122 810 2.89 135 0.0083 494 50 30 30 40.6
963 l[leﬁ:] et a | Arg 1000 925 300 1994 2.16 33.8 0.0076 562 10 152 152 249.2
Table A-2-Slender beams with shear reinforcement
# speci h a b a fuc T fy o da Top plate Bottom Verp
Author men | om | em | om | @m ad (pe ’ P “ P m oapy || e ) )
1 Clark [103] Al-1l 457 380 203 914 241 247 0.031795 321 0.0038 331 0 0 15 89 89 2225
2 Al-2 457 379 203 914 241 237 0.031834 321 0.0038 331 0 0 15 89 89 209.1
3 Al-3 457 379 203 914 241 234 0.031872 321 0.0038 331 0 0 15 89 89 2225
4 Al-4 457 379 203 914 241 248 0.031834 321 0.0038 331 0 0 15 89 89 2447
5 B1-1 457 379 203 762 201 234 0.031872 321 0.0037 331 0 0 15 89 89 278.8
6 B1-2 457 380 203 762 2.00 254 0.031757 321 0.0037 331 0 0 15 89 89 256.6
T B1-3 457 379 203 762 201 237 0.031872 321 0.0037 331 0 0 15 89 89 2848
8 Bl1-4 457 379 203 762 201 233 0.03191 321 0.0037 331 0 0 15 89 89 268.1
9 B1-5 457 380 203 762 201 246 0.031795 321 0.0037 331 0 0 15 89 89 2414
10 B2-1 457 379 203 762 201 232 0.03191 321 0.0037 331 0 0 15 89 89 301.1
11 B2-3 457 380 203 762 2.00 249 0.031757 321 0.0037 331 0 0 15 89 89 3349
12 D2-6 381 319 152 762 239 295 0.033768 321 0.0061 331 0 0 15 89 89 168.4
13 D2-7 381 317 152 762 240 284 0.033889 321 0.0061 331 0 0 15 89 89 1573
14 D2-8 381 316 152 762 241 26.1 0.034053 321 0.0061 331 0 0 15 89 89 168.4
15 D4-1 381 317 152 762 241 274 0.033971 321 0.0049 331 0 0 15 89 89 168.4
16 D4-2 381 315 152 762 242 257 0.034094 321 0.0049 331 0 0 15 89 89 1573
17 D4-3 381 312 152 762 244 221 0.034468 321 0.0049 331 0 0 15 89 89 165.1
18 D5-1 381 317 152 762 240 277 0.03393 321 0.0037 331 0 0 15 89 89 146.2
19 D5-2 381 318 152 762 240 290 0.033808 321 0.0037 331 0 0 15 89 89 157.3
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20 D5-3 381 317 152 762 241 271 0.033971 321 0.0037 331 0 0 15 89 89 157.3
21 Krefeld & 26-1 508 456 254 1829 4.01 40.1 0.02218 370 0.00146 341 0 0 25 178 178 1034
Thurston
[113]

2 291 508 56 254 1829 701 %8 0.02218 370 0.00097 341 0 0 3 178 178 798

23 29b-1 508 456 254 1829 4.01 377 0.02218 370 0.00097 341 0 0 25 178 178 80.1

2 235 508 456 254 1829 401 389 0.02218 370 0.00064 341 0 0 2 178 178 741

% 2932 508 56 254 1829 701 372 0.02218 370 0.00097 32 0 0 3 178 178 1083

26 29b-2 508 456 254 1829 4.01 414 0.02218 370 0.00097 372 0 0 25 178 178 101.2

27 29¢-2 508 456 254 1829 4.01 241 0.02218 370 0.00097 372 0 0 25 178 178 80.7

2 2942 508 756 254 1829 701 304 0.02218 370 0.00097 372 0 0 % 78 178 825

29 029 508 456 254 1829 4.01 485 0.02218 370 0.00097 372 0 0 25 178 178 103.2

0 2912 508 756 254 1829 701 s 0.02218 370 0.00097 372 0 0 % 78 178 172

31 29g-2 508 456 254 1829 4.01 15.7 0.02218 370 0.00097 372 0 0 25 178 178 75.0

32 238 508 456 254 1829 401 370 0.02218 370 0.00064 an2 0 0 2 178 178 807

33 g 508 456 254 1829 401 376 0.02218 370 0.00048 an2 0 0 2 178 178 821

34 293 508 456 254 1829 4.01 343 0.02218 370 0.00097 237 0 0 25 178 178 89.0

E3 3181 508 756 254 1829 701 206 0.02218 370 0.00048 517 0 0 % 78 178 1101

36 321-1 508 456 254 1829 4.01 388 0.02218 370 0.00041 517 0 0 25 178 178 81.8

37 392 508 56 254 1829 701 371 0.02218 370 0.00097 A 0 0 % 78 78 1243

38 313 5 508 456 254 1829 401 39.7 0.02218 370 0.00064 352 0 0 25 178 178 1174

39 393 508 56 254 1829 701 27 0.02218 370 0.00097 276 0 0 % 78 78 1199

20 s 508 456 254 1829 401 27 0.02218 370 0.00064 276 0 0 2 178 178 1068
T 318-3 508 456 254 1829 401 430 0.02218 370 0.00048 276 0 0 25 178 178 874
a2 | 3213 508 56 254 1829 701 30 0.02218 370 0.00041 276 0 0 % 78 78 703

Smith and oL
@ | Yansiots o 356 305 102 613 201 161 0.019286 431 0.0042 437 00023 | 4374 | 127 102 102 874
| Jomson & T 610 53 305 1670 310 %64 0.024897 525 0.00142 a9 0 0 9 102 102 916
Ramirez
[156]

45 2 610 539 305 1670 3.10 36.4 0.024897 525 0.00072 479 0 0 19 102 102 2222
| 3 610 539 305 1670 310 723 0.024897 525 0.00072 a9 0 0 g 102 102 2812
| 7 510 53 305 1670 310 723 0.024887 525 000072 79 0 0 g 102 02 2585
& | 5 610 539 305 1670 310 559 0.024897 525 0.00142 a9 0 0 g 02 02 2630
a9 | 7 610 539 305 1670 310 513 0.024897 525 0.00072 a9 0 0 g 102 102 3390

50 8 610 539 305 1670 310 513 0.024887 525 000072 79 0 0 g 102 02 3832

51| Roller & Gl 35 559 356 397 250 1201 0.015879 a2 0.0074 207 0 0 27 150 200 2978

Russell
[175)

5 2 79 559 356 1387 250 201 0.028384 N 00043 a8 0 0 27 150 200 10893

5 s 718 559 356 397 250 1201 0.043326 a1 0.0088 58 0 0 27 150 200 16579

£ B ] 55 356 387 250 201 0057768 R 00125 58 0 0 27 150 200 19434

55 E Iz 559 356 387 250 201 0.066994 60 00175 5] 0 0 27 150 200 22385
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56 S6 870 762 457 2286 3.00 720 0.016506 464 0.00082 445 0 0 127 150 200 665.2
57 s7 870 762 457 2286 3.00 720 0.018189 483 0.00158 445 0 0 127 150 200 781.7
5 B3 870 762 w57 2286 300 1250 0016189 53 0.00082 s 0 0 27 50 200 w27
59 S9 870 762 457 2286 3.00 125.0 0.022735 483 0.00158 445 0 0 127 150 200 7493
G 10 870 762 w57 2286 300 250 002751 a6 000233 s 0 0 27 150 200 1720
61 E(SIOE]H al N{\;W 254 203 127 609 3.00 429 0.032032 421 0.0049 324 0 0 19 15 15 87.0
62 N':;W 254 198 127 594 3.00 1034 0.045156 421 0.0051 324 0 0 19 15 15 102.4
63 NV';;N 254 198 127 594 3.00 948 0.045156 421 0.0065 324 0 0 19 15 15 108.2
64 NV';;N 254 198 127 594 3.00 108.7 0.045156 421 0.0078 324 0 0 19 15 15 1225
65 NZW 254 198 127 792 4,00 104.1 0.045156 421 0.0051 324 0 0 19 15 15 93.7
53 ESUIT el NIN 750 55 375 2150 328 360 002878 200 0.00081 230 0 0 20 150 150 570
67 N2-S 750 655 375 2150 3.28 36.0 0.02878 400 0.00081 430 0 0 20 150 150 363.0
53 NN 750 3 375 7150 328 360 002878 00 0.00116 730 g 0 ) 50 150 30
5 MIN 750 55 375 2150 328 570 002878 200 0.00081 230 0 0 ) 50 150 1050
70 M2-S 750 655 375 2150 3.28 67.0 0.02878 400 0.00116 430 0 0 10 150 150 552.0
7 V2N 750 55 375 2150 328 570 002878 00 0.00163 730 0 0 ) 50 150 5890
72 H1-N 750 655 375 2150 3.28 87.0 0.02878 400 0.00081 430 0 0 10 150 150 483.0
7 s 750 55 375 2150 328 70 002878 00 0.0014 230 0 0 0 50 150 5960
74 H2-N 750 655 375 2150 328 87.0 0.02878 400 0.00233 430 0 0 10 150 150 721.0
75 Kong & S1-1 350 292 250 730 2,50 63.6 0.028027 452 0.00157 569 0 0 7 100 100 2283

Rangan [57]
7 s12 350 292 250 730 250 536 0028027 2 0.00157 569 0 0 7 00 100 2083
7 S1-3 350 292 250 730 2,50 63.6 0.028027 452 0.00157 569 0 0 7 100 100 206.1
7 S14 350 2% 250 730 250 536 0028027 2 0.00157 569 0 0 7 00 100 2778
79 S1-5 350 292 250 730 2,50 63.6 0.028027 452 0.00157 569 0 0 7 100 100 2533
3 GE) 350 7% 750 730 250 536 0028027 2 0.00157 569 g 0 7 00 100 2201
o1 1 350 2% 250 730 250 725 0028027 2 0.00105 569 0 0 7 00 100 2603
82 §2-2 350 292 250 730 2,50 725 0.028027 452 0.00126 569 0 0 7 100 100 2325
3 23 350 29 250 730 250 725 0028027 = 0.00157 569 0 0 7 00 100 7533
&z B 350 292 250 730 250 725 0028027 52 0.00157 569 0 0 7 00 100 2104
3 25 350 29 250 730 250 725 0028027 = 0.00208 569 0 0 7 00 100 2821
3 =1 350 297 750 720 249 574 0016593 50 0.00101 532 0 0 7 00 100 2082
87 52 350 297 250 720 249 574 0016593 50 0.00101 532 0 0 7 100 100 780
3 53 350 293 250 730 249 574 0027532 = 0.00101 32 0 0 7 00 100 2286
B9 B 350 293 250 730 249 574 0027832 52 0.00101 532 0 0 7 00 00 729
% 35 350 299 250 720 741 574 0036923 w2 0.00101 32 0 0 7 00 100 2566
9T B 350 299 250 720 241 574 0036923 o 0.00101 532 0 0 7 100 100 2829
2 B 500 522 750 1300 240 573 0030199 2 0.00157 569 0 0 7 00 100 340
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Taw ol lelaeTalel el o Tal » [a] o Jolelw=le |
men (m) (mm) (mm) (mm) ! (Mpa) ) oy Snm )
93 S4-2 500 444 250 1070 241 87.3 0.029586 433 0.00157 569 0 0 7 100 100 572.8
94 S4-3 400 346 250 830 240 87.3 0.028486 450 0.00157 569 0 0 7 100 100 2434
% B 350 292 250 730 250 73 0.028027 52 0.00157 569 0 0 7 100 100 2581
96 S4-6 250 198 250 500 253 87.3 0.027879 442 0.00157 569 0 0 7 100 100 2029
o7 51 350 292 250 880 301 894 0.028027 52 0.00157 569 0 0 7 100 100 217
98 S5-2 350 292 250 800 274 89.4 0.028027 452 0.00157 569 0 0 7 100 100 259.9
%9 553 350 292 250 730 250 894 0.028027 52 0.00157 569 0 0 7 100 100 2438
100 | 563 350 293 250 800 273 EX) 0.027932 52 0.00101 32 0 0 7 100 100 1784
101 S6-4 350 293 250 800 273 68.9 0.027932 452 0.00101 632 0 0 7 100 100 2144
102 | 65 350 299 250 790 264 EX) 0.036923 a2 0.0010L 32 0 0 7 100 100 2970
T S6-6 350 299 250 790 264 68.9 0.036923 442 0.00101 632 0 0 7 100 100 287.2
107 | ST 350 298 250 970 330 728 0.04468 a3 0.00105 569 0 0 7 100 100 2172
105 | S7-2 350 294 250 970 330 74.8 0.04468 433 0.00126 569 0 0 7 100 100 205.4
T S7-3 350 294 250 970 330 74.8 0.04468 433 0.00157 569 0 0 7 100 100 2465
107 | s74 350 298 250 970 330 728 0.04468 a3 0.0019 569 0 0 7 100 100 2736
T S7-5 350 294 250 970 330 74.8 0.04468 433 0.00224 569 0 0 7 100 100 304.4
108 | 576 350 298 250 970 330 728 0.04468 a3 0.00262 569 0 0 7 100 100 3106
T S8-1 350 292 250 730 250 746 0.028027 452 0.00105 569 0 0 7 100 100 2721
i | 52 350 292 250 730 250 726 0.028027 52 0.00126 569 0 0 7 00 00 2509
12 | 553 350 292 250 730 250 726 0.028027 52 0.00157 569 0 0 7 100 100 3096
T S8-4 350 292 250 730 250 746 0.028027 452 0.00157 569 0 0 7 100 100 265.8
1 | 555 350 292 250 730 250 726 0.028027 52 0.0019 569 0 0 7 100 100 2892
T S8-6 350 292 250 730 250 746 0.028027 452 0.00224 569 0 0 7 100 100 2839
1 | Solinsand B0 1000 025 300 2700 292 470 0.007568 550 0.00078 508 0 0 10 152 152 3020
[165]
17 B0 | 1000 025 300 2700 292 470 001045 550 0.00078 508 0 0 10 152 152 4610
118 [Slhégf‘ al i 250 215 125 538 250 520 0.037693 414 0.0025 414 0 0 19 45 4 986
119 e 250 215 125 538 250 520 0.037693 414 0.0047 414 0 0 19 45 4 1387
120 e 250 215 125 538 250 520 0.037693 a1 0.0071 a1 0 0 19 45 45 1504
MHB
121 25 250 215 125 538 250 520 0.037693 a1 0.0094 a1 0 0 19 a5 4 1642
122 Hee. 250 215 125 538 250 730 0037693 414 00024 414 0 0 13 a5 45 11556
123 ez 250 215 125 538 250 730 0037693 414 00047 414 0 0 13 a5 45 1489
124 Hee. 250 215 125 538 250 730 0037693 414 00071 414 0 0 13 a5 45 166.9
125 o 250 215 125 538 250 730 0037693 414 00094 414 0 0 13 a5 45 1838
126 E;%Z"l'da ‘;‘3,240 2000 1890 300 5400 2.86 336 0.007407 435 0.00078 470 0 0 10 300 300 6740
127 Yom | 2000 1890 300 5400 286 359 0.007407 435 0.00071 465 0 0 10 300 300 5500
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DATABASE

#
) f o f d Top plate | Bottom
Author Spect ("::“) (m[:“) (m“m) (mam) ald (MPa P (MPa P (MPa s (M'V"a) (m | widih late \:E:f))
P ) (mm) width(mm)
128 Yog/zgo 2000 1890 300 5400 2.86 36.4 0.007407 435 0.00071 468 0 0 10 300 300 472.0
Angelakos DBO.
129 etal. [48] 530M 1000 925 300 2700 292 320 0.005045 550 0.00078 508 0 0 10 152 152 263.0
130 DOB’\jZ 1000 925 300 2700 292 210 0.01009 550 0.00078 508 0 0 10 152 152 282.0
131 DUB';A 1000 925 300 2700 292 38.0 0.01009 550 0.00078 508 0 0 10 152 152 271.0
132 DB | 1000 925 300 2700 292 650 0.01009 550 0.00078 508 0 0 10 152 152 4520
133 O | 2000 925 300 2700 292 800 0.01009 550 0.00078 508 0 0 10 152 152 3950
134 | Cooli67] o 2000 1890 300 5400 286 308 0.0036 435 0.00071 483 0 0 10 300 300 3500
135 berd 2000 1890 300 5400 286 275 0015196 435 0.00071 483 0 0 10 300 300 6350
Rahal & Al- AB5-
| G pret 370 325 200 900 277 609 0021938 483 0.00141 240 0 0 12 10 10 1750
137 v 370 325 200 900 277 62.1 0021938 483 0.00201 240 0 0 12 10 10 1500
138 o 370 325 200 900 277 609 0021938 483 0.00257 240 0 0 12 10 10 1880
139 A9555- 370 325 200 900 277 62.1 0.021938 483 0.00297 240 0 0 12 10 10 220.0
140 BZ%%V 370 300 200 900 3.00 64.3 0.039548 483 0.00141 240 0 0 12 10 10 195.0
141 5166%' 370 300 200 900 3.00 65.1 0.039548 483 0.00176 240 0 0 12 10 10 208.0
142 Blisor 370 300 200 900 3.00 65.1 0.039548 483 0.00201 240 0 0 12 10 10 235.0
143 3162557 370 300 200 900 3.00 66.4 0.039548 483 0.00226 240 0 0 12 10 10 242.0
144 Bl?f]’ 370 300 200 900 3.00 66.4 0.039548 483 0.00257 240 0 0 12 10 10 270.0
25 | Claderaand | Fsoi2 20 E) 200 1080 306 99 0022776 500 0.0011 530 0 0 2 150 150 776
Mari [170]
146 H50/3 400 351 200 1080 3.08 499 0.022906 500 0.00239 540 0 0 12 150 150 2421
a7 5074 700 31 200 1080 308 299 0.029886 500 0.00239 520 0 0 v 50 150 2263
128 5075 200 359 200 1080 301 299 0.0223% 500 0 0 0.0045 520 2 150 150 297
149 H60/2 400 353 200 1080 3.06 60.8 0.022776 500 0.0014 530 0 0 12 150 150 179.7
150 6013 200 351 200 1080 308 508 0.022906 500 0.00239 530 0 0 v 150 150 2588
151 H60/4 400 351 200 1080 3.08 60.8 0.029886 500 0.00239 530 0 0 12 150 150 308.7
52 752 200 353 200 1080 306 89 0022776 500 0.0014 530 0 0 v 150 150 2039
5] TS 200 351 200 1080 308 89 0022506 500 0.00238 530 0 0 [ 50 150 2604
5 W75 200 £ 200 1080 308 89 0029886 500 0.00239 530 0 0 [ 150 150 7552
1007
155 H 400 353 200 1080 306 870 0022776 500 0.0017 530 0 0 12 150 150 2256
1007
156 . 400 351 200 1080 308 870 0022906 500 0.00239 540 0 0 12 150 150 2536
1007
157 ’ 400 351 200 1080 308 870 0.029886 500 0.00239 540 0 0 12 150 150 2665
158 Hio0! 400 359 200 1080 301 870 002239 500 0 0 0.0045 540 12 150 150 1401
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Table A-3-Deep beams without shear reinforcement

_ fue f | da | TOP .
# | aaor L am | om | om | po [ @ | PR el | e

(MPa) Pa) m) (mm) width

(mm)
1 Moody et 111-24a 610 533 178 831 1.56 17.8 0.0272 483 25 203 203 296.5

al. [104]
2 111-24b 610 533 178 831 1.56 20.6 0.0272 483 25 203 203 303.2
3 111-25a 610 533 178 831 1.56 24.3 0.0346 483 25 203 203 267.6
4 111-25b 610 533 178 831 1.56 17.2 0.0346 483 25 203 203 289.8
5 111-26a 610 533 178 831 1.56 21.7 0.0425 483 25 203 203 421.1
6 111-26b 610 533 178 831 1.56 20.6 0.0425 483 25 203 203 396.6
7 11-27a 610 533 178 831 1.56 21.4 0.0272 483 25 203 203 347.7
8 111-27b 610 533 178 831 1.56 229 0.0272 483 25 203 203 356.6
9 111-28a 610 533 178 831 1.56 23.3 0.0346 483 25 203 203 303.2
10 111-28b 610 533 178 831 1.56 22.4 0.0346 483 25 203 203 341.0
11 111-29a 610 533 178 831 1.56 21.7 0.0425 483 25 203 203 389.9
12 111-29b 610 533 178 831 1.56 25.0 0.0425 483 25 203 203 436.6
13 Moody et I-g 381 298 178 406 1.36 30.6 0.0095 483 25 203 203 133.4
al. [105]

14 I-h 381 298 178 406 1.36 24.4 0.0147 483 25 203 203 132.0
15 I-i 381 305 178 406 1.33 229 0.0210 483 25 203 203 146.8
16 1-2b 381 305 178 406 1.33 18.8 0.0376 483 25 203 203 140.9
17 1-3b 381 305 178 406 1.33 20.5 0.0476 483 25 203 203 149.7
18 1- 381 305 178 406 1.33 334 0.0147 483 25 203 203 155.7
19 1-k 381 305 178 406 1.33 26.6 0.0210 483 25 203 203 161.6
20 I-4a 381 305 178 406 1.33 29.8 0.0286 483 25 203 203 148.3
21 1-4b 381 305 178 406 1.33 27.9 0.0286 483 25 203 203 162.0
22 I1-5a 381 305 178 406 1.33 28.0 0.0376 483 25 203 203 177.9
23 1-5b 381 305 178 406 1.33 27.9 0.0376 483 25 203 203 163.1
24 1-6a 381 305 178 406 1.33 31.4 0.0476 483 25 203 203 170.5
25 1-6b 381 305 178 406 1.33 24.6 0.0476 483 25 203 203 177.9
26 I-1 381 305 178 406 1.33 35.2 0.0147 483 25 203 203 158.6
27 I-m 381 305 178 406 1.33 30.3 0.0210 483 25 203 203 155.7
28 I-7a 381 305 178 406 1.33 33.0 0.0286 483 25 203 203 170.5
29 1-7b 381 305 178 406 1.33 345 0.0286 483 25 203 203 178.3
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. fue fu | do | TOP B?;to
¢ aor T ] am | o | o | ¥ oo |0 | TR e |

(MPa) Pa) m) (mm) width

(mm)
30 1-8a 381 305 178 406 1.33 33.0 0.0376 483 25 203 203 215.0
31 1-8b 381 305 178 406 1.33 32.3 0.0376 483 25 203 203 163.1
32 1-9a 381 305 178 406 1.33 36.3 0.0476 483 25 203 203 192.7
33 1-9b 381 305 178 406 1.33 32.1 0.0476 483 25 203 203 192.7
34 I-n 381 305 178 406 1.33 36.1 0.0147 483 25 203 203 175.0
35 -0 381 305 178 406 1.33 34.8 0.0210 483 25 203 203 189.8
36 I-p 381 305 178 406 1.33 41.2 0.0286 483 25 203 203 197.2
37 I-q 381 305 178 406 1.33 337 0.0376 483 25 203 203 192.7
38 I-r 381 305 178 406 1.33 40.9 0.0476 483 25 203 203 207.6
39 11-18a 610 533 178 406 0.76 15.0 0.0282 483 25 203 203 326.2
40 11-19a 610 533 178 406 0.76 20.9 0.0346 483 25 203 203 357.3
41 11-19b 610 533 178 406 0.76 22.3 0.0346 483 25 203 203 394.7
42 11-20a 610 533 178 406 0.76 19.9 0.0425 483 25 203 203 348.4
43 11-20b 610 533 178 406 0.76 20.4 0.0425 483 25 203 203 369.2
44 1V-g 381 305 178 610 2.00 234 0.0095 483 25 203 203 80.1
45 IV-h 381 305 178 610 2.00 259 0.0147 483 25 203 203 89.0
46 IV-i 381 305 178 610 2.00 24.1 0.0210 483 25 203 203 86.4
47 1V-j 381 305 178 610 2.00 24.8 0.0286 483 25 203 203 105.5
48 1V-k 381 305 178 610 2.00 25.0 0.0376 483 25 203 203 111.8
49 V-1 381 305 178 610 2.00 27.0 0.0476 483 25 203 203 102.9
50 V-b 381 305 178 406 1.33 26.0 0.0147 483 25 203 203 194.9
51 V-d 381 305 178 406 1.33 24.8 0.0286 483 25 203 203 2134
52 V-f 381 305 178 406 1.33 233 0.0476 483 25 203 203 210.5
53 Vi-a 381 305 178 542 1.78 28.2 0.0095 483 25 203 203 102.7
54 VI-b 381 305 178 542 1.78 28.7 0.0147 483 25 203 203 172.1
55 Vi-c 381 305 178 542 1.78 24.7 0.0210 483 25 203 203 146.8
56 VI-d 381 305 178 542 1.78 26.9 0.0286 483 25 203 203 157.5
57 Vli-e 381 305 178 542 1.78 28.4 0.0376 483 25 203 203 170.8
58 VI-f 381 305 178 542 1.78 384 0.0210 483 25 203 203 186.8
59 VI-g 381 305 178 542 1.78 38.1 0.0286 483 25 203 203 173.5
60 VI-h 381 305 178 542 1.78 36.6 0.0376 483 25 203 203 206.8
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) f fu | da | TOP o
# | aaor R ] am | m | oy | oo | @ | RS e | g
(MPa) Pa) m) (mm) width
(mm)
61 Vi 381 | 305 178 | 542 | 178 | 415 | 00476 | 483 | 25 | 203 203 1948
62 | Morrow & | Bl4-E2 | 410 | 375 | 305 | 356 | 095 | 127 | 00057 | 483 | 6 102 102 278.0
Viest
63 | [106] BI4-A4 | 406 362 305 356 | 098 | 226 | 0.0250 | 483 | 6 102 102 5115
64 B14-B4 | 406 | 368 | 305 | 35 | 097 | 26.3 | 00185 | 483 | 6 102 102 500.4
65 BI4-E4 | 406 | 368 | 305 | 356 | 0.97 | 289 | 00124 | 483 | 6 102 102 5115
66 B14-A6 | 406 | 356 | 305 | 356 | 1.00 | 454 | 00383 | 483 | 6 102 102 900.7
67 B14-B6 | 406 | 368 | 305 | 356 | 0.97 | 468 | 00185 | 483 | 6 102 102 7784
68 B21-B2 | 406 | 367 | 305 | 533 | 145 | 139 | 00186 | 483 | 6 102 102 2385
69 B21-E2 | 406 | 375 | 305 | 533 | 142 | 113 | 00057 | 483 | 6 102 102 2117
70 B21-A4 | 406 | 368 | 305 | 533 | 145 | 29.8 | 00246 | 483 | 6 102 102 523.1
71 B21-B4 | 406 | 368 | 305 | 533 | 145 | 271 | 00185 | 483 | 6 102 102 396.4
72 B21-E4 | 406 | 365 | 305 | 533 | 146 | 242 | 00124 | 483 | 6 102 102 4230
73 B2 | 46 | 368 | 305 | 538 | 145 | 319 | 00124 |483 | 6 | 202 | 102 | 4342
74 B21-F4 | 406 | 370 | 305 | 533 | 144 | 314 | 00117 | 483 | 6 102 102 467.6
75 B21-A6 | 406 | 356 | 305 | 533 | 150 | 453 | 00383 | 483 | 6 102 102 578.8
76 B21-B6 | 406 | 375 | 305 | 533 | 142 | 455 | 00182 | 483 | 6 102 102 578.7
77 B28-B2 | 406 | 362 | 305 | 711 | 1.96 | 147 | 00188 | 483 | 6 102 102 201.2
78 B28-E2 | 406 | 372 | 305 | 711 | 1.91 | 137 | 00057 | 483 | 6 102 102 130.0
79 B28-A4 | 406 | 368 | 305 | 711 | 193 | 275 | 00246 | 483 | 6 102 102 3235
80 B28-B4 | 406 | 368 | 305 | 711 | 1.93 | 323 | 00185 | 483 | 6 102 102 256.8
81 B28-E4 | 406 | 368 | 305 | 711 | 1.93 | 331 | 00124 | 483 | 6 102 102 267.9
82 B28-B6 | 406 | 368 | 305 | 711 | 193 | 439 | 00185 | 483 | 6 102 102 3235
Chang &
83 E%s}']er A2 152 137 102 | 254 | 1.85 | 149 | 00237 | 328 | 25 64 64 207
84 | Watstein B-18-1 | 457 | 404 | 203 | 610 | 151 | 254 | 00305 | 267 | 25 | 89 89 3114
& Mathey
85 | [108] C-18-1 | 457 | 404 | 203 | 610 | 151 | 256 | 00185 | 490 | 25 | 89 89 289.1
86 C-18-2 | 457 | 404 | 203 | 610 | 151 | 264 | 00188 | 466 | 25 | 89 89 3114
87 D-18-1 | 457 | 404 | 203 | 610 | 151 | 257 | 00117 | 724 | 25 | 89 89 266.9
88 D-182 | 457 | 404 | 203 | 610 | 151 | 270 | 00116 | 669 | 25 | 89 89 266.9
89 E-18-1 | 457 | 404 | 203 | 610 | 151 | 224 | 00075 | 686 | 25 | 89 89 220.8




APPENDIXA DATABASE
Botto
Top
. fex fu d m
Specime h d b a i a plate Verp.
# Author n om) | m) | om) | @m | ¥ p Mm i | PR
(MPa) Pa) | m) (mm) width
(mm)
) E-18-2 | 457 404 203 610 | 151 | 267 | 00075 | 688 | 25 89 89 2224
91 | Rodrigez E6N1 368 318 152 432 | 136 | 221 | 00159 | 483 | 25 | 102 102 2111
et al. [109]
92 E6N2 368 318 154 432 | 136 | 17.9 | 00159 | 483 | 25 | 102 102 1625
93 E6N3 368 318 154 432 | 136 | 227 | 00159 | 483 | 25 | 102 102 184.6
94 C6N1 368 321 156 432 | 135 | 261 | 00159 | 483 | 25 | 102 102 2104
95 C6N2 368 318 152 432 | 136 | 221 | 00159 | 483 | 25 | 102 102 151.8
% C6N3 368 314 154 432 | 138 | 217 | 00159 | 483 | 25 | 102 102 184.8
97 | de Cassio | A-11 305 254 152 508 | 200 | 283 | 00333 | 341 | 25 | 305 305 103.4
& Seiss
98 | [110] D-5 305 276 152 419 | 152 | 258 | 00135 | 361 | 25 | 152 152 90.5
99 | Leonhardt 1 320 270 190 270 | 100 | 324 | 00207 | 465 | 30 | 100 100 3885
& Walther
100 | [3] 2 320 270 190 400 | 148 | 324 | 00207 | 465 | 30 | 100 100 260.0
101 3 320 270 190 540 | 200 | 324 | 00207 | 465 | 30 | 100 100 147.2
102 GA1L 320 270 190 500 | 185 | 223 | 00182 | 439 | 30 | 100 100 89.5
103 GA2 320 270 190 500 | 1.85 | 223 | 00178 | 490 | 30 | 100 100 106.0
104 G6 320 270 190 500 | 1.85 | 261 | 00247 | 426 | 30 | 100 100 1436
105 1171 340 290 190 375 | 129 | 381 | 00193 | 465 | 30 | 100 100 165.8
106 1172 346 296 190 375 | 127 | 381 | 00189 | 465 | 30 | 100 100 177.0
107 12/1 323 273 190 500 | 1.83 | 368 | 00205 | 465 | 30 | 100 100 144.4
108 1212 322 272 189 500 | 184 | 367 | 00207 | 465 | 30 | 100 100 114.6
109 | Mathey & I-1 457 403 203 610 | 151 | 254 | 00305 | 267 | 25 89 89 3129
Watstein
10 | [t -3 457 403 203 610 | 151 | 219 00188 | 466 | 25 89 89 2618
111 11-4 457 403 203 610 | 151 | 264 | 00188 | 466 | 25 89 89 312.9
112 -5 457 403 203 610 | 151 | 257 | 00185 | 490 | 25 89 89 2885
113 -6 457 403 203 610 | 151 | 256 | 00185 | 490 | 25 89 89 290.7
114 V-7 457 403 203 610 | 151 | 241 | 00186 | 443 | 25 89 89 290.8
115 V-8 457 403 203 610 | 151 | 249 | 00186 | 443 | 25 89 89 304.0
116 V-9 457 403 203 610 | 151 | 231 | 00116 | 698 | 25 89 89 224.0
117 V-10 457 403 203 610 | 151 | 270 | 00116 | 698 | 25 89 89 268.4
118 VI-11 457 403 203 610 | 151 | 254 | 00117 | 698 | 25 89 89 224.0
119 VI-12 457 403 203 610 | 151 | 257 | 00117 | 698 | 25 89 89 268.4
120 V-13 457 403 203 610 | 151 | 224 | 00075 | 712 | 25 89 89 2224
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) f fu | da | TOP B(;:w
# | aaor R ] am | m | oy | oo | @ | RS e | g

(MPa) Pa) m) (mm) width

(mm)
21 VT4 | 457 | 403 | 203 | 610 | 151 | 267 | 00075 | 712 | 25 | 89 89 | 2240
122 Vi15 | 457 | 403 | 203 | 610 | 151 | 255 | 00075 | 712 | 25 | 89 89 | 1795
123 Vi16 | 457 | 403 | 203 | 610 | 151 | 228 | 00075 | 712 | 25 | 89 89 | 1886
124 gf] | Psa:\e/sli G235 | 330 | 305 | s1 | 203 | 067 | 246 | 00083 |463 [ 10 | 98 98 89.8

[112]

125 G335 | 20 | 203 | 76 | 203 | 100 | 233 | 00167 |463 [ 10 | 98 98 85.3
126 G | 220 | 203 | 76 | 203 | 100 | 352 | 00167 |463 [ 10 | 98 8 | 1008
127 GBS | ws | 12 | 102 | 203 | 134 | 242 | 00167 |463 [ 10 | 98 98 76.9
128 CMS | ws | 12 | 102 | 208 | 134 | 370 | 00167 |463 [ 10 | 98 98 83.6
129 | Kani[20] 2% 305 | 271 | 152 | 407 | 150 | 27.9 | 00187 | 396 | 19 | 152 | 152 | 1820
130 26 152 | 136 | 151 | 272 | 200 | 255 | 00276 | 392 | 19 | 152 | 152 | 69.0
131 53 152 | 132 | 151 | 13 | 103 | 474 | 00284 | 392 | 19 | 152 | 152 | 1552
132 54 152 | 136 | 151 | 136 | 100 | 267 | 00276 | 392 | 10 | 152 | 152 | 1577
133 % 305 | 273 | 153 | 543 | 199 | 253 | 00277 | 352 | 19 | 152 | 152 | 1105
134 67 610 | 528 | 157 | 543 | 103 | 303 | 00275 | 407 | 19 | 152 | 152 | 5478
135 69 610 | 542 | 155 | 543 | 100 | 274 | 00267 | 373 | 10 | 229 | 229 | 5854
136 72 610 | 549 | 152 | 1087 | 198 | 248 | 00271 | 384 | 19 | 152 | 152 | 1968
137 3041 | 1210 | 1007 | 152 | 2195 | 200 | 269 | 00272 | 377 | 19 | 432 | 432 | 3260
138 109 305 | 271 | 153 | 407 | 150 | 250 | 00076 | 457 | 19 | 152 | 152 | 719
139 113 305 | 274 | 152 | 408 | 149 | 255 | 00077 | 486 | 19 | 152 | 152 | 872
140 129 305 | 275 | 155 | 407 | 148 | 176 | 00178 | 348 | 19 | 152 | 152 | 1433
141 134 305 | 273 | 154 | 544 | 199 | 174 | o008l | 419 | 19 | 152 | 152 | 599
142 135 305 | 274 | 149 | 544 | 199 | 174 | 00186 | 411 | 10 | 152 | 152 | 768
143 142 305 | 276 | 156 | 544 | 197 | 193 | 00077 | 382 | 1o | 152 | 152 | 583
144 148 305 | 274 | 152 | 408 | 149 | 199 | 00079 | 382 | 19 | 152 | 152 | 799
15 162 305 | 272 | 153 | 543 | 200 | 343 | 00077 | 377 | 19 | 152 | 152 | 590
146 174 305 | 272 | 153 | 270 | 099 | 364 | 00051 |39 | 19 | 152 | 152 | 1065
147 178 305 | 260 | 153 | 407 | 151 | 345 | 00052 | 400 | 19 | 152 | 152 | 672
148 181 305 | 272 | 154 | 543 | 200 | 339 | 00179 | 390 | 19 | 152 | 152 | 92
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Top Botto
. fex fu d m
Specime h d b a i a plate Verp.
# Author n om) | m) | om) | @m | ¥ p Mm i | PR
(MPa) Pa) | m) (mm) width
(mm)
149 184 305 271 154 407 1.50 35.1 0.0180 394 19 152 152 163.3
150 188 305 277 153 543 1.96 331 0.0176 384 19 152 152 92.6
151 199 305 273 152 544 1.99 36.0 0.0183 410 19 152 152 76.8
152 201 305 274 155 272 0.99 35.2 0.0265 381 19 152 152 253.7
153 204 305 275 152 543 1.97 34.8 0.0269 369 19 152 152 147.1
154 205 305 275 153 544 1.98 35.2 0.0266 381 19 152 152 125.5
155 249 305 276 153 270 0.98 28.0 0.0049 376 19 152 152 104.1
156 250 305 274 152 406 1.48 28.0 0.0050 376 19 152 152 62.8
157 251 305 276 154 544 1.97 26.2 0.0048 391 19 152 152 41.9
158 265 305 269 153 407 1.51 18.1 0.0052 400 19 152 152 53.0
159 269 305 274 154 270 0.99 18.1 0.0049 396 19 152 152 89.0
160 270 305 273 152 542 1.99 20.1 0.0050 396 19 152 152 414
161 Ramakrish C1 381 343 76 241 0.70 215 0.0076 320 19 76 76 90.1
nan &
Ananthana
162 rayana K1'-R 381 343 79 345 1.01 13.7 0.0026 320 19 76 76 39.4
[114]
163 Manuel et 1 457 406 102 122 0.30 33.8 0.0097 410 19 152 152 444.8
al. [116]
164 2 457 406 102 122 0.30 35.2 0.0097 410 19 152 152 444.8
165 3 457 406 102 122 0.30 30.1 0.0097 392 19 152 152 367.0
166 4 457 406 102 122 0.30 31.9 0.0097 410 19 152 152 400.3
167 Manuel 1 457 406 102 102 0.25 317 0.0063 308 19 152 152 389.2
[117]
168 4 457 406 102 102 0.25 317 0.0097 404 19 152 152 453.7
169 5 457 406 102 203 0.50 317 0.0097 401 19 152 152 402.5
170 7 457 406 102 203 0.50 36.9 0.0138 432 19 152 152 487.1
171 10 457 406 102 366 0.90 38.1 0.0188 374 19 152 152 293.6
172 11 457 406 102 432 1.06 32.3 0.0188 374 19 152 152 273.6
173 Niwa & T1 300 228 100 200 0.88 35.8 0.0600 364 19 140 140 3145
Maekawa
174 [118] T2 600 507 100 200 0.39 54.7 0.0300 389 19 100 100 514.0
175 T3 300 228 100 200 0.88 131 0.0300 364 19 100 100 114.0
176 T4 600 507 100 150 0.30 131 0.0300 389 19 140 140 2125
177 T5 600 507 100 200 0.39 66.6 0.0600 389 19 140 140 881.5
178 T6 600 507 100 150 0.30 35.8 0.0600 389 19 100 100 577.5




APPENDIXA DATABASE
Botto
Top
. fox i d m
Specime h d b a i a plate Ves.
# Author n @m | m) | mm) | @m) | 2 p M mgen | PR G
(MPa) Pa) | m) (mm) width
(mm)
179 T 300 | 228 | 100 | 150 | 066 | 599 | 00600 | 364 | 19 | 100 | 100 | 4460
180 | Smith and | 0AO44 | 356 | 305 | 102 | 235 | 077 | 205 | 00193 | 431 | 13 | 102 | 102 | 1595
Vantsiotis
81 | [ 0A0-48 | 356 | 305 | 102 | 235 | 077 | 208 | 00193 | 431 | 13 | 102 | 102 | 1861
82 0B029 | 356 | 305 | 102 | 308 | 1ol | 2.7 | 00193 |43 | 13 | 102 | 102 | 1490
183 0C0B50 | 356 | 305 | 102 | 408 | 134 | 207 | 00193 | 43L | 138 | 102 | 102 | 1157
184 | Mphonde | AO-31 | 337 | 208 | 152 | 448 | 150 | 231 | 00334 | 414 | 10 | 50 50 1161
& Frantz
[49] AO-15-
185 o 337 | 298 | 152 | 448 | 150 | 795 | 0033 | 414 | 10 | 50 50 275.7
186 z"go""sw Bg;'Tlgl' 1000 | 950 | 200 | 1000 | 105 | 261 | 000s5 | 380 | 10 | 200 | 200 | 699.0
MacGrego
r [119]
187 BM %)A/ 1000 | 950 | 200 | 1000 | 1.05 | 264 | 000%5 | 367 | 10 | 200 | 200 | 600.0
BML/L,
188 ML | soo | 535 | 200 | 1000 | 187 | 424 | 00112 |455 | 10 | 200 | 200 | 3030
189 | Ahmad & | A5 254 | 208 | 127 | 406 | 200 | 660 | 00393 | 414 | 13 | 10 10 834
Lue [121]
190 AL 254 | 208 | 127 | 416 | 200 | 660 | 00177 | 414 | 13 | 10 10 378
191 AL 254 | 208 | 127 | 208 | 100 | 660 | 00177 | 414 | 13 | 10 10 112
92 B5 254 | 202 | 127 | 404 | 200 | 730 | 00504 | 414 | 13 | 10 10 534
193 B6 24 | 202 | 127 | 202 | 100 | 730 | 00504 | 414 | 13 | 10 0 1028
104 BIL 254 | 208 | 127 | 416 | 200 | 730 | 00225 | 414 | 13 | 10 10 612
195 B12 254 | 208 | 127 | 208 | 100 | 730 | 00225 | 414 | 13 | 10 10 1068
19 C6 254 | 184 | 127 | 184 | 100 | 700 | 00664 | 414 | 13 | 10 10 820
197 cit 24 | 207 | 127 | 414 | 200 | 700 | 00326 | 414 | 13 | 10 10 534
198 c12 24 | 207 | 127 | 207 | 100 | 700 | 00326 | 414 | 13 | 10 10 223
199 | Lehwaler | VILL | 1000 | 930 | 250 | 465 | 050 | 168 | 00066 | 420 | 16 | 232 | 232 | 849.0
[122]
200 V22 | 1000 | 930 | 250 | 465 | 050 | 158 | 00066 | 420 | 32 | 232 | 232 | 6420
201 V221 | 1000 | 930 | 250 | 930 | 100 | 204 | 00108 | 420 | 16 | 232 | 232 | 5880
202 V222 | 1000 | 930 | 250 | 930 | 100 | 154 | 00108 | 420 | 32 | 232 | 232 | 430.0
203 V3IL | 1000 | 930 | 250 | 1395 | 150 | 170 | 00169 | 420 | 16 | 232 | 232 | 369.0
204 V321 | 1000 | 930 | 250 | 1395 | 150 | 169 | 00160 | 420 | 32 | 232 | 232 | 2870
205 V322 | 1000 | 930 | 250 | 1395 | 150 | 150 | 00169 | 420 | 32 | 232 | 232 | 375.0
206 V6Ll | 200 | 160 | 250 | 80 | 050 | 199 | 00085 | 420 | 16 | 40 ) 2210
207 VBIT | 200 | 160 | 250 | 240 | 150 | 206 | 00190 | 420 | 16 | 40 ) 1400
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APPENDIXA  DATABASE
Top | BOM0
O R A e e R Sl | e e i
(MPa) Pa) m) (mm) width
(mm)
208 \ganaven VOIL | 400 | 360 | 250 | 360 | 100 | 161 | 00113 | 420 | 8 90 90 226.0
209 '[-zeeh]waa'te'r V012 400 360 250 360 1.00 21.8 0.0113 [ 420 | 8 90 90 322.0
210 V013 | 400 | 360 | 250 | 360 | 1.00 | 221 | 00113 | 420 | 8 90 90 3440
211 V014 | 400 | 360 | 250 | 360 | 100 | 243 | 00113 | 420 | 8 90 90 4250
212 V021 | 400 | 360 | 250 | 360 | 1.00 | 139 | 00113 | 420 | 16 | 90 90 2200
213 V023 | 400 | 360 | 250 | 360 | 1.00 | 201 | 00113 | 420 | 16 | 90 90 347.0
214 V024 | 400 | 360 | 250 | 360 | 1.00 | 252 | 00113 | 420 | 16 | 90 90 396.0
215 V031 | 400 | 360 | 250 | 360 | 1.00 | 200 | 00113 | 420 | 32 | 90 90 3230
216 V032 | 400 | 360 | 250 | 360 | 100 | 182 | 00113 | 420 | 32 | 90 90 3180
217 V033 | 400 | 360 | 250 | 360 | 1.00 | 198 | 00113 | 420 | 32 | 90 90 246.0
218 V034 | 400 | 360 | 250 | 360 | 1.00 | 264 | 00113 | 420 | 32 | 90 90 437.0
219 VIIL | 200 | 160 | 250 | 160 | 1.00 | 181 | 00152 | 420 | 16 | 40 40 165.0
220 V022 | 400 | 360 | 250 | 360 | 1.00 | 199 | 00113 | 420 | 16 | 90 90 270.0
221 V511 | 600 | 560 | 250 | 560 | 1.00 | 198 | 00112 | 420 | 16 | 140 | 140 | 350.0
222 V411 | 800 | 740 | 250 | 740 | 1.00 | 194 | 00110 | 420 | 16 | 185 | 185 | 395.0
223 V211 | 1000 | 930 | 250 | 930 | 1.00 | 200 | 00108 | 420 | 16 | 233 | 233 | 505.0
224 Xig et al | NNN-1 | 254 | 216 | 127 | 216 | 100 | 470 | 00207 | 421 | 18 | 15 15 1558
5
225 . NNN-2 | 254 | 216 | 127 | 432 | 200 | 414 | 00207 | 421 | 19 | 15 15 56.6
226 | Tan et al. | I-1075 | 500 | 443 | 110 | 375 | 085 | 563 | 00258 | 499 | 10 | 110 | 110 | 500.0
[51]
227 1/'1'_'00 500 | 443 | 110 | 500 | 113 | 77.6 | 00258 | 499 | 10 | 110 | 110 | 2550
228 1/'1”50 500 | 443 | 110 | 750 | 169 | 77.6 | 00258 | 499 | 10 | 110 | 110 | 1850
229 [Slhz'g] etal M:gl' 250 | 215 | 125 | 323 | 150 | 520 | 00377 |414 | 19 | 45 45 112.9
230 M(n:g,z. 250 | 215 | 125 | 430 | 200 | 520 | 00377 | 414 | 19 | 45 45 87.9
231 HBL5-0 | 250 | 215 | 125 | 323 | 150 | 730 | 00377 | 414 | 13 | 45 45 1422
232 HB2.0-0 | 250 | 215 | 125 | 430 | 200 | 730 | 00377 | 414 | 13 | 45 45 99.4
Tan & Lu =
233 | [27] 500(;0.5 500 | 444 | 140 | 250 | 056 | 49.1 | 00260 | 520 | 10 | 140 | 140 | 8500
1-
234 5005/0.7 500 | 444 | 140 | 375 | 084 | 425 | 00260 |52 | 10 | 140 | 140 | 700.0
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APPENDIXA DATABASE
Botto
Top
. fox i d m
Specime h d b a i a plate Ves.
# Author n @m | m) | mm) | @m) | 2 p M mgen | PR G
(MPa) Pa) | m) (mm) width
(mm)
1-
235 500/.0 | 500 | 444 | 140 | 500 | 113 | 374 | 00260 |52 | 10 | 140 | 140 | 5700
0
236 | Pendyala 3 160 | 140 | 80 | 280 | 200 | 630 | 00202 | 410 | 10 | 10 10 310
& Mendis
237 | [125] 5 60 | 140 | 80 | 280 | 200 | 870 | 00202 | 410 | 10 | 10 10 0
238 | Adebar DFA1 | 1090 | 1000 | 250 | 2000 | 200 | 195 | 00084 | 550 | 20 | 150 | 150 | 3300
[124]
239 DF14 | 1090 | 1000 | 250 | 1750 | 175 | 195 | 00084 | 550 | 20 | 150 | 150 | 4090
240 DF15 | 1090 | 962 | 250 | 1750 | 182 | 203 | 00175 | 550 | 20 | 150 | 150 | 3300
21 DF16 | 1090 | 1000 | 250 | 1430 | 143 | 203 | 0.0084 | 550 | 20 | 150 | 150 | 3800
242 | Oh and | N4200 | 560 | 500 | 130 | 425 | 085 | 237 | 0015 | 415 | 16 | 180 | 130 | 2652
Shin [52]
243 H4100 | 560 | 500 | 130 | 250 | 050 | 491 | 00156 | 415 | 16 | 180 | 130 | 6422
244 H4200 | 560 | 500 | 130 | 425 | 085 | 491 | 00156 | 415 | 16 | 180 | 130 | 4011
245 H4300 | 560 | 500 | 130 | 625 | 125 | 491 | 00156 | 415 | 16 | 180 | 130 | 3374
246 H4500 | 560 | 500 | 130 | 1000 | 200 | 491 | 00156 | 415 | 16 | 180 | 130 | 1125
247 :;Z{tsre'fa';:‘ D200 | 250 | 200 | 150 | 200 | 100 | 384 | oo0101 122 13| s0 50 2142
[126]
248 D40 | 450 | 400 | 150 | 400 | 100 | 355 | ooweo | P | 13 | 100 | 100 | 2853
249 D600 | 650 | 600 | 150 | 600 | 1.00 | 408 | 0.0176 120 13| 150 | 150 | 4245
250 | Yangetal | L540 | 400 | 355 | 160 | 200 | 056 | 3L4 | 00101 | 804 | 19 | 100 | 100 | 446.9
[69]
251 (560 | 600 | 555 | 160 | 300 | 054 | 3L4 | 00097 | 804 | 10 | 100 | 100 | 5351
252 (560R | 600 | 555 | 160 | 300 | 054 | 3L4 | 00097 | 804 | 19 | 100 | 100 | 4792
253 575 | 750 | 685 | 160 | 375 | 055 | 3L4 | 00105 | 804 | 19 | 100 | 100 | 596.8
254 (5100 | 1000 | 935 | 160 | 500 | 053 | 314 | 00090 | 577 | 19 | 100 | 100 | 5821
255 (1040 | 400 | 35 | 160 | 400 | 113 | 314 | 00101 | 804 | 19 | 100 | 100 | 1921
256 L2 | 40 | 35 | 160 | 400 | 113 | 314 | o001 | 804 | 19 | 100 | 100 | 3116
257 (1060 | 600 | 55 | 160 | 600 | 108 | 314 | 00097 | 804 | 19 | 100 | 100 | 3753
258 (1075 | 750 | 685 | 160 | 750 | 109 | 314 | 00105 | 804 | 10 | 100 | 100 | 2715
259 L | 750 | ess | 160 | 750 | 109 | 314 | 00105 | 804 | 19 | 100 | 100 | 3303
260 [10-100 | 1000 | 935 | 160 | 1000 | 107 | 785 | 00080 | 577 | 19 | 100 | 100 | 5439
261 UH540 | 400 | 355 | 160 | 200 | 056 | 785 | 00101 | 804 | 19 | 100 | 100 | 7330
262 UH560 | 600 | 555 | 160 | 300 | 054 | 785 | 00097 | 804 | 19 | 100 | 100 | 8232
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APPENDIXA  DATABASE

Top Botto
) fox fa | da m
# Author Specime h d b a a/d P ™M (m plate plate Ve,
n (mm) (mm) (mm) (mm) width . (kN)
(MPa) Pa) | m) (mm) width
(mm)
263 UH5-75 750 685 160 375 0.55 78.5 0.0105 804 19 100 100 1010.4
264 Li'gg_ 1000 935 160 500 0.53 78.5 0.0090 577 19 100 100 1029.0
UH10-
265 40 400 355 160 375 1.06 78.5 0.0101 804 19 100 100 498.8
UH10-
266 40R 400 355 160 375 1.06 78.5 0.0101 804 19 100 100 385.1
UH10-
267 60 600 555 160 600 1.08 785 0.0097 804 19 100 100 573.3
UH10-
268 75 750 685 160 750 1.09 785 0.0105 804 19 100 100 338.1
UH10-
269 75R 750 685 160 750 1.09 785 0.0105 804 19 100 100 360.6
UH10-
270 100 1000 935 160 1000 1.07 78.5 0.0090 577 19 100 100 769.3
Tan et al. 1-
271 129] 500/1.5 500 444 140 750 1.69 41.8 0.0260 620 15 150 150 340.0
2-
272 1000/1. 1000 884 140 1500 1.70 39.4 0.0260 620 15 150 150 470.0
5
3-
273 1400/1. 1400 1243 140 2100 1.69 441 0.0260 620 15 150 150 690.0
5
4-
274 1750/1. 1750 1559 140 2625 1.68 43.4 0.0260 620 15 150 150
5 470.0
Seliem et G-1.9-
275 al. [127] 51 915 850 460 1640 1.93 51.0 0.0072 468 19 230 230 744.1
276 M9 1 o15 | 850 | 460 | 1640 | 193 | 510 | 00044 |65 | 19 | 230 | 230 | 7886
277 ML% | o15 | 850 | 460 | 1640 | 193 | 380 | 00044 |865 | 19 | 230 | 230 | 6906
278 Zhang and 2DB35 350 314 80 345 1.10 27.4 0.0125 469 10 53 53 85.0
Tan [31]
279 2DB50 500 459 80 505 1.10 324 0.0115 500 10 75 75 135.5
280 2DB70 700 650 80 715 1.10 24.8 0.0128 508 10 105 105 155.5
281 2DB100 1000 926 80 1019 1.10 30.6 0.0126 508 10 150 150 241.5
282 3DB35b 350 314 80 345 1.10 27.4 0.0125 469 10 53 53 85.0
283 3DB50b 500 454 115 499 1.10 28.3 0.0128 508 10 75 75 167.0
284 3DB70b 700 642 160 706 1.10 28.7 0.0122 520 10 105 105 360.5
285 3DB100 1.10
b 1000 904 230 994 ’ 29.3 0.012 540 10 150 150 672.0
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Top Botto
. fox f da m
# Author Specime h d b a a/d P M (m plate plate Verp
n (mm) (mm) (mm) (mm) width . (kN)
(MPa) Pa) m) (mm) width
(mm)
Tan et al. *1-
286 [32] 500/0.7 140 0.84 0.0260 15 150 150
5 500 444 375 425 530 700.0
*)_
287 1000/0. 140 0.85 0.0260 15 150 150
75 1000 884 750 32.7 530 650.0
*3_
288 1400/0. 140 0.84 0.0260 15 150 150
75 1400 1243 1050 36.2 530 950.0
*4-
289 1750/0. 140 0.84 0.0260 15 150 150
75 1750 1559 1313 40.4 530 1240.0
290 Current Al 400 330 100 550 1.67 85.2 0.0365 364 | 13 100 100 176.6
Research
291 D1 400 330 100 550 1.67 58.2 0.0365 364 | 13 100 100 148.2
292 E1l 400 330 100 425 1.29 58.2 0.0365 364 | 13 100 100 207.5
293 F1 400 330 100 300 0.91 60.5 0.0365 364 | 13 100 100 270.8
294 H2 375 328 150 540 1.65 35.8 0.0138 500 | 15 80 80 158.0
295 H3 250 219 150 360 1.64 35.8 0.0138 500 | 15 80 80 127.0
Table A-4-Deep beams with shear reinforcement
h d b a fu f f f d :f;’le Bottom oo
# Author Specimen (m)m (m)m 53 (m)m ald (M)Pa P (M)Pa ” (M)Pa Pn (M)Pa (V")m ::‘[:':; m‘;‘(mm) (kN)
1 Clark [103] B2-2 457 382 203 762 2.00 263 0.0316 321 0.0037 331 0 0 15 89 89 3222
2 B6-1 457 393 203 762 1.94 421 0.0307 321 0.0037 331 0 0 15 89 89 379.3
3 Cl1 457 391 203 610 156 25.7 0.0206 321 0.0034 331 0 0 15 89 89 2717.7
4 C1-2 457 391 203 610 156 263 0.0206 321 0.0034 331 0 0 15 89 89 3111
5 C13 457 389 203 610 157 220 0.0207 321 0.0034 331 0 0 15 89 89 254.9
6 Cl-4 457 394 203 610 155 290 0.0204 321 0.0034 331 0 0 15 89 89 2859
7 C21 457 389 203 610 157 237 0.0207 321 0.0069 331 0 0 15 89 89 289.9
8 Cc22 457 390 203 610 156 25.0 0.0206 321 0.0069 331 0 0 15 89 89 3011
9 C2-4 457 392 203 610 155 270 0.0205 321 0.0069 331 0 0 15 89 89 288.2
10 C31 457 376 203 610 162 141 0.0214 321 0.0034 331 0 0 15 89 89 2237
11 C3-2 457 375 203 610 163 138 0.0215 321 0.0034 331 0 0 15 89 89 200.3
12 C33 457 376 203 610 162 139 0.0214 321 0.0034 331 0 0 15 89 89 188.1
13 C4-1 457 379 203 610 161 245 0.0318 321 0.0034 331 0 0 15 89 89 309.3
14 C6-2 457 395 203 610 154 452 0.0306 321 0.0034 331 0 0 15 89 89 4238
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h d b a fu e f fn d Top Bottom
# Author Specimen (mm (mm (m (mm ald (MPa P (MPa P (MPa s (MPa @m | e plate ‘i::“)’
) ) m) ) ) ) ) (mm) width(mm)
15 C63 57 3% 203 610 154 7] 0.0306 321 00034 331 0 0 15 89 89 4349
16 Co4 457 3% 203 610 154 476 0.0305 321 00034 331 0 0 15 89 89 42856
7 D11 457 397 203 457 115 202 00162 335 0.0046 331 0 0 15 89 89 3101
18 D13 457 3% 203 457 116 206 00163 335 0.0046 331 0 0 15 89 89 2866
19 D2-1 57 395 203 457 116 214 00163 335 00061 331 0 0 15 89 89 2989
20 D22 457 307 203 457 115 239 00162 335 00061 331 0 0 15 89 89 3212
21 D3-1 57 390 203 757 117 282 00247 335 00092 331 0 0 15 89 89 3049
22 D41 57 394 203 457 116 231 00163 335 00122 331 0 0 15 89 89 3122
23 D16 381 317 152 610 192 217 00339 321 0.0046 331 0 0 15 89 89 1747
24 D17 381 317 152 610 192 280 00339 321 0.0046 331 0 0 15 89 89 1792
25 D18 381 317 152 610 192 278 00339 321 0.0046 331 0 0 15 89 89 1858
26 E12 381 319 152 635 199 302 00337 321 00073 331 0 0 15 89 89 2218
27 Moody etal .30 610 533 178 831 156 250 00425 | 483 | 00052 | 483 0 0 25 203 203 4782
[104]
28 131 610 533 178 831 156 250 00425 483 00052 483 0 0 25 203 203 507.1
29 501"5% etal B1-30 762 724 76 254 035 215 0.0052 287 00245 280 0 0 10 76 76 2389
30 BI125 635 507 76 254 043 246 0.0063 287 00245 280 0 0 10 76 76 2242
31 B1-20 508 470 76 254 054 212 0.0080 287 00245 280 0 0 10 76 76 1895
32 BI15 381 343 76 254 0.74 212 00109 267 00245 280 0 0 10 76 76 T64.1
33 BI10 254 216 76 254 118 217 00174 287 00245 280 0 0 10 76 76 894
34 8230 762 724 76 254 035 192 0.0052 287 0.0086 303 0 0 10 76 76 2491
35 B225 635 507 76 254 043 186 00063 287 00086 303 0 0 10 76 76 2242
36 8220 508 470 76 254 054 199 0.0080 287 0.0086 303 0 0 10 76 76 2153
37 B215 381 343 76 254 0.74 228 00109 287 00086 303 0 0 10 76 76 1307
38 8210 254 216 76 254 118 201 00174 287 0.0086 303 0 0 10 76 76 996
39 B330 762 724 76 254 035 226 0.0052 287 0 0 0.0245 280 10 76 76 2762
20 B325 635 597 76 254 043 210 00063 287 0 0 0.0245 280 10 76 76 2255
a1 8320 508 470 76 254 054 192 0.0080 287 0 0 00245 280 10 76 76 2077
2 B315 381 343 76 254 0.74 219 00109 287 0 0 0.0245 280 10 76 76 1592
73 B310 254 216 76 254 118 226 00174 287 0 0 00245 280 10 76 76 863
a4 B4-30 762 724 76 254 035 220 00052 287 0 0 0.0086 303 10 76 76 2420
3 B425 635 597 76 254 043 210 0.0063 287 0 0 0.0086 303 10 76 76 2011
6 B4-20 508 470 76 254 054 201 0.0080 287 0 0 0.0086 303 10 76 76 1806
a7 B4-15 381 343 76 254 0.74 220 00109 287 0 0 0.0086 303 10 76 76 1094
78 B4-10 254 216 76 254 118 226 00174 287 0 0 0.0086 303 10 76 76 %6
49 B5-30 762 724 76 254 035 186 00052 287 00061 280 0.0061 280 10 76 76 2393
50 B525 635 597 76 254 043 102 0.0063 287 00061 280 0.0061 280 10 76 76 2082
51 B5-20 508 470 76 254 054 201 0.0080 287 00061 280 0.0061 280 10 76 76 1726
52 B5-15 381 343 76 254 0.74 219 00109 287 00061 280 0.0061 280 10 76 76 1272
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h d b a fu e f fn d. Top Bottom
# Author Specimen (mm (mm ™ (mm ald (MPa P (MPa s (MPa s (MPa @m | P plate \:E:E
) ) m) ) ) ) {mm) width(mm)
53 B5-10 254 216 76 254 118 226 00174 287 00061 | 280 | 00061 | 280 10 76 76 978
54 Smith and TAL10 356 305 102 235 077 187 00193 431 0.0028 437 00023 437 13 102 102 1612
Vantsiotis [1]
55 TAS-11 356 305 102 235 077 180 00193 431 00028 437 00045 437 13 102 102 1483
56 1AG12 356 305 102 235 077 6.1 00193 431 0.0028 431 00068 437 13 102 102 1412
57 1A4-51 356 305 102 235 077 206 00193 231 00028 437 00068 737 13 102 102 1709
58 1A6-37 356 305 102 235 077 211 00193 431 0.0028 437 00091 437 13 102 102 1841
59 2A1-38 356 305 102 235 077 217 00193 231 0.0063 437 00023 737 3 102 102 1745
60 2A3-39 356 305 102 235 077 198 00193 231 0.0063 437 00045 737 13 102 102 1706
61 2A4-40 356 305 102 235 077 203 00193 431 0.0063 431 00068 437 13 102 102 1719
62 2A6-41 356 305 102 235 077 191 00193 231 0.0063 437 00091 437 3 102 102 1619
63 3A142 356 305 102 235 077 184 00193 431 00125 431 00023 437 13 102 102 1610
64 3A3-43 356 305 102 235 077 192 00193 431 00125 437 00045 437 3 102 102 1727
65 3A445 356 305 102 235 077 208 00193 431 00125 437 00068 737 3 102 102 1785
66 3A6-46 356 305 102 235 077 199 00193 431 00125 431 00091 437 13 102 102 681
67 1BI0L 356 305 102 308 101 201 00193 431 0.0024 437 00023 437 3 102 102 1475
68 18329 356 305 102 308 101 201 00193 431 0.0024 431 00045 437 13 102 102 1436
69 18430 356 305 102 308 101 208 00193 431 0.0024 437 0.0068 437 3 102 102 1503
70 18631 356 305 102 308 01 195 00193 431 0.0024 431 00091 437 13 102 102 1533
71 28105 356 305 102 308 oL 172 00193 231 00042 437 00023 737 3 102 102 1290
72 28306 356 305 102 308 01 170 00193 431 00042 437 0.0045 437 3 102 102 1312
73 28407 356 305 102 308 101 175 00193 431 00042 431 00068 437 13 102 102 1261
74 2B452 356 305 102 308 101 218 00193 431 00042 437 0.0068 437 3 102 102 1499
75 28632 356 305 102 308 101 198 00193 431 00042 431 00091 437 13 102 102 1452
76 38108 356 305 102 308 101 162 00193 431 0.0063 437 00023 437 3 102 102 1308
77 3B136 356 305 102 308 0L 204 00193 431 0,007 437 00023 737 3 102 102 1500
78 38333 356 305 102 308 101 190 00193 431 00077 431 00045 437 13 102 102 1584
79 38434 356 305 102 308 101 192 00193 431 00077 437 00068 437 13 102 102 1550
80 38635 356 305 102 308 101 207 00193 431 00077 431 00091 437 13 102 102 1661
81 4B1-09 356 305 102 308 01 71 00193 431 00125 437 00023 237 13 102 102 1535
82 icl1a 356 305 102 408 134 172 00193 431 00018 437 00023 437 3 102 102 119.0
83 1C302 356 305 102 208 T34 189 00193 431 0.0018 437 00045 737 3 102 102 1234
84 1c4-15 356 305 102 408 134 227 00193 431 0.0018 437 0.0068 237 13 102 102 1310
85 1C6-16 356 305 102 408 134 190 00193 431 00018 437 00091 437 13 102 102 1223
86 2C117 356 305 102 408 134 199 00193 431 00031 437 00023 237 13 102 102 1241
87 2C3:03 356 305 102 408 134 162 00193 431 00031 437 00045 437 3 102 102 1336
88 2C327 356 305 102 408 134 163 00193 431 00031 437 0.0045 237 13 102 102 1153
89 2C4-18 356 305 102 408 134 204 00193 431 00031 437 00068 437 13 102 102 1245
90 2C6-19 356 305 102 408 134 208 00193 431 00031 437 0.0091 437 3 102 102 1241
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h d b a fu e f fn d Top Bottom
# Author Specimen (mm (mm (m (mm ald (MPa P (MPa P (MPa s (MPa @m | e plate ‘i::“)’
) ) m) ) ) ) (m) width(mm)

91 3C1-20 356 305 102 408 134 21.0 0.0193 431 0.0056 437 0.0023 437 13 102 102 140.8
92 3C3-21 356 305 102 408 134 16.6 0.0193 431 0.0056 437 0.0045 437 13 102 102 125.0
3 3ch22 356 35 | 10z | 408 | 134 83 | 00193 N 0.0056 a7 00068 a7 i) 0 02 277
94 3C6-23 356 305 102 408 134 19.0 0.0193 431 0.0056 437 0.0091 437 13 102 102 137.2
% aciza 356 35 | 10z | 408 | 134 o6 | o013 N 0.0077 a7 00023 a7 i) 0 02 65
96 4C3-04 356 305 102 408 134 18.6 0.0193 431 0.0063 437 0.0045 437 13 102 102 128.6
57 ic328 356 365 | 10z | 40 | 134 T2 | o013 N 0.0077 ey 00045 7 [ 0 02 523
% acazs 356 35 | 10z | 408 | 134 85 | 0013 N 0.0077 a7 00068 a7 i) 0 0 526
99 4C6-26 356 305 102 408 134 212 0.0193 431 0.0077 437 0.0091 437 13 102 102 159.5
100 ?f;;fl Teaa | 1A 500 | 40 | 100 | 10 | o042 | 370 | 00089 93 00024 = 00051 = 5 100 150 3750
101 1B2 500 450 100 690 153 37.0 0.0089 493 0.0022 454 0.0051 454 15 100 150 169.5
02 2 900 80 | 100 | 390 | o046 | 5 | 00ii6 330 0.0021 = 00036 7 5 00 50 2850
103 1D2 900 850 100 1290 152 355 0.0116 330 0.0021 454 0.0036 454 15 100 150 231.0
104 2C1 900 850 100 350 041 349 0.0027 334 0.0021 438 0.0036 438 15 100 150 303.0
105 3EL 500 | 40 | 100 | 34 | o074 | 520 | 00016 79 0.0036 211 00027 211 5 00 50 300

106 Walraven & V711/4 200 160 250 160 1.00 195 0.0150 420 0.0013 420 0 0 16 40 40 207.0

Lehwalter [26]

07 Vit 20 30 | 20 | 360 | 100 | 182 | 0013 20 0.0013 20 0 0 I3 % £y 3170
108 V511/4 600 560 250 565 1.01 187 0.0112 420 0.0014 420 0 0 16 140 140 465.0
108 Vaiia 500 760 | 20 | 740 | 097 | 10 | o007 20 0.0017 20 g 0 % 155 T8 670
110 Vit 200 60 | 20 | 160 | 100 | 186 | 00150 20 0.0035 20 0 0 % m m 3800
111 V022/3 400 360 250 360 1.00 19.6 0.0113 420 0.0035 420 0 0 16 90 90 380.0
2 VEL13 500 560 | 20 | 565 | 101 | 213 | ooiz 20 0.0033 20 0 0 % 0 0 5500
113 Va11/3 800 760 250 740 0.97 19.8 0.0107 420 0.0033 420 0 0 16 185 185 665.0
T2 | Tanetal (5] 027215 500 | 463 | 10 | 125 | o027 | %88 | oozs 505 0.0048 375 0 0 i 110 0 5750
115 A-0.27-3.23 500 463 110 125 0.27 61.6 0.0123 505 0.0048 375 0 0 10 110 110 630.0
116 A-0.27-4.30 500 463 110 125 027 539 0.0123 505 0.0048 375 0 0 10 110 110 640.0
7 A027538 500 | 463 | 10 | 125 | o027 | 573 | ooz’ 505 0.0048 375 0 0 i 110 0 5300
118 B-0.54-2.15 500 463 110 250 0.54 56.0 0.0123 505 0.0048 375 0 0 10 110 110 468.0
119 B-0.54-3.23 500 463 110 250 0.54 45.7 0.0123 505 0.0048 375 0 0 10 110 110 445.0
20 054430 500 3 | 1o | 20 | o054 | sss | oo 505 0.0048 375 0 0 ) M0 ) 5000
1 5054538 500 | 463 | 10 | 20 | o054 | 530 | o0o0iz3 505 0.0048 375 0 0 [ 110 10 7800
122 Co81215 500 | 463 | 10 | 315 | o8l | stz | ool 505 0.00%8 37 0 0 [ 110 0 2030
23 C081323 500 s | 1o | a5 | o8t | 440 | oo 505 0.0048 375 0 0 ) ) ) 2000
22 D108215 500 | 463 | 10 | 500 | 108 | 482 | ooz 505 0.0048 37 0 0 [ 110 0 2700
25 E162323 500 %63 | 10 | 70 | 162 | 506 | 00123 505 0.0048 375 0 0 ) M0 0 2200
6 | Tanetal [67] 13075 S0 | 43 | 10 | a5 | o8 | 592 | o0zs 99 0 0 00159 B [ 110 0 11200
27 14075 500 s | 1o | 35 | 085 | 38 | o028 99 0 0 00159 g ) 110 0 11600
28 T2N/L.00 500 3 | 1o | S0 | 113 | 776 | oozse 399 00143 £ 0 0 ) 10 ) 10400
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h d b a fu e f fn d. Top Bottom
# Author Specimen (mm (mm ™ (mm ald (MPa P (MPa s (MPa s (MPa @m | P plate \:E:E
) ) m) ) ) ) {mm) width(mm)

129 11-3/1.00 500 w3 110 500 113 780 0.0258 39 0 0 0.0159 353 0 110 110 780.0
130 11-4/1.00 500 w3 110 500 113 6.3 0.0258 499 0 0 0.0159 a1 10 110 110 660.0
131 11-5/1.00 500 3 110 500 113 863 0.0258 499 0 0 0.0317 w7 10 110 110 9400
132 111-2N/1.50 500 23 110 750 169 776 0.0258 499 00143 353 0 0 10 110 110 670.0
133 11-3/150 500 3 110 750 69 780 0.0258 499 0 0 00159 353 10 110 110 4000
134 11-4/1.50 500 w3 110 750 169 6.3 0.0258 499 0 0 0.0159 a1 10 110 110 380.0
135 T1-5/150 500 3 110 750 69 863 0.0258 499 0 0 0.0317 w7 10 110 110 530.0
136 E?féz’na&ds] B201 700 624 125 825 132 830 00242 440 0.0066 500 00037 590 10 250 250 795.0
137 Kong & S54 350 202 250 580 199 804 0.0280 752 0.0016 560 0 0 7 100 100 4767

Rangan [57]

138 55 350 202 250 510 175 894 0.0280 52 0.0016 560 0 0 7 100 100 5734
139 [Sl"égf‘ al MHB15-25 250 215 125 323 150 520 0.0377 12 0.0045 414 0 0 19 %5 %5 156.4
140 MHBL15-50 250 215 125 323 150 520 0.0377 414 0.0091 a4 0 0 19 %5 %5 2080
a1 MHBL5-75 250 215 125 323 150 520 0.0377 12 00136 a4 0 0 19 %5 %5 2397
142 MHBL5-100 250 215 125 323 150 520 0.0377 12 0.0161 414 0 0 19 %5 %5 2575
143 MHB20-25 250 215 125 430 200 520 0.0377 414 0.0032 a4 0 0 19 %5 %5 1107
144 MHB2.0-50 250 215 125 430 200 520 0.0377 12 0.0065 414 0 0 19 %5 %5 1739
145 MHB20-75 250 215 125 430 200 520 0.0377 414 0.0097 a4 0 0 19 %5 %5 1854
146 MHB2.0-100 250 215 125 430 200 520 0.0377 12 00129 414 0 0 19 %5 %5 1932
47 HB1525 250 215 125 323 150 730 0.0377 14 0.0025 14 0 0 3 3 3 2142
148 HB15:50 250 215 125 323 150 730 0.0377 214 0.0091 a4 0 0 3 75 75 262
149 HBL5-75 250 215 125 323 150 730 0.0377 14 0.0136 a4 0 0 3 I3 I3 2658
150 HBL5-100 250 215 125 323 150 730 0.0377 214 0.0181 a4 0 0 3 75 75 2803
151 HB2.025 250 215 125 430 2,00 730 0.0377 14 0.0032 a4 0 0 3 I3 I3 1427
152 HB2.0-50 250 215 125 230 200 730 0.0377 214 0.0065 a4 0 0 3 75 75 1959
153 HB2.0-75 250 215 125 430 2,00 730 0.0377 a1 0.0097 a4 0 0 3 %5 %5 2301
154 HB2.0-100 250 215 125 430 2,00 730 0.0377 14 00129 a4 0 0 3 I3 I3 242.1
155 Tan & Lu[27] 210000050 1000 884 140 500 057 312 0.0260 520 0.0012 a4 0.0012 a1 0 140 140 8750
156 2-1000/0.75 1000 884 140 740 084 327 0.0260 520 0.0012 a4 0.0012 W4 10 140 40 650.0
157 2-1000/1.00 1000 884 140 1000 113 308 0.0260 520 0.0012 414 00012 a1z 10 140 140 4350
158 31400/0.50 1400 | 1251 | 140 705 056 328 0.0260 520 0.0012 a4 0.0012 a4 10 140 140 11750
159 31400/0.75 400 | 151 | 140 1050 | o84 362 0.0260 520 0.0012 414 00012 a 10 140 140 950.0
160 3-1400/1.00 1400 | 1251 | 140 1420 114 353 0.0260 520 0.0012 414 00012 a1z 10 140 140 800.0
161 4-175000.75 1750 | 1550 | 140 1320 | 085 204 0.0260 520 0.0012 a4 0.0012 a4 10 140 140 12400
162 41750100 1750 | 1550 | 140 1760 113 2438 0.0260 520 0.0012 414 00012 14 10 140 140 10000
163 Pendyala & 8 160 140 80 280 200 330 0.0202 210 0.005 370 0 0 10 0 0 340

Mendis [125]

164 2 160 140 80 280 200 69.0 0.0202 410 0.005 370 0 0 10 0 0 485
165 I 160 140 80 280 200 320 00202 210 0.0034 370 0 0 0 0 0 30
166 5 160 140 80 280 200 610 00202 410 0.0034 370 0 0 10 0 0 440
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] h d b a fu e f fn d ;;’a‘:e Bottom v
# Author Specimen @ | em | @ (mm aid (MPa » (MPa a (MPa " oPa | @m | Pt plate P
) ) m) ) ) (m) width(mm)

167 18 160 140 80 280 2.00 91.0 0.0202 410 0.0034 370 0 0 10 10 10 46.0
168 20 160 140 80 280 2.00 83.0 0.0202 410 0.0034 370 0 0 10 10 10 44.0
169 21 160 0 0 280 | 200 | 60 | 00202 10 0.005 370 0 0 i) ) ) %65
170 [Osglﬂ"d Shin N42A2 560 500 130 425 0.85 237 0.0156 415 0.0012 415 0.0043 415 16 180 130 284.1
I Na2B2 560 500 | 130 | 45 | 085 | 237 | 00156 s 0.0022 s 00043 s g 180 30 3770
172 N42C2 560 500 130 425 0.85 237 0.0156 415 0.0034 415 0.0043 415 16 180 130 3575
A TaiAZ(D) 560 500 | 130 | 20 | 050 | 41 | 00156 s 0.0012 s 00043 s T T80 30 71
7 Hais2 560 500 | 130 | 250 | 050 | 481 | 00156 s 0.0022 s 00043 s g 180 30 7059
175 H41C2 560 500 130 250 0.50 49.1 0.0156 415 0.0034 415 0.0043 415 16 180 130 708.5
76 Ha2A2(0) 560 500 | 130 | 45 | 085 | 41 | 00156 s 0.0012 s 00043 s I3 180 30 52
177 H42B2(1) 560 500 130 425 0.85 49.1 0.0156 415 0.0022 415 0.0043 415 16 180 130 456.3
] Ha2c2(1) 560 500 | 130 | 45 | 085 | 41 | 00156 s 0.0034 s 00043 s I3 180 30 2206
179 H43A2(1) 560 500 130 625 125 49.1 0.0156 415 0.0012 415 0.0043 415 16 180 130 347.1
180 H43B2 560 500 130 625 125 49.1 0.0156 415 0.0022 415 0.0043 415 16 180 130 380.9
181 Hascz 560 500 | 130 | 65 | 125 | 41 | 00156 s 0.0034 s 00043 s I3 180 30 w024
182 H45A2 560 500 130 1000 2.00 49.1 0.0156 415 0.0012 415 0.0043 415 16 180 130 210.6
183 HasB2 560 500 | 130 | 1000 | 200 | 41 | 00156 s 0.0022 s 00043 s I3 180 30 2373
184 H45C2 560 500 130 1000 2.00 49.1 0.0156 415 0.0034 415 0.0043 415 16 180 130 2353
155 TaiAZ0) 560 500 | 120 | 20 | 050 | 506 | 00129 s 0.0013 s 00047 s % T80 30 7502
186 FaiA3 560 500 | 120 | 20 | 050 | 506 | 00129 s 0.0013 s 00094 s % 180 0 18
187 H42A2(2) 560 500 120 425 0.85 50.6 0.0129 415 0.0013 415 0.0047 415 16 180 130 3924
18 Ha2820) 560 500 | 120 | 4 | 085 | 506 | 00129 s 00024 s 00047 s % 180 0 3606
189 H42C2(2) 560 500 120 425 0.85 50.6 0.0129 415 0.0037 415 0.0047 415 16 180 130 3738
190 Fa3A0 560 50 | 120 | 65 | 125 | 506 | 00129 s 0.0013 s 0 s % 180 0 3136
191 H43A1 560 500 120 625 125 50.6 0.0129 415 0.0013 415 0.0023 415 16 180 130 260.4
192 H43A2(2) 560 500 120 625 125 50.6 0.0129 415 0.0013 415 0.0047 415 16 180 130 276.6
153 UatAo 560 500 | 120 | 20 | 050 | 736 | 00129 s 0.0013 s 0 s % 180 0 2380
194 U41A1 560 500 120 250 0.50 736 0.0129 415 0.0013 415 0.0023 415 16 180 130 541.8
155 UaiAz 560 50 | 120 | 20 | 050 | 736 | 00129 s 0.0013 s 00047 a5 % 180 0 5284
1% UaiA3 560 500 | 120 | 20 | 050 | 736 | 00129 s 0.0013 s 00094 s 3 180 30 5266
To7 UizAz 560 S0 | 120 | 4 | 085 | 736 | 00129 s 0.0013 s 00047 s 5 180 30 76
158 Uaz62 560 S0 | 120 | 45 | 085 | 76 | 0019 s 0.0024 s 00047 a5 5 180 0 104
159 Uazcz 560 500 | 120 | 45 | 085 | 736 | 00129 s 0.0037 s 00047 s 3 180 30 2080
200 V43R0 560 S0 | 120 | 65 | 125 | 736 | 0019 s 00013 s 0 s 5 180 0 2910
201 U43ALT 560 S0 | 120 | 65 | 125 | 736 | 0019 s 0.0013 s 00023 s 3 180 30 3102
20 UasAz 560 S0 | 120 | 65 | 125 | 76 | 0019 s 0.0013 s 00047 a5 5 180 0 384
203 N33AZ 560 50 | 130 | 65 | 125 | 237 | 0016 s 0.0012 s 00043 s g 180 30 2282
208 Na3AZ 560 50 | 130 | 65 | 125 | 237 | 0016 s 0.0012 s 00043 s g 180 30 %548
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h d b a fu e f fn d. Top Bottom
# Author Specimen (mm (mm ™ (mm ald (MPa P (MPa s (MPa s (MPa @m | P plate \:E:E
) ) m) ) ) ) {mm) width(mm)

[ 205 | N53A2 560 500 130 625 125 237 0.0156 415 00012 415 00043 15 16 180 130 2704
206 H31A2 560 500 130 250 050 291 00156 415 00012 415 00043 115 16 180 130 7456
207 H32A2 560 500 130 25 085 291 00156 215 00012 415 00043 115 16 180 130 5298
208 H33A2 560 500 130 625 125 291 00156 415 00012 415 00043 115 16 180 130 3777
209 H51A2 560 500 130 250 050 291 00156 215 00012 415 00043 115 16 180 130 7020
210 H52A2 560 500 130 425 085 291 00156 415 00012 415 00043 115 16 180 130 5675
211 H53A2 560 500 130 625 125 291 00156 215 00012 415 00043 115 16 180 130 362.7
212 [Zahia]ng and Tan 1DB35bW 350 313 80 344 110 259 00125 469 0.004 426 0 0 10 53 53 995
213 1DB50bW 500 454 115 499 110 274 00128 505 0.0039 426 0 0 10 75 75 1865
214 1DB70bw 700 642 160 706 110 283 00122 522 0.0045 370 0 0 10 105 105 2270
215 1DB100bw 1000 904 230 904 110 287 00120 540 0.0041 455 0 0 10 150 150 7750
216 Tanetal. [32] 1500/0.75W 500 444 140 375 084 307 0.0260 530 0.0038 250 00082 511 15 150 150 3355
217 2-1000/0.75W 1000 884 140 750 085 376 00260 | 530 | 00038 | 250 0.008 511 15 150 150 8015
218 31400/0.75W 1400 1243 140 1050 084 372 0.0260 530 00041 250 00084 511 15 150 150 1052.0
219 2-1750/0.75W 1750 1559 140 1313 084 353 0.0260 530 0.0038 250 0.0089 511 15 150 150 13050
220 Current F2 400 330 100 300 091 606 00365 364 0.0067 448 00022 577 13 100 100 3532

Research
221 3 400 330 100 300 091 595 00365 364 00143 418 00022 577 3 100 100 3738
222 GL 400 330 100 550 67 309 0.0365 364 0.0056 448 00022 577 13 100 100 1462
223 G2 400 330 100 425 129 305 00365 364 0.0059 418 00022 577 3 100 100 1860
224 G3 400 330 100 300 091 313 00365 364 0.0067 448 00022 577 3 100 100 2443
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APPENDIX B. EXPERIMENTAL
METHODOLOGY

B.1. INTRODUCTION

Understanding the behaviour of disturbed regions (D-regions) in structural members,
such as deep beams, has been a challenging issue for many decades and the problem is
still not solved totally. To gain better understanding and explore the effect of different
design parameters on the behaviour and ultimate shear capacity of reinforced concrete
deep beams a two-phase experimental programme was employed.

The experimental work of this study can be categorised in two phases. In the first phase,
21 reinforced concrete deep beams were tested under two point loads in the structural
laboratory at Salahaddin University\Hawler in Iraq [75]. The parameters were
investigated in this phase were shear span to depth ratio, concrete compressive strength
and amount of shear reinforcement. The second phase comprises testing three
geometrically similar reinforced concrete deep beams with different sizes under four
points bending in the heavy structural laboratory at The University of Sheffield in the

UK. The main parameter investigated in this phase was depth of the member.

This chapter presents full description of the test specimens, mechanical properties of the

utilised materials, specimen design and construction, test setup and instrumentation.

B.2. PHASES OF THE EXPERIMENTAL PROGRAMME

B.2.1. PHASE |

This phase of experimental programme consists of testing 21 reinforced concrete deep
beams in four points bending. All the beams were loaded up to failure; however, beams
C2 and C3 (Table B-1) did not fail because there failure loads were higher than the

ultimate loading capacity of the testing machine [75].
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B.2.1.1. Investigated Parameters

In order to know the effect of different design parameters on the behaviour and shear
capacity of reinforced concrete deep beams, 21 reinforced concrete deep beams were
designed in such a way that only one parameter was changed in each beam for easier

comparison between the beams and knowing the influence of each parameter separately.

B.2.1.2. Concrete Compressive Strength

Due to direct transferring the applied load to the support by arch action, concrete
compressive strength plays a significant role on the overall behaviour and ultimate shear
capacity of deep beams. To analyse the influence of this parameter, this research was
aimed to investigate the effect of varying the concrete compressive strength on the shear
performance of reinforced concrete deep beams. The targeted concrete compressive

strength was designed to range between 30 to 85MPa.

B.2.1.3. Shear Span to Depth Ratio

Shear span to depth ratio is one of the parameters that need to investigate because it has
a great influence on the behaviour and shear capacity of reinforced concrete deep beams.
Changing shear span to depth ratio will lead to change in the efficiency of arch action
mechanism, which is the main shear transfer mechanism of RC deep beams, in
transferring shear stresses. Therefore, three different shear spans were used to result in
three different shear spans to depth ratio. Specimens in group A, D and beam G1 had a
shear span of 550mm which resulted in 1.67 shear span to depth ratio. For group B, E
and beam G2 shear span was 425mm and resulted in 1.29 shear span to depth ratio.
Group C, F and beam G3 had a shear span of 300mm which resulted in shear span to
depth ratio of 0.91.

B.2.1.4. Web Reinforcement

Web reinforcement was another investigated parameter in the current phase of the
experimental programme. Both vertical and horizontal web reinforcement were utilised.
Three different vertical shear reinforcements were used ranged from 0 to 1.26% and two

horizontal shear reinforcements were used ranged from 0 to 0.215%. The reason behind
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focusing more on vertical shear reinforcement that horizontal is because it was proven in
past researches that vertical shear links has greater influence on the capacity of
reinforced concrete deep beams than horizontal shear reinforcement and the effect of
horizontal shear reinforcement becomes obvious almost only in deep beams with shear

span to depth ratio less than one [1].

B.2.2. SPECIMENS

B.2.2.1. Description of the Specimens

All the specimens had identical cross-section which was 400mm deep and 100mm wide,
and the same length of 1800mm with centre to centre span of 1400mm. The location of
two point loads was changed to give different shear spans. The details are given in
Table B-1.

The beams were divided into seven groups; with the exception of group G, the only
parameters changed within each group was amount of web reinforcement, while the
shear span to depth ratio and concrete compressive strength were held constant. To
know the effect of shear span to depth ratio or concrete compressive strength beams in
different groups but with the same amount of web reinforcement should be compared.
All three specimens in group G had the same concrete compressive strength and amount

of web reinforcement but shear span to depth ratio was changed.

The main longitudinal reinforcement of all specimens was identical and consisted of six
16mm diameter deformed bar distributed in three layers, two bars in each layer, with a
clear concrete cover of 25mm. All six bars were hooked at both ends to prevent bond
failure at the two ends of the beams. The top reinforcement consisted of two 12mm
diameter bar with the clear cover to the top of the beam of 25mm. The vertical shear
reinforcement was a closed stirrups used in different spacing as explained in Table B-1
and two 6mm diameter were used as a horizontal shear reinforcement for beams with

web reinforcement.
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B.2.2.2. Construction

Wooden moulds were used for the casting of specimens. A very thin layer of de-
moulding agent was applied to the mould before casting and the reinforcement cage,
which constructed according to the drawings shown in Figure B-1, were placed and
fixed in its position to control the designated clear cover. The mould was put in a
horizontal direction on a vibrating table. Concrete was put in layers and each layers
vibrated then the final surface was levelled. The control cubes and cylinders were cast
together with the specimens. The beams and the control specimens were kept covered
with wet hessian and polythene sheets for 28 days after casting. Figure B-2 shows
different stages of the construction process.

Table B-1 Details and Properties of Tested Beams

No | Spec. mIFn mbm mhm mdm mam a/d I\IIEa V.Shear Reinf Hé?ﬁ?r
1 Al | 1400 | 100 | 400 | 330 | 550 | 1.67 | 85 0 0 0
2 A2 | 1400 | 100 | 400 | 330 | 550 | 1.67 85 | 0.0056 | $8@180 | 0.00215
3 A3 | 1400 | 100 | 400 | 330 | 550 | 1.67 | 85 | 0.0126 | $¢8@80 | 0.00215
4 B1 | 1400 | 100 | 400 | 330 | 425 | 1.29 85 0 0 0
5 B2 | 1400 | 100 | 400 | 330 | 425 | 1.29 85 | 0.0059 | $8@170 | 0.00215
6 B3 | 1400 | 100 | 400 | 330 | 425 | 1.29 85 | 0.0134 | $8@75 | 0.00215
7 Cl1 | 1400 | 100 | 400 | 330 | 300 | 0.91 85 0 0 0
8 C2 | 1400 | 100 | 400 | 330 { 300 | 0.91 | 85 | 0.0067 | $8@150 | 0.00215
9 C3 | 1400 | 100 | 400 | 330 | 300 | 0.91 85 | 0.0144 | $8@70 | 0.00215
10 D1 | 1400 | 100 | 400 | 330 | 550 | 1.67 | 60 0 0 0
11 D2 | 1400 | 100 | 400 | 330 | 550 | 1.67 60 | 0.0056 | $8@180 | 0.00215
12 D3 | 1400 | 100 | 400 | 330 | 550 | 1.67 60 | 0.0126 | $8@80 | 0.00215
13 E1 | 1400 | 100 | 400 | 330 | 425 | 1.29 | 60 0 0 0
14 E2 | 1400 | 100 | 400 | 330 | 425 | 1.29 60 | 0.0059 | $8@170 | 0.00215
15 E3 | 1400 | 100 | 400 | 330 | 425 | 1.29 | 60 | 0.0134 | $8@75 | 0.00215
16 F1 | 1400 | 100 | 400 | 330 | 300 | 0.91 60 0 0 0
17 F2 | 1400 | 100 | 400 | 330 | 300 | 0.91 | 60 | 0.0067 | $8@150 | 0.00215
18 F3 | 1400 | 100 | 400 | 330 | 300 | 0.91 | 60 | 0.0144 | $8@70 | 0.00215
19 G1 | 1400 | 100 | 400 | 330 | 550 | 1.67 30 | 0.0056 | $8@180 | 0.00215
20 G2 | 1400 | 100 | 400 | 330 | 425 | 1.29 30 | 0.0059 | $8@170 | 0.00215
21 G3 | 1400 | 100 | 400 | 330 | 300 | 0.91 30 | 0.0067 | $8@150 | 0.00215
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Figure B-1 Dimensions and reinforcement details of Specimens of Phase |

B.2.3. MATERIAL

B.2.3.1. Concrete

Since the preparation of high-strength concrete needs high quality of materials and
number of specimens were 21, it was difficult to order ready-mix concrete and cast all
specimens together. It was decided to use electrical concrete mixer that was available in
the laboratory to cast the specimens. Different mix proportions were used to get
different concrete strength and in case of high strength concrete, super-plasticizer was
used to increase the workability. Maximum aggregate size for all the mixes was 12.5mm

and ordinary Portland cement was utilised. Table B-1 shows the concrete mixes and
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their targeted concrete compressive strength. The compressive strength of the concrete
was measured by testing standard cubes (150 x 150 mm) according to BS 1881-116
(1983a). The cylinder compressive strength was then calculated as a 85% of the cube

compressive strength. The concrete tensile strength was evaluated from splitting tests of

standard cylinders (150 x 300 mm) according to BS 1881-117 (1983b).

Table B-2 Concrete mixes and their properties

No | | WIS | B e | srongth P
1| 18:12:1 26 1 85
2 | 18:12:1 36 05 60
2 1:3:4 62 0 30

Figure B-2 Construction process
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B.2.3.2. Steel Reinforcement

Four sizes of steel reinforcement were used in constructing reinforcement cage of the
specimens. The main reinforcement consisted of deformed 16mm bars and the top
reinforcement consisted of deformed 12mm bars. Vertical shear reinforcement consisted
of 8mm deformed bars as a form of closed stirrups and horizontal shear reinforcement
consisted of 6mm deformed bars. Direct tension tests were performed on three samples
of each diameter to determine the mechanical properties of the rebars. Table B-3 shows

areas and mechanical properties of all reinforcement.

Table B-3 Details and mechanical properties of reinforcing bars

Size Area Yield strength Ultimate strength
mm mm? f, ,MPa f,, MPa

6 28 577 660

8 50 448 693

12 113 404 635

16 199 364 550

B.2.4. INSTRUMENTATION AND TESTING PROCEDURE

All the specimens were tested in four points bending using universal testing machine
with a capacity of 100ton. A rigid steel beam was used to support the specimen. The test
specimens were loaded symmetrically using two point loads and the load was applied to
the specimen through a stiff steel beam positioned on the top of the specimen and
reacting against the specimen, the distance between the two point loads was changed

according to the drawing shown in Figure B-1 to give different shear spans.

Various measurements were taken to capture the local and global response of the tested
beams by using different types of instrumentations. The measurement can be arranged

into four groups: applied load, mid-span displacement, end rotation and steel strain.

The load was applied at increments of 20kN. At each load increment, the mid-span

deflection of the beam was measured by dial gauge transducers. Inclinometers were
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used to measure the end rotations of the beams. Crack propagation was monitored and

marked at each load increment by visual inspection.

Steel strains in both longitudinal and transverse reinforcement were measured at each
load increment using 10mm electrical strain gauges which were positioned at selected

locations.

B.3. PHASE Il

The main objective of the tests carried out in this phase of experimental programme was
to investigate the effect of member depth on the shear behaviour of reinforced concrete
deep beams. Changing depth of the members while holding other design parameters
constant, offers key information about influence of size effect on the shear capacity and
overall behaviour of reinforced concrete deep beams. To achieve this purpose, the only
design parameter varied in this phase of experimental programme was depth of the
member. In the following sub-sections the description of the specimens, material,
instrumentation and test procedure of this phase will be discussed in detail.

B.3.1. TEST SPECIMENS

B.3.1.1. Specimen design

In all three specimens, all parameters were identical except the beam depth. The depth
was varied from 250 to 500mm which gives the size ratio of 1:1.5:2. The width of the
beams was deliberately kept constant at 150mm as it is not expected to change the size
effect [24, 31]. Other reason behind the width of the beams to be kept constant is to
mitigate the phenomenon called wall effect, which happens when the surface of the
specimen has less aggregate content than the interior; this causes the fracture energy to

be different near the surface than it is in the interior [24].

Since the specimens were designed to fail in shear, high percentage of main flexural
reinforcement ratio was used to prevent flexural failure prematurely ends the test. The

main flexural reinforcement ratio was 1.4% for all three specimens; however, different
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bar sizes were used to keep reinforcement ratio identical for all the specimens.

Figure B-3 shows the reinforcement detail and the dimensions of all three beams.

Specimens H1 i i 2012

100 750 - 800 - 750 100~ 150+
N 2500 i

Specimens H2 i i

—~{100~—540 - 600 f 540 100~ =150+
[ 1880 ’
\ \

pecimens Hsi i 212

-~100—360——=—400——~+—360——~{L00~— 150+
o 1320 }

(92}

=219+

Figure B-3 Dimensions and reinforcement detail of the specimens

B.3.1.2. Specimen Construction

The construction of the specimens was started by cutting the reinforcement into
specified length for each specimen. Before the assemblage of steel cages, the positions
of strain gauges were accurately located on each bar and more details are given in strain
gauge sub-section. Since all three specimens were without shear reinforcement, stirrups
were only used in the support and loading regions to prevent local concrete crushing
around this area. All the main flexural reinforcement was welded to the support stirrups
to prevent bond failure at the end of the beams. Plastic ties were used to build the steel

cage. Figure B-4 shows the assembled reinforcement cages for all three beams.
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Figure B-4 Reinforcement cages for the tested beams

Steel moulds were utilized for casting of the beams. The moulds were cleaned and the
inner surfaces were covered with a very thin layer of de-moulding agent to facilitate de-
moulding after casting. The reinforcement cages were positioned inside the steel mould
as shown in Figure B-5 and to guarantee the correct positioning and covers, plastic
spacers were used. Since the specimens had different length, wood spacers were used to

specify the length of the beams.

The specimens were cast all together in heavy structural laboratory at the University of
Sheffield using ready-mix concrete which was supplied by a local supplier. The concrete
was placed in two layers of approximately the same thickness and vibrated using an

electrical poker vibrator as shown in Figure B-6.
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Figure B-5 The reinforcement cage positioned inside the steel mould

After casting, the surfaces of the specimens were levelled to remove irregularities in
geometries. The specimens were covered with wet hessian and polyethylene for seven
days before removing from the mould. After that, the specimens were kept in the

standard laboratory temperature until the day of testing.

Figure B-6 Specimens casting
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B.3.2. MATERIALS

B.3.2.1. Concrete

Since the concrete compressive strength was constant for all three specimens, ready-mix
concrete was order from local supplier with a targeted concrete compressive strength of
35MPa.

To determine the properties of the concrete, cylinders and prisms along with main
specimens were casted, cured and tested. The compressive strength of the concrete was
determined by performing compression test on standard 150x300mm cylinders
according to BS EN 12390-3 [76] and concrete tensile strength was determined by doing
splitting tensile test on the 150x300mm standard cylinders according to BS EN 12390-3
[76] along with performing four points bending for 100x100x500mm prisms. Table B-4

shows the average results from testing cylinders and prisms.

Table B-4 Average concrete compressive and tensile strength of specimens

Compressive Tensile strength from | Tensile strength from
strength (MPa) cylinders (MPa) prisms (MPa)
35.8 3.1 4.2

B.3.2.2. Steel Reinforcement

All reinforcement used in this phase of experimental programme had nominal yield
strength of 500MPa. Different rebar sizes were used according to the drawing shown in
the Figure B-3.

B.3.3. INSTRUMENTATIONS

B.3.3.1. Strain Gauges

To measure the strain development in the main longitudinal and compression
reinforcement of the specimens throughout the loading history, strain gauges were

located at specified locations on the reinforcements. Before the assemblage of the steel
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cage of each specimen, the location of the strain gauge was marked accurately according
to the drawing shown in Figure B-7. The marked location of each strain gauge was
ground by using different grades of metal files and the final surface was smoothed. The
smoothed surface was slightly wider than the gauge’s width; however, extra care was
taken to take as little material off the bars surface as possible so to prevent mechanical
performance and the cross-sectional area being affected. After the surface was prepared
and well cleaned, the gauge was attached using cement glue, and then external twisted
wire was soldered to each strain gauge through a terminal positioned at the end of each
strain gauge. The wires were bundled together and ran along the longitudinal
reinforcement to the end of the beam. The strain gauges and the terminals were
protected by a waterproof rubber sealant which provided by the strain gauge

manufacturer as shown in the Figure B-8.

Different numbers of strain gauges were utilized in different specimens depending on
the length of shear span of the specimen. The number of strain gauges was chosen in
such a way that to take into consideration the possibility of strain gauges malfunctioning
during casting, and the bond between concrete and reinforcing bars. Since two different
rebar sizes were used in the main flexural reinforcement for beam H1, the strain gauges
were positioned on both bar size in the exact same location to monitor the variability in
strain development in each of them. The other two specimens, because the bar size was
identical, the strain gauges were positioned only on one bar of the bars used as a main
flexural reinforcement. To monitor the strain progress in the compression reinforcement,
three strain gauges, one strain gauge in the mid-span and one strain gauge in each shear

span, were positioned on the compression reinforcement for all three specimens.
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Figure B-7 Distribution of the strain gauges
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Figure B-8 Strain gauge and its waterproof rubber sealant

B.3.3.2. LVDT

A total of five Linear Variable Differential Transformer transducers (LVDT) were used
to monitor deflection of the specimens throughout loading history. The location of
LVDTs included mid-span point, under point loads and mid-length of shear span. To
measure the pure deflection of the beam, a yoke support system were built and fitted on

the beam body. The yoke system were fixed at both ends of the beam, the centre line of
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the yoke support coincided with the centre line of the beam support. The bar that held
the LVDTs in the yoke system could rotate at both ends and slide in one end. This
system could exclude the support displacement and any other displacement that did not

come from the beam.

B.3.3.3. Concrete Strain

The strain of the concrete was measured in each loading step by using demec gauges.
The demec points were attached to the selected locations on the concrete surface and the
original distance between the points was 100mm at the beginning of the test, then the
relative movements between the points were recorded in each loading step by using

mechanical dial gauge.

First specimen was tested in the phase Il of experimental programme was beam H3.
Two different patterns were used to measure the concrete strain in the shear span of that
specimen to investigate which pattern is more accurate and gives better insight into the
shear behaviour of the specimen. The patterns were according to the drawings shown in
Figure B-9. After the test completed, it was found that the pattern one (Figure B-9 a)
gave better information about the shear strain development in the shear span. Thus,
pattern one was employed for the rest of the specimens. Another reason for not using
both patterns for all three specimens, because it was time consuming and the applied
load had to be hold. This probably includes the creep effect and the final result would be
affected.
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Figure B-9 Demec point patterns a) Pattern one, b) Pattern two

B.3.4. EXPERIMENTAL SETUP

One day before testing, the specimen was white-washed and 100x100mm grids were
drawn over the side surface of the specimen to mark the crack propagation during
testing and to facilitate crack location and propagation in the photos after finishing the

test.

The specimen was positioned in a rigid steel frame system; different steel frames were
used depending on the predicted ultimate shear capacity of the beam. For beam H3, a
steel frame was used as shown in Figure B-10 and the load was applied by means of a
250 kN servo controlled hydraulic actuator which could be controlled in either load or
displacement control manner. The actuator was operated by an Electronic Control Unit
that was connected to a data acquisition system (ORION). The total load was distributed
to two loading points through a stiff steel distributor. At each loading point, the applied
load was transferred to the top surface of the by through a 40mm diameter steel roller
which was supported by 100mm wide steel plate. The head of the actuator had a large
spherical hinge that allowing free rotation of the top loading beam and restraining its
translation in the horizontal direction. At the bottom, the beam was seated on two steel
plates at both ends and the plates were supported through two steel rollers. To guarantee
free elongation of the specimen and to simulate the actual simply supported system, one
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of the supports allowed both rotation and horizontal movements while the other one

only allowed rotation.

Figure B-10 Testing of beam H3

Since the ultimate predicted failure load of other two specimens, beam H1 and H2, was
higher than the ultimate capacity of the actuator which was 250kN, other loading
apparatus had to be utilized. For that purpose, a 2000kN universal testing machine was
employed to test both beams (Figure B-11). The testing arrangement was exactly
identical to the arrangements used for beam H3; however, the only difference between
these two testing system was the universal testing machine could be controlled only in

load control mode.

Figure B-11 Testing of beam H1
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B.3.5. TESTING PROCEDURE
The testing was initiated by applying the load in increments of 5 or 10kN, depending on

the ultimate predicted failure load of the specimen. The beam H3 was tested by using
250 kN servo controlled hydraulic actuator in the displacement control mode. At each 5
kN, the picture was taken, while other readings such as concrete strain and and the width
of critical cracks was measured using a micrometre with an accuracy of 0.02mm and
crack developments were marking at every 20kN increment. The strain gauge readings,
applied load and the displacement were recorded automatically by the data acquisition

system (ORION) at every two seconds throughout the loading history.

For the other two specimens which were tested using the 2000 kN universal testing
machine. The testing procedure was the same but the loading was applied in load control
mode. In these two tests the picture were taken at each 20 kN increment because it was
found in the first test that pictures cannot capture the changes happening on 5 kN

increments.

All three specimens were loaded up to a serviceability limit after that unloaded, then
reloaded subsequently until the total failure load was reached.
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B.4. TEST RESULTS
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Figure B-12-General layout and reinforcement for beam Al
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Figure B-13-Load-deflection response and strain in the flexural reinforcing bars of beam
Al
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Figure B-14-Crack pattern after failure of beam Al
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B.4.2.BEAM A2
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Figure B-15-General layout and reinforcement for beam A2
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Figure B-16-Load-deflection response and strain in the flexural and shear reinforcing bars
of beam A2
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Figure B-17-Crack pattern after failure of beam A2
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B.4.3.BEAM A3
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Figure B-18-General layout and reinforcement for beam A3
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Figure B-19-Load-deflection response and strain in the flexural and shear reinforcing bars
of beam A3

Figure B-20-Crack pattern after failure of beam A3
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B.4.4.BEAM B1
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Figure B-21-General layout and reinforcement for beam B1
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Figure B-22-Load-deflection response and strain in the flexural reinforcing bars of beam
B1

Bl

1l
|

Figure B-23-Crack pattern after failure of beam B1
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B.4.5.BEAM B2
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Figure B-24-General layout and reinforcement for beam B2
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Figure B-25-Load-deflection response and strain in the flexural and shear reinforcing bars
of beam B2

Figure B-26-Crack pattern after failure of beam B2
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Figure B-27-General layout and reinforcement for beam B3
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Figure B-28-Load-deflection response and strain in the flexural and shear reinforcing bars

of beam B3

Figure B-29-Crack pattern after failure of beam B3
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B.4.7.BEAM C1
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Figure B-30-General layout and reinforcement for beam C1
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Figure B-31-Load-deflection response and strain in the flexural reinforcing bars of beam
C1

Figure B-32-Crack pattern after failure of beam C1
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Figure B-33-General layout and reinforcement for beam C2
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Figure B-34-Load-deflection response and strain in the flexural and shear reinforcing bars
of beam C2

Figure B-35-Crack pattern of beam C2
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Figure B-36-General layout and reinforcement for beam C3
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Figure B-37-Load-deflection response and strain in the flexural and shear reinforcing bars
of beam C3

Figure B-38-Crack pattern of beam C3
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B.4.10. BEAM D1
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Figure B-39-General layout and reinforcement for beam D1
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Figure B-40-Load-deflection response and strain in the flexural reinforcing bars of beam
D1

Figure B-41-Crack pattern after failure of beam D1
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B.4.11. BEAM D2

i l 2012 mm

i 8@180 mm
. 206
9]
\% m
13 L <|>16 mm
12
— — —
~200==——-550——+==—7300—=~——550——=~200+ —100~—
| 1800 |
I L |

Figure B-42-General layout and reinforcement for beam D2
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Figure B-43-Load-deflection response and strain in the flexural and shear reinforcing bars
of beam D2

Figure B-44-Crack pattern after failure of beam D2
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B.4.12. BEAM D3
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Figure B-45-General layout and reinforcement for beam D3
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Figure B-46-Load-deflection response and strain in the flexural and shear reinforcing bars
of beam D3

Figure B-47-Crack pattern after failure of beam D3
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B.4.13. BEAM E1
! ! 2612 mm
£ I
? S
13 L X $16 mm
12 >
L] — L]
=200~ 425 ; 550 425 =200~ —~100~=-
| 1800 J
Figure B-48-General layout and reinforcement for beam E1
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Figure B-49-Load-deflection response and strain in the flexural reinforcing bars of beam

El

Figure B-50-Crack pattern after failure of beam E1
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B.4.14. BEAM E2
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Figure B-51-General layout and reinforcement for beam E2
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Figure B-52-Load-deflection response and strain in the flexural and shear reinforcing bars
of beam E2

Figure B-53-Crack pattern after failure of beam E2
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B.4.15. BEAM E3
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Figure B-54-General layout and reinforcement for beam E3
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Figure B-55-Load-deflection response and strain in the flexural and shear reinforcing bars

of beam E3

Figure B-56-Crack pattern after failure of beam E3
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B.4.16. BEAM F1
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Figure B-57-General layout and reinforcement for beam F1
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Figure B-58-Load-deflection response and strain in the flexural reinforcing bars of beam
F1

Figure B-59-Crack pattern after failure of beam F1
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B.4.17. BEAM F2
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Figure B-60-General layout and reinforcement for beam F2
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Figure B-61-Load-deflection response and strain in the flexural and shear reinforcing bars
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Figure B-62-Crack pattern after failure of beam F2
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B.4.18. BEAM F3

l Y\é¢8 l 2012 mm

8@70mm

é
T S
3 L $16 mm
L2
— — —
—200—~~—300—= 800 +=—300—+-200— —100~—
- 1800 |
Figure B-63-General layout and reinforcement for beam F3
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Figure B-64-Load-deflection response and strain in the flexural and shear reinforcing bars
of beam F3

Figure B-65-Crack pattern after failure of beam F3

246



APPENDIXB  EXPERIMENTAL METHODOLOGY

B.4.19. BEAM G1
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Figure B-66-General layout and reinforcement for beam G1
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Figure B-67-Load-deflection response and strain in the flexural and shear reinforcing bars

of beam G1

Figure B-68-Crack pattern after failure of beam G1
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B.4.20. BEAM G2
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Figure B-69-General layout and reinforcement for beam G2
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Figure B-70-Load-deflection response and strain in the flexural and shear reinforcing bars
of beam G2

Figure B-71-Crack pattern after failure of beam G2
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B.4.21. BEAM G3
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Figure B-72-General layout and reinforcement for beam G3
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Figure B-73-Load-deflection response and strain in the flexural and shear reinforcing bars

of beam G3

Figure B-74-Crack pattern after failure of beam G3
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B.4.23. BEAM H2
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Figure B-81 Strain along the flexural reinforcing bars
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Figure B-82 Crack pattern after failure of beam H2
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B.4.24. BEAM H3
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APPENDIX C. NUMERICAL RESULTS

C.1. EVALUATION OF CONCRETE MATERIAL
MODELS AVAILABLE IN ABAQUS
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Figure C-1 Experimental and predicted load—deflection curves of specimens G1, G2 and
G3
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specimens G1, G2 and G3
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C.2. MICROPLANE MATERIAL MODEL M4 FOR
CONCRETE

The microplane material model is a macroscopic material model that defines the relation
between the stress and strain vectors on planes of various orientations (microplanes).
These microplanes can be assumed as cracked planes or weak planes, such as the
contact faces between aggregate particles in concrete. The basic idea of the microplane
model can be traced back to the pioneering idea of Tayler [83] which was later
developed by Batdorf and Budianski [84] for polycrystalline metals and became known
as the slip theory of plasticity. This model was later extended by Bazant and co-workers
[39, 40, 43, 85-90] who added extra features to better represent the behaviour of quasi
brittle materials, including concrete. These features can be briefly summarized as

follows:

- The static micro-macro constraint should be replaced by kinematic micro-macro
constraint to stabilize the postpeak strain softening. That is the strain vectors on
microplanes are the projection of the strain tensors.

- Elastic strain is included at the microplane level instead of adding it at the macro
level. This is due to replacing the static micro-macro constraint with the
kinematic.

- The principle of virtual work is used instead of simple superposition of the
microplane stresses to relate the stresses on the microplane, which can have any

possible orientation, to the stress at macro level.

Since the kinematic constraint is used, the microplane strain vector &y; is determined as
the projection of the strain tensor &;. The normal strain gy and both shear strains v, &

on the microplane can then be found according to the following equations:

EN = Nijgij y Em = Mijgij y &L= Lijgij (C-1)

where N;=nin;, Mj=(minj+m;n;)/2 and L=(linj+1jn;)/2 and nm and | are direction
cosines, their values of which can be found elsewhere [91].
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Bazant et al. [39] calculated the stress at the continuum level from the microplane
stresses applying principle of virtual work (Eq.C-2), which can be approximated by
optimal Gaussian integration for a spherical surface (Eq.C-3).

2

= il = [ (ondey +o 8 +0y,8,)d0 (C-2)
3 N .

oy = Z_IQ 5,02~ 6> w, s with s, = N, +0o, L, +ou M, (C-3)
V4 —

The constitutive law of microplane M4 is characterized by an elastic stress-strain
relationship up to a defined set of limits, which is called stress-strain boundaries,
followed by a strain softening behaviour. The stresses are never allowed to exceed the
boundaries, however, traveling along the boundaries is allowed if the strain increment

and the total stress have the same sign, otherwise, unloading occurs.

Bazant and co-workers [39, 40] split the normal stress and strain components into
volumetric and deviatoric parts (on=oy+op and ey=&y+ep) to realistically model the
compression failure and to control the value of Poisson’s ratio. The incremental stress-

strain relations are expressed as
do, =E,dg,, do,=Eyde,, doy, =E;dg,, do, =E;dg (C-4)
where Ey, Ep and Er are microplane elastic moduli and can be written as
E, =E/1-2v), E_,=5E/[(1-2v)(2+3n)], E, =nE, (C-5)

where E is Young’s modulus, v is Poison’s ratio and 7 is 1.0 [176]. The above
microplane elastic moduli can be used in the case of loading as well as reloading.
Additionally, they can be used for unloading if the sign of o4e is positive. Otherwise
stiffness degradation occurs and the value of tangential stiffness moduli (Eg. C-6 to C-9)

should be used for unloading.
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C
For g,>0and &v>0 EJ(-&,,—0y) = E\,[ 5 v g\,J (C-6)
Cis —&  CisCi6Ey

For a>0and ov>0 EY(s,,0,)=min[o, (5,)/5,,E, ] (C-7)
EY =(1—c,,)E, +¢c ES; ES =E, ifoye, <0;else Eg =min(o, /&,,Ep) (C-8)
EY =(1-c,,)E, +¢c,ES; Ef =E; ifo;& <0;else E* =min(o; /&,E;) (C-9)

where Cy5, C16 and cy7 are fixed dimensionless parameters.

The following stress-strain boundaries (Eq.C-10) were introduced by Bazant and co-
workers to realistically simulate the behaviour of concrete and to capture its strain

softening,:

GN SFN(‘C"N)’ I:v_(gv)sgv SF\/Jr(‘gv)’ FD_(gD)SO-DSFS(gD)’

|O-M|SFT(O-N’8V)' |O_L|SFT(O-N18V) (C-10)

where Fy, Fy, Fp and Fy are normal, volumetric, deviatoric and tangential boundaries,

respectively, and they can be found through the following equations:

<5N —k,c,C, >
F = Ek,c, exp| — C-11
N ((C"N) 1¥1 )@( k1k5C3 + <_ C4 (O_V / EV > ( )
F, (-&,) =—-Ekk, exp (— Y J ifoy<0 (C-12)
kK,
F ()= E.kiCyg ifoy>0 (C-13)

[1+(c,/ k1)<5v - k1C13>]2

Ek,c

(oK)

le7ClB

Fo (s5) = if 5p>0 (C-14)
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Fo(=¢0) = if op<0 (C-15)

E.k.Kk,C(—oy +07
FT (—O'N) _ T2 lO< N N2 (C_16)
E k. k, +Clo<— oy +O'N>

where

0 _ ET klcll

- C-17
N Treu(e) (€-17)

The Macaulay brackets can be defined as(x)=Max(x,0). ki (Ki,kz, ks and ks) and c;

(c1,Cz...c18) are adjustable and fixed material parameters, respectively.

The value of adjustable and fixed material parameters are as follow [43]:

k,=0.0003 k,=200.0 ks=15.0 k;=100.0
¢1=0.30 C,=2.76 c3=4.0 c4=70.0 cs=2.50 cs—=1.30
c;=15 C8:2.00 C9:1.30 C10:0.73 €11=0.20 C1,=7000

013:0.20 €14=0.50 C15:0.02 C16:0.01 c17=0.40 C13:1.01
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C.3. VUMAT CODE

c VUMAT CODE

subroutine vumat (
¢ Read only

Il nblock, ndir, nshr, nstatev, nfieldv, nprops, lanneal,
stepTime, totalTime, dt, cmname, coordMp, charLength,
props, density, strainInc, relSpinlInc,
tempOld, stretchold, defgradold, fieldold,
stressOld, stateOld, enerInternOld, enerInelasOld,

§ tempNew, stretchNew, defgradNew, fieldNew,
c Write only

ﬂ stressNew, stateNew, enerInternNew, enerInelasNew)

O D W N

c
include 'vaba param.inc'

dimension props (nprops), density(nblock), coordMp(nblock,*),
charLength(*), strainInc(nblock,ndir+nshr),
relSpinInc(*), tempOld(*),
stretchOld (nblock,ndir+nshr),
defgradOld(*),
fieldOld(*), stressOld(nblock,ndir+nshr),
stateOld (nblock,nstatev), enerInternOld(nblock),
enerInelasOld(nblock), tempNew(*),
stretchNew (nblock,ndir+nshr),
defgradNew (*),
fieldNew (*),
stressNew (nblock,ndir+nshr), stateNew (nblock,nstatev),
enerInternNew (nblock), enerInelasNew (nblock)

N = © O 0 1oy Ul b W

character*80 cmname

real dstrain(nblock,6), strainold(nblock,6),
llvolstrainold(nblock), dvolstrain(nblock), volstrainnew(nblock),
wvolstressold (nblock), volstress(nblock), nbstressvol (nblock),
Elobstressvol (nblock), volstressl (nblock), sn(3,3), dsn(3,3),
linstrainold(21), dnstrain(21), nstrainnew (nblock,?21),
Bldevstrainold (nblock,21), devstrainnew(nblock,21),

Jddevstrain (nblock,21), devstressold(nblock,21),

Wldevstress (nblock,21), pbdevstress(nblock,?21),

fjnbdevstress (nblock, 21), devstressl (nblock,21)

real norstress (nblock,21), bnorstress(nblock,21),

linorstressnew (nblock,21),volstress2 (nblock), volstressnew(nblock),
Mldevstressnew (nblock,21), mstrainold(21), lstrainold(21),
gldmstrain(21), dlstrain(21), mstrainnew(nblock,21),

fllstrainnew (nblock,21), mstressold(nblock,21),
Bllstressold(nblock,21), mstressl (nblock,21), lstressl (nblock,21),
Jtstrainnew (nblock,21), dtstrain(nblock,21), tstressl(nblock,21),
Wirm (nblock,21), rl(nblock,21), mstress2(nblock,21),

]l stress2 (nblock,21), tstress2(nblock,21), btstress(nblock,21)

real tstressnew(nblock,21), mstressnew(nblock,21),
!lstressnew(nblock,21), sdl (nblock), sd2(nblock),
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Q

#isd3 (nblock), sd4 (nblock), sd5(nblock), sdo6(nblock),

€lf (21), sigmano (nblock,21), norstresss(nblock,?21),
“inorstressnews (nblock,21), norstressnewns (nblock,21),
Binorstressns (nblock,21), norstressnsold(nblock,21),
Jtstressold(nblock,21),volstressn(nblock),tstrainold(nblock,21),
YIorinmax (nblock, 21)

real N (21,3),M(21,3), L(21,3), W(21), delta(nblock, 6)
real evl,ev2,evn,ev,edl,mbdl,mbd2, ed, eds,mbnl, mbn2,en,mbf, sina,
!fsigma,mbfi,fi,etl,mbtl,min,zi,mbt2,et,ets,mbv

parameter (c1=0.3, c2=2.76, c3=4.0, c4=70, c5=2.5, c6=1.3,
llc7=15, ¢8=2.0, ¢9=1.3, ¢l10=0.73, ¢l11=0.2, ¢12=7000, cl13=0.20,
¥c14=0.5, c15=0.02, cl6=0.01, cl17=0.4, c18=1.0, u=1,
Bpi=3.141592654)

do 100 km = 1,nblock

Weights and direction cosines for the 21-points integration formula
n(l,1)=1
N(1,2)=0
N(1,3)=0
N(2,1)=0
N(2,2)=1
N(2,3)=0
N(3,1)=0
N(3,2)=0
N(3,3)=1
N(4,1)=0.707106781
N(4,2)=0.707106781
N(4,3)=0
N(5,1)=0.707106781
N(5,2)=-0.707106781
N(5,3)=0
N(6,1)=0.707106781
N(6,2)=0
N(6,3)=0.707106781
N(7,1)=0.707106781
N(7,2)=0.0
N(7,3)=-0.707106781
N(8,1)=0
N(8,2)=0.707106781
N(8,3)=0.707106781
N(9,1)=0.0
N(9,2)=0.707106781
N(9,3)=-0.707106781
N(10,1)=0.387907304
N(10,2)=0.387907304
N(10,3)=0.836095597
N(11,1)=0.387907304
N(11,2)=0.387907304
N(11,3)=-0.836095597
N(12,1)=0.387907304
N(12,2)=-0.387907304
N(12,3)=0.836095597
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N(13,1)=0.387907304
N(13,2)=-0.387907304
N(13,3)=-0.836095597
N(14,1)=0.387907304
N(14,2)=0.836095597
N(14,3)=0.387907304
N(15,1)=0.387907304
N(15,2)=0.836095597
N(15,3)=-0.387907304
N(16,1)=0.387907304
N(16,2)=-0.836095597
N(16,3)=0.387907304
N(17,1)=0.387907304
N(17,2)=-0.836095597
N(17,3)=-0.387907304
N(18,1)=0.836095597
N(18,2)=0.387907304
N(18,3)=0.387907304
N(19,1)=0.836095597
N(19,2)=0.387907304
N(19,3)=-0.387907304
N(20,1)=0.836095597
N(20,2)=-0.387907304
N(20,3)=0.387907304
N(21,1)=0.836095597
N(21,2)=-0.387907304
N(21,3)=-0.387907304
M(1,1)=0.0

M(1,2)=-1.0

M(1,3)=0.0

M(2,1)=1.0

M(2,2)=0.0

M(2,3)=0.0

M(3,1)=1.0

M(3,2)=0.0

M(3,3)=0.0

M(4,1)=0.0

M(4,2)=0.0

M(4,3)=-1.0

M(5,1)=0.0

M(5,2)=0.0

M(5,3)=-1.0
M(6,1)=0.707106781186547
M(6,2)=0.0
M(6,3)=-0.707106781186547
M(7,1)=0.0

M(7,2)=-1.0

M(7,3)=0.0

M(8,1)=0.0
M(8,2)=0.707106781186547
M(8,3)=-0.707106781186547
M(9,1)=0.0
M(9,2)=-0.707106781186547
M(9,3)=-0.707106781186547
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10,1)=0.707106781186547
10,2)=-0.707106781186547
10,3)=0.0
11,1)=0.707106781186547
11,2)=-0.707106781186547
11,3)=0.0

12,1)=-0.707106781186547
12,2)=-0.707106781186547
12,3)=0.0
13,1)=-0.907124939317685
13,2)=0.0

=-0.420861431433062
=0.707106781186547

14,3)=-0.707106781186547
15,1)=-0.707106781186547
15,2)=0.0
15,3)=-0.707106781186547

=0.0
16,2)=0.420861431433062
16,3)=0.907124939317685
17,1)=0.0

REERERRERREE R RN IR

17,2 0.420861431433062
17,3)=-0.907124939317685
18,1)=0.0
18,2)=0.707106781186547
18,3)=-0.707106781186547
19,1)=0.420861431433062
19,2)=-0.907124939317685
19,3)=0.0

20,1)=0.0
20,2)=0.707106781186547
20,3)=0.707106781186547
21,1)=-0.420861431433062
21,2)=0.0

0.907124939317685
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L(7,1)=0.0

L(7,2)=0.0

L(7,3)=0.0

L(8,1)=0.0

L(8,2)=0.5

L(8,3)=-0.5

L(9,1)=0.0

L(9,2)=-0.5

L(9,3)=0.5
L(10,1)=0.274291885177568
L(10,2)=-0.274291885177568
L(10,3)=0.0
L(11,1)=0.274291885177568
L(11,2)=-0.274291885177568
L(11,3)=0.0
L(12,1)=-0.274291885177568
L(12,2)=0.274291885177568
L(12,3)=0.0
L(13,1)=-0.351880389662664
L(13,2)=0.0
L(13,3)=0.351880389662664
L(14,1)=0.274291885177568
L(14,2)=0.0
L(14,3)=-0.274291885177568
L(15,1)=-0.274291885177568
L(15,2)=0.0
L(15,3)=0.274291885177568
L(16,1)=0.0
L(16,2)=-0.351880389662664
L(16,3)=0.351880389662664
L(17,1)=0.0
L(17,2)=0.351880389662664
L(17,3)=-0.351880389662664
L(18,1)=0.0
L(18,2)=0.274291885177568
L(18,3)=-0.274291885177568
L(19,1)=0.351880389662664
L(19,2)=-0.351880389662664
L(19,3)=0.0

L(20,1)=0.0
L(20,2)=-0.274291885177568
L(20,3)=0.274291885177568
L(21,1)=-0.351880389662664
L(21,2)=0.0
L(21,3)=0.351880389662664
W(1)=0.0265214244093
W(2)=0.0265214244093
W(3)=0.0265214244093
W(4)=0.0199301476312
W(5)=0.0199301476312
W(6)=0.0199301476312
W(7)=0.0199301476312
W(8)=0.0199301476312
W(9)=0.0199301476312
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.0250712367487
.0250712367487
.0250712367487
.0250712367487
.0250712367487
.0250712367487
.0250712367487
.0250712367487
.0250712367487
.0250712367487
.0250712367487
.0250712367487

I = T = T T e T e S S
CwLVWwWJdo U™ WN F O
Il
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sE===2=s=s=2=2=2353=

N
=
I

c Constants
E=props (1
nu=props (
kl=props (
k2=props (
k3=props (
kd=props (
k5=props (
k6=props (

c strain increment (dstrain) at the begining of new material point
dstrain (km,1l)=straininc (km, 1)
dstrain (km, 2)=straininc (km, 2)
dstrain (km, 3)=straininc (km, 3)
dstrain (km, 4)=straininc (km, 4)

c strain (Strainold)in the previous material point
strainold(km, 1l)=stateOld (km, 1)
strainold (km, 2)=stateold (km, 2)
strainold (km, 3)=stateold (km, 3)
strainold (km, 4)=stateold (km, 4)

c starting of new increment

statenew (km, 1)=dstrain(km,1)+strainold(km, 1)
statenew (km, 2)=dstrain (km, 2)+strainold (km, 2)
statenew (km, 3) =dstrain (km, 3) +strainold (km, 3)
statenew (km, 4)=dstrain (km, 4)+strainold (km, 4)

volstrainold (km)=stateold (km, 7)

dvolstrain (km)=(dstrain (km, 1) +dstrain (km,2)+dstrain (km,3)) /3.0
volstrainnew (km)=volstrainold (km)+dvolstrain (km)
statenew (km, 7) =volstrainnew (km)

volstressold (km)=stateold (km, 8)

evl=props(1)/(1.0-2.0*Props(2))

evd=props (1) *props (5) /props (6) *exp (-volstrainnew (km) / (props (3) *
florops (6)))

evn=amaxl (evl, evd)

¢ checking for unloading

if (volstressold(km).1t.00.and.volstrainold(km).1t.0.0.and.

!dvolstrain(km).gt.0.0)then
evn=evl* ((cl5/ (cl5-volstrainold (km) )+

! (volstressold(km)/ (cl5*cl6*evl) *volstrainold (km))))

endif

if (volstressold(km) .gt.00.and.volstrainold(km).gt.0.0.and.
fldvolstrain(km).1t.0.0) then
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evn=aminl ( (volstressold (km) /volstrainold (km)),evl)
endif
volstress (km)=volstressold (km)+evn*dvolstrain (km)
c volumetric bounderies
nbstressvol (km)=-props (1) *props (3) *props (5) *
!(exp((—volstrainnew(km))/(props( ) *props (6))))
if ((volstrainnew (km) -props (3) *cl3) .gt. 0.0) then
mbv=volstrainnew (km) -props (3) *cl1l3
else
mbv=0.0
endif

pbstressvol (km) =evn*props (3) *cl3/ ((1+(cld/props (3)) *mbv) **2)

if (volstress (km).lt.nbstressvol (km)) then
volstressl (km) =nbstressvol (km)
elseif (volstress (km) .gt.pbstressvol (km)) then
volstressl (km)=pbstressvol (km)

else
volstressl (km)=volstress (km)

endif

volstressn (km)=volstressl (km)

=strainold
=strainold (km, 2
strainold (km, 3

(km, 1
(
(
strainold (km, 4
(
(

)
)
)
)
=strainold (km, 5)
=strainold (km, 6)
sn(2,1)=strainold (km, 4)
sn(3,2)=strainold (km, 5)
sn(3,1)=strainold (km, 6)

=dstrain
=dstrain
=dstrain
=dstrain
=dstrain
=dstrain

km, 1
km, 2
km, 3
km, 4
km, 5

)
)
)
)
)
km, 6)

~ e~ o~~~ —~

dsn(2,1)=dstrain (km, 4)
dsn(3,2)=dstrain (km, 5)
dsn(3,1)=dstrain (km, 6)

Normal strain
do 10 k=1,21

Q

nstrainold(k)=sn(1,1)*n(k,1)*n(k,1)+sn(2,2)*n(k,2)*n

Bsn(3,3) *n(k,3) *n(k,3)+sn(1,2)*n(k, 1) *n(k,2)

dnstrain(k)=dsn(l,1)*n(k,1)*n(k,1)+dsn(2,2)*n(k,2)
!dsn(3,3)*n(k,3)*n(k,3)+dsn(l,2)*n(k,l)*n(k,Z)
nstrainnew (km, k) =nstrainold (k) +dnstrain (k)
c Deviatoric strain
devstrainold (km, k)=nstrainold(k)-volstrainold (km)
devstrainnew (km, k) =nstrainnew (km, k) -volstrainnew (km)
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ddevstrain (km, k) =dnstrain (k) -dvolstrain (km)

edl=5*props (1) / ((2+3*u) * (1+props(2)))

if ((devstressold (km, k) *devstrainold(km, k)) .1le.0.0) then
eds=edl

else

eds=aminl (edl, (devstressold (km, k) /devstrainold (km, k) ))

endif
c checking for unloading

if (devstressold(km, k) .1lt.00.and.devstrainold(km, k) .1t.0.0.and.

flddevstrain (km, k) .gt.0.0) then
edl=(1-cl7) *edl+cl7*eds
endif

if (devstressold(km, k) .gt.00.and.devstrainold (km, k) .gt.0.0.and.

flddevstrain (km, k) .1t.0.0) then
edl=(1-cl7) *edl+cl7*eds
endif
c using state variable no 9 to 29 for deviatoric stress
devstressold (km, k) =stateold (km, 8+k)
c new deviatoric stress
devstress (km, k) =devstressold (km, k) +edl*ddevstrain (km, k)
Deviatoric bounderies
+ve deviatoric boundery

Q Q

if ((devstrainnew (km, k) -c5*c6*props(3)) .ge.0.0) then
mbdl=devstrainnew (km, k) —c5*c6*props (3)

else
mbd1=0.0

endif

pbdevstress (km, k) =props (1) *props (3) *c5/ (1+ (mbd1l/ (props (3) *props (7)

flxc7*c18))**2)

c -ve deviatoric boundery

if ((-devstrainnew (km, k) -c8*c9*props(3)) .ge.0.0) then
mbd2=-devstrainnew (km, k) —c8*c9*props (3)
else
mbd2=0.0
endif
nbdevstress (km, k) =-props (1) *props (3) *c8/ (1+ (mbd2/ (props (3) *
fBorops (7) *c7)) **2)

if (devstress (km, k) .le.nbdevstress (km, k) ) then
devstressl (km, k) =nbdevstress (km, k)

else if (devstress (km, k) .ge.pbdevstress (km, k) ) then
devstressl (km, k) =pbdevstress (km, k)

else
devstressl (km, k) =devstress (km, k)

endif

devstressnew (km, k) =devstressl (km, k)

c Normal stress (Split)

norstresss (km, k) =devstressl (km, k) +volstressn (km)

c Normal stress boundery

if ((nstrainnew (km, k) —cl*c2*props (3) *props(8)) .ge.0.0) then
mbnl=nstrainnew (km, k) —cl*c2*props (3) *props (8)

else
mbnl=0.0

endif
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if ((-c4*volstressold(km)/evl) .ge.0.0) then
mbn2=-c4*volstressold (km) /evl

else
mbn2=0.0

endif

bnorstress (km, k) =props (1) *props (3) *props (8) *cl*
! exp (- (mbnl) / (props (3) *props (7) *props (8) *c3+mbn2) )

if (norstresss (km, k)

.ge.bnorstress (km, k) ) then

norstressnews (km, k)
else
norstressnews (km, k)

=bnorstress (km, k)

=norstresss (km, k)

endif

norstressnew (km, k) =norstressnews (km, k)

if (nstrainnew (km, k) .gt.0.0.and.norstressnew (km, k)

norstressnew (km, k)=0.0

endif
using state variable 30 to 50 for normal stress
statenew (km, 29+k) =norstressnew (km, k)
continue
volumetric stress
volstress2 (km)=0.0
do 30 k=1,21
do 60 i=1,3

f(k)=w (k) *norstressnew (km, k) *N(k, 1) *N (k, 1)
volstress2 (km)=f (k) +volstress2 (km)

continue
continue
volstressnew (km)=aminl (volstress2 (km)
statenew (km, 8) =volstressnew (km)
deviatoric stress
do 40 k=1,21
devstressnew (km, k) =norstressnew (km, k)
statenew (km, 8+k)=devstressnew (km, k)
40 continue
tangential behaviour

do 50 k=1,21

10
new

60
30

new

.1t.0.0) then

,volstressn (km))

-volstressnew (km)

mstrainold (k)=sn(1,1)* (m(k, 1 n(k,1)+m(k,1)*n(k,1))/2+

fllsn (2,2)* (m(k,2)* (k 2) +m (k n(k,?2) /2+sn 3, 3) ( m(k,3)*
n(k,3)+m(k,3) *n (k /2+sn 1 2)* (m(k n(k,2)+m(k,2)*

En (k, 1)) /2

lstrainold (k)= n(l,l)*(l(k 1)*n(k,1)+1(k,1)*n(k,1))/2+
n(2,2)*(1(k,2)* (k 2)+1(k,2)*n(k,2))/2+sn(3,3)* (1(k,3)*
n(k,3)+1(k,3)*n(k /2+Sn 1,2)*(1(k,1)*n(k,2)+1(k, )

gn (k,1))/2

dmstrain (k)=dsn(1,1)*(m(k,1)*n(k,1)+m(k,1)*n(k,1))/2+

fldsn (2,2)* (m(k,2)*n (k,2)+m(k,2) *n (k,2)) /2+dsn (3, 3) * (m(k, 3) *

Hn(k,3)+m(k,3)*n(k 3))/2+dsn(1,2) * (m(k, 1) *n(k,2)+m(k,2) *

gn (k,1))/2
dlstrain(k)=dsn(1,1)*(1(k,1)*n(k,1)+1(k,1)*n(k,1))/2+

fldsn (2,2)* (1 (k,2)*n(k,2)+1(k,2)*n(k,2))/2+dsn (3,3) * (1 (k, 3) *
n(k,3)+1(k,3)*n(k,3))/2+dsn(1,2)* (1 (k,1)*n(k,2)+1(k,2)*
n(k,1))/2
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mstrainnew (km, k) =mstrainold (k) +dmstrain (k)
lstrainnew (km, k)=1lstrainold (k) +dlstrain (k)
tstrainold (km, k)=(mstrainold(k))**2+ (lstrainold(k))**2
tstrainold (km, k)=sqgrt (tstrainold (km, k))
dtstrain (km, k)=(dmstrain (k) ) **2+ (dlstrain (k) ) **2
dtstrain (km, k) =sgrt (dtstrain (km, k) )
etl=edl

c using state variable 51 to 71 for m-stress, and 72 to 92 for l-stress
mstressold(km, k)=stateold (km, 50+k)
lstressold(km, k) =stateold (km, 71+k)
tstressold (km, k)=stateold (km, 113+k)

c
if ((tstressold(km, k) *tstrainold(km, k)).1le.0.0) then
ets=etl
else
ets=aminl (etl, (tstressold(km, k) /tstrainold (km, k)))
endif

c checking for unloading
if (tstressold(km,k).1lt.00.and.tstrainold(km, k) .1t.0.0.and.
fldtstrain(km, k) .gt.0.0) then
etl=(1-cl7)*etl+cl7*ets
endif
if (tstressold(km, k) .gt.00.and.tstrainold (km, k) .gt.0.0.and.
fldtstrain (km, k) .1t.0.0) then
etl=(1-cl7)*etl+cl7*ets
endif
mstressl (km, k) =mstressold (km, k) +etl*dmstrain (k)
lstressl (km, k)=1lstressold (km, k) +etl*dlstrain (k)

tstrainnew (km, k) = (mstrainnew (km, k) ) **2+ (1lstrainnew (km, k) ) **2
tstrainnew (km, k) =sqgrt (tstrainnew (km, k) )
tstressl (km, k) =(mstressl (km, k) ) **2+ (1lstressl (km, k) ) **2
tstressl (km, k) =sgrt (tstressl (km, k))
if (tstressl (km, k) .eq.0.0)then
rm(km, k)=0.0
rm(km, k)=0.0
else
rm(km, k) =mstressl (km, k) /tstressl (km, k)
rl (km, k)=1lstressl (km, k) /tstressl (km, k)
endif
c tangential boundery
if (volstrainnew (km) .ge.0.0) then
mbtl=volstrainnew (km)
else
mbt1=0.0
endif
sigmano (km, k) =etl*props (3) *props (8) *cll/ (1+cl2*mbtl)
if ((-norstressnew (km, k) +sigmano (km, k) ) .ge.0.0) then
mbt2=-norstressnew (km, k) +sigmano (km, k)
else
mbt2=0.0
endif
btstress (km, k) =etl*props (3) *props (4) *c1l0*mbt2/
! (etl*props (3) *props (4) +cl0*mbt2)
if (tstressl (km, k) .gt.btstress (km, k) ) then
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tstress2 (km, k) =btstress (km, k)
elseif (tstressl (km, k) .1lt. (-btstress (km, k))) then
tstress?2 (km, k) =-btstress (km, k)
else
tstress2 (km, k) =tstressl (km, k)
endif
tstressnew (km, k) =tstress2 (km, k)

mstressnew (km, k) =rm (km, k) *tstressnew (km, k)
lstressnew (km, k)=r1 (km, k) *tstressnew (km, k)
statenew (km, 50+k) =mstressnew (km, k)
statenew (km, 71+k) =1stressnew (km, k)
statenew (km, 113+k)=tstressnew (km, k)
50 continue
Cc macro stress tensor
delta(km,1)=1.0
delta(km,2)=1.0
delta(km,3)=1.0
delta(km,4)=0.0
sdl (km)=0.0
do 70 k=1,21
sdl (km) = (devstressnew (km, k) * (n(k, 1) *n(k, 1) -delta (km, 1) /3)+
H lstressnew (km, k) * ((1(k,1)*n(k,1)+1(k,1)*n(k,1))/2)+
2

mstressnew (km, k) * ((m(k,1)*n(k,1)+m(k,1)*n(k,1))/2)) *w(k)+sdl (km)
70 continue
stressnew (km, 1) =6*sdl (km) +volstressnew (km) *delta (km, 1)

sd2 (km)=0.0
do 80 k=1,21
sd2 (km) = (devstressnew (km, k) * (n(k,2) *n(k,2) -delta (km, 2) /3)+
H lstressnew (km, k) * ((1(k,2)*n(k,2)+1(k,2)*n(k,2))/2)+
2

mstressnew (km, k) * ((m(k,2)*n(k,2)+m(k,2)*n(k,2))/2)) *w(k)+sd2 (km)
80 continue
stressnew (km, 2) =6*sd2 (km) +volstressnew (km) *delta (km, 2)

sd3 (km)=0.0
do 90 k=1,21
sd3 (km) = (devstressnew (km, k) * (n(k, 3) *n (k, 3) -delta (km, 3) /3) +
H lstressnew (km, k) * ((1(k,3)*n(k,3)+1(k,3)*n(k,3))/2)+
2

mstressnew (km, k) * ((m(k,3) *n(k,3)+m(k,3) *n(k,3))/2)) *w(k)+sd3 (km)
90 continue
stressnew (km, 3) =6*sd3 (km) +volstressnew (km) *delta (km, 3)

sd4 (km)=0.0
do 110 k=1,21
sd4 (km) = (devstressnew (km, k) * (n(k, 1) *n(k, 2) -delta (km,4) /3) +
H lstressnew (km, k) * ((1(k,1)*n(k,2)+1(k,2)*n(k,1))/2)+
2

mstressnew (km, k) * ((m(k,1)*n(k,2)+m(k,2)*n(k, 1)) /2)) *w(k) +sd4 (km)
110 continue
stressnew (km, 4)=6*sd4 (km) +volstressnew (km) *delta (km, 4)
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100 continue
return
end

C4

DEEP BEAM SIMULATION
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Figure C-4 Experimental and numerical load-deflection response and strain in the flexural

reinforcing bars of beam Al
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Figure C-25 Experimental and numerical load-deflection response of the beams tested by
Aguilar et al. [81]

C.5. SLENDER BEAM SIMULATION

Although the model discussed above was implemented to assess the behaviour of RC
deep beams, which is the main aim of this work, it can also be used to simulate the
behaviour of RC slender beams. The response of four slender beams from the literature
was examined. The detail of the beams are summarized in Table C-1 and more details
can be found in the original documents [82, 140]. The predicted load deflection
responses for the analyzed beams along with the experimental responses are shown in
Figure C-26. The numerical analysis yielded satisfactory results in terms of overall load-
deflection response and capturing the shear capacity of the beams. However, in terms of
strain developed in the shear reinforcement, no conclusions can be drawn as
experimental data are not available. As fewer cracks are expected to develop in the shear
span of slender beams than in deep beams, the conclusions drawn for the case of deep
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beams on the ability of the model to correctly simulate the strain distribution in the shear
span of slender beams requires further validation. However, this is beyond the scope of
this research.

Table C-1 Summary of the slender beams simulated by the model

Failure
f. A Load
Researcher | Specimen | L,mm | h,mm | b,mm | a, mm | MPa | mm? Py o Ph % kN
Guadagnini
1| [82] SB40 2500 250 150 750 43 452 0 0 90
4 | Bresler and OA-1 4060 560 305 1830 23 2464 0 0 334
2 1[31%?9"3 A-3 6800 | 560 305 | 3200 | 35 | 3696 0.22 0 467
3 B-2 4970 560 230 2285 23 2464 0.29 0 400
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Figure C-26 Experimental and predicted load—deflection curves of the slender beams
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