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ABSTRACT

ANALYTICAL MODELING OF FIBER REINFORCED COMPOSITE DEEP
BEAMS

Y A MUR, Eren
Ph.D., Department of Civil Engineering
SupervisorAssoc.Prof.Dr.Bur cu Bur ak Bakeér

October2018 203pages

Discrete fibers are often used as reinforcement to incrémeséensile and shear
strengths of concrete. Fonany years, the behavior of fiber reinforced composite
memberdas been investigated both experimentally and analytically. The influence of
fibers on the behavior of shear critical members is quite significant, therefore, it is
inevitable to develop method which estimates the shear strength of fiber reinforced
compositedeep beamsealistically. This is why one of the main objectivasthis

study isto propose ahear strength equation and a method to obtairflékaral
strength of deep beams aralipling beams with differetypes and amountd fibers

and reinforcement detailingnder varyingloading conditions. The predicted shear
strengths and strengths computed from equations recommended by other researchers
are then compared with the experit@mresults that are tabulated in a database
constructed for this analytical studpnother main purpose of this study is to
recommend a model that can be utilizedhe& nonlinear analysis of coupling beams.
When the analytical results obtained from thegesed method are compared with the
experimental results, it is observed that the behavior is predicted with adequate

accuracyeven for coupled wall systems



Keywords : Shear strength, fiber reinforced composites (FRC), high performance
fiber reinfored composites (HPFRC), deep beams, coupling beams, nonlinear

behavior.
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CHAPTER 1

INTRODUCTION

1.1.Problem Statementand Objectives

Under seismidoading, reinforced concrete beams have flexural or shear failure based
on material or cross sectional properties of the members. Flexural failure is the
preferred mode of failure to provide adequate ductility and energy dissipation capacity
required undeearthquake loading. In a reinforced concrete beam, when principle
tensile stresses exceed the tensile strength of concrete in the shear span (Khuntia and
Stojadinovic, 2001), a diagonal crack is formed and a sudden and brittle shear failure
is observed.r order to avoid this type of brittle failure, randomly distributed short
fibers are added to the concrete mix, which increase the tensile and shear strength and

provide load transfer in between crack surfaces.

Numerous experimental and analytical reseastudies have been conducted to
determine the effect of different parameters on the seismic behavior of fiber reinforced
composite (FRC) and high performance fiber reinforced composite (HPFRC) beams.
The main difference of FRC and HPFRC beamshés tende behavior after the

formation of the first crack.

Many researchers estimated the shear strengtibef reinforced composite (FRC)
beams without transverse reinforcement. However, the results of various experimental
studies indicated that the use dfdisimproves the shear capacity of members even
for members that already have transveesgforcement{Kwak et al, 2002; Cuchiara
et al, 2004; Ding et al.2011). For this reason, a database which includes deep beams,
FRC and HPFRC coupling beamsc@nstructed. In the light of these experimental
studies, the key parameters that influencesthength and behavior of sheaitical
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beams areselected and a method developed to computthe shear and flexural
strengths of the beams. In order to vetif accuracy of the predicted shear and
flexural strengthsthe analytical results are compateith the experimental ones and

the information gathered from this comparisgnpresentedMoreover, nonlinear
models areleveloped to determirtbe behavior bFRC and HPFRC coupling beams.

The results othe nonlinear analysis asdsocompared with the experimental results
obtained from the coupling beam specimens and recommendations are made to further
improve the accuracy of the proposed method. Two lacgke $ourstory coupled

wall specimens are analyzed by using the proposed raedetll,in order to examine

the eficiencyof this model in predicting the overall system response

1.2.0rganization of the Thesis

In Chapter 2, mechanical propertiedfiber reinforced composites (FRC), parameters
that influence the behavior of FRC members, the difference between FRC and high
performance fiber reinforced composites (HPFRC), and the failure mechanisms for
reinforced concrete and FRC membersdiseussedThe existing shear and flexural
strength prediction methodsr FRC members are also presented in this chapher.
construction of a detailed database of experimental results to be utilized in the
development of an analytical model to prediot tbehavior offiber reinforced
composite beams is discussed in Chapter 3 and the resulting database is presented.
Chapter 4gives detailed information on the proposed shear and flexural strengths and
the comparison of the predicted values with existopgagions. The development of a
nonlinear model for fiber reinforced composite coupling beams and the comparison of
analytical results with the experimental ones are presented in Chapter 5. The thesis is
finalized with Chapter 6, in which a general summannclusions drawn from the

results of the analytical study and recommendations for future research are provided.



CHAPTER 2

LITERATURE REVIEW

Fiber reinforced compositg$RC) contain short discrete fibers that are uniformly
distributed andandomly oriented. The propertiesfiber-reinforced compositegary

based orfiber characteristics such as geometry, distribution, orientation, and volume
fraction. The addition of fibers to the mix especially influences the behavior of shear
critical mambers such as deep beams, since this increases both the tensile and shear
strengths of the composite. The experimental and analytical investigations on the
behavior of FRC deep beams along with the material properties are discussed in this

chapter.

2.1. Mechanical Properties of FRC

Fiber reinforcedcomposite(FRC) is a material composed of cement, water, and
randomly distributed short fibers. When aggregates are added to the mix, the term fiber
reinforced concrete can be used. Fibers are small digerefercing materials that

have various shapes and sizes, which are produced from various materials like steel,
plastic, glass, carbon and natural materials such as sisal, bamtgata (ACI
Committee 440, 1997The first known example of the use ofdib as reinforcement

is the use of horsehair and straw to strengthen bricks. The type, properties and the
amount of fibers used in the mixture significantly affect the mechanical properties of
concrete. Prior experimental research illustrated that theolidders improves
flexural, compressive and tensile strength, ductility, energy dissipation capacity,
impact resistance and toughness of concrete (Kurtz and Bal&fl00; Luo et al.,

2000; Puerta et al., 2003).



2.1.1. Definition of FRC and HPFRC

Basd on the tensile behavior, fiber reinforced composites can be classified into two
groups as fiber reinforced composites (FRC) and high performance fiber reinforced
composites (HPFRC) (Shah et al.,1999). The main difference between the two is the
behaviorof the members after the formation of the first crack. Members made up of
FRC have straisoftening response and the ones built with HPFRC have -strain
hardening response (Fi@.1) (Naaman and Reinhardt, 2006). Stiaandening
response is preferred in seiic design, since this will provide multiple cracking with
significant increase in both ductility and energy dissipation capacity of the structural

member.
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Figure 21. Tensile stresstrain relationship for FRC and HPFR@mbers (Naaman and Reinhardt,
1996).



2.1.1.1. Cracking Tensile Strength and PosCracking Tensile Strength

FRC members exhibit stragoftening response in which the maximum paosicking
strength ,, is smaller than the tensile strength of thenposite at first cracking

(» ). However, for HPFRC members, the strength continues to increase after reaching
, and multiple cracking can be observed up to the-p@giking strength, which is

always higher than the cracking strength (Naaman,)2007

Many analytical studies have been conducted to determine the cracking and post
cracking strengths of compositasd formulations have been deriv@dce the early
seventies (Naaman, 1972; Naaman, 1974; Naaman, 1987; Naaman and Reinhardt,
1995).

Naamanand Reinhardt (1996) proposed the following equations to calculate the

cracking and postracking tensile strengths:

where,,  Densile strengtlof the matrix,

@ Dvolume fraction of fibers,

| Dcoefficient representing the fraction of bond mobilized at first
matrix cracking,

| g efficiency factor of fiber orientation in the uncradketate of the
composite,

T Daverage bond strength at the fiber matrix interface,

0 Dfiber length,

Q Dfiber diameter,

0¥Q Dfiber aspect ratio.



., _ worQ t 00O ¢ C

where,_ _ ¢ O

T _ _ ¢ T
Dexpected puibut length ratio,

D efficiency factor of fiber orientation in the cracked state of the
composite,

Dgroup reduction factor depending on the number of fiethe unit
area,

Dreduction factor to consider the pulley effect,

Dreduction in pulout response, when fiber orientation angle is greater

thang 1t

The composite can be classified as high performance féeforced composite,
which has a ductile strain hardening behavior, if the-pastking strength is more

than the cracking strength.

2.1.1.2. Critical Fiber Volume Fraction

The required volumetric ratio of the fibers required to ensure that thepe&ing
strength is higher than the cracking strength is referred to as the critical fiber volume

fraction, @ (Fig. 2.2). If the composite has more than the critical volume fraction

of fibers, strain hardening response with multiple cracking weilbbserved (Naaman

and Reinhardt, 1995). Naaman and Reinhardt (1995) recommended Eqgn. (2.5) to
obtain critical value of the volume fraction of reinforcement. It can be concluded from
this equation that ithe fiber aspect ratio)7Q or the ratio of avege bond strength at

the fiber matrix interface to cracking strength of the matfl;, , increases, the



critical volume fraction decreases. This will result in obtaining higher performance

from the composite with lower amount of fibers.
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Figure 22. Critical fiber volume fraction (Hull and Clyne, 1996)

where,co Dvolume fraction of fibers,
W Deritical volume fraction of fibers,

t Daverage bond strength at the fiber matrix interface,

. Drensile strength of the matrix,

OTQDfiber aspect ratio,

_ Dexpected pulbut length ratio,

_ Defficiency factor of fiber orientation in the cracked state of the composite,

_ Dgroup reduction factor depending on the number of fibers in the unit area,

| Dcoefficient representing the fraction of bond mobilized at first matrix
crackirg,

| Defficiency factor of fiber orientation in the uncracked state of the

composite.



2.2 Main Parameters Affecting the Shear Capacity of FRC Beams

Numerous experimental studies were conducted to investigate the factors that affect
the shear capacityf FRC beams. Based on the results of these experimental studies,
the key factors that are explained in detail belcan be listed as: fiber pediut stress,
concrete compressive strength, beam reinforcement ratio;sgosenal dimensions

and length bthe beam and shear spémdepth ratio.

2.2.1 Fiber Pull-Out Strength

Pull-out test is used to identify the characteristic bond stress of the fiber matrix
interface (Guerrero, 1999). The bond between fibers and the matrix significantly
influences theensile, shear and bending capacitéiber reinforced composites. A
theoretical model was developed by Wang et al. (1987) to calculate the cracking stress
based on the load applieddgnthetic FRCAt the same year, Shah and Jenq (1987)
studied the bnd propertieby conducting an investigation on pullout test results and
Gopalaratham and Cheng (1987) formulated theqautlproblemn one dimension by
assuming that the fiber and matrix both behave elastiddign, Naaman et al. (1989)
examined th@ull-out stress considering bond shear stress versus slip relationship. The
pull-out strength of fiber reinforced composites is influenced mainfber type and

shape, fiber aspect ratia 7Q , fibermat ri x i nterface ba&and stress:

ratio of fibers @).

Bond strength, U, is the most difficult par a
be constant. However, it directly influences the cracking andgoasking strengths,

toughness, ductility and energy absorption capacitg@tomposite (Naaman, 2003);
thereforechoosingan appropriate value for the bond strength is crucial in defining the

cracking and postracking behavior.

a¥Q ratio is another important parameter to be considered in obtaining the composite

strengh. Naaman et al. (1989) stated thelien all other properties kepghe same,
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higher cracking strength is obtained with lower fiber aspect ratio, since shorter fibers
exhibit more homogeneous bond shear stress distributions at thmabex interface.

The force transmission between the fiber and the matrix is a result of thessbea

at the interface between the fiber and the surrounding matrix (Naaman et al., 1991).
Moreover, the selectedd 7Q ratio affects workability and placement of composites

(ACI 544.3R, 199Y.

wis one of the most effective parametersi@tiermining the shear strength of FRC
members. Majdzadeh et al. (2006) recommended 1% volumetric ratio of fiber
reinforcement as the optimum valaed stated that no improvement was observed in
the behavior, if more than this percentage of fibers were Useddition, Dinh et al.
(2010) stated that up to 0.75% volume fraction, fibers were effective in increasing the
shear strength, whereas when this ratio was more than 1%, the contribution of fibers

had not further improved the capacity.

2.2.2 Concrete Compressive Strength

The effect of concrete compressive strength on the shear resistance has been studied
by many researchers for beams with and without transverse reinforcement. First known
studies on the failure mechanism of reinforced concrete beatheuwitransverse
reinforcement wereonducted by Ritterl899) Then, Moody et al. (1954) tested 42
simply supported reinforced concrete beams and determined that longitudinal
reinforcement ratio, concrete compressive strength, and sheatospepth rath

influenced the shear strength of simply supported beams.

Mansur et al. (1986) stated that the shear capacity of FRC members depend on
compressive strength of the matrix as much as the fiber properties. Moreover, Imam
et al. (1994) observed that as thempressive strength of steel fiber reinforced

composites (SFRCs) increased, the load carrying capacity and ultimate shear strength

of the members also improved.



2.2.3 Transverse and Longitudinal Reinforcement Ratios

The amount of transverse reinforcemena member could change the failure mode
from brittle shear failure to more ductile flexural failure, while increasing the ultimate
shear strength. When shear forces are applied to a beam, inclined shear cracks are
formed and splitting cracks may be ebged along the longitudinal reinforcement.
However, to increase the shear capacity and modify the mode of failure, extensive
transverse reinforcement may be required, which will result in problems with
reinforcement congestion. Therefore, to relax thefoecement detailing of stirrups,
randomly distributed discrete fibers have been used as transverse reinforcement in

fiber reinforced composites.

Batson et al. (1972) investigated the effect of different types of steel fibers with
varying volumetric ratios and observed that the required shear capacity could be
obtained with the use of fibers. Moreover, Swamy and Bahia (1985) obgbated
fibers behaved just like stirrups due to dowel action and controlled the crack formation.
Greenough and Nehdi (28D claimed that the minimum shear reinforcement ratio
required by ACI 3185 can be provided by using steel fibers. Similar findings were
also observed by Dinh et al. (2010), which was accepted by the ACI Committee 318
in 2008.Kwak et al. (2002), Cuchiarat al. (2004), and Ding et al. (2014glieved

that instead of using just fibers as transverse reinforcement, the use of transverse
reinforcement with steel fibers was more effectivemproving the shear capacity of

members.

Longitudinal reinforcementatio has also ammportant factor effect on the shear
behavior of FRC beams. Crack width and length depend on the amount of longitudinal
reinforcementSwamy and Bahia (1985) stated that tension reinforcement ratios up to
1.95%increased the shear stremgf FRC beams, and after that limit, its contribution

diminished.

10



2.2.4 Shear Spanto-Depth Ratio

It is a wellknown fact that shear span-depth ratio,oj 'Q affects the behavior and
strength of reinforced concrete beams. Shear span can be defitieel maximum
moment divided by the maximum shearj w 8Shear spaio-depth ratio affects the
crack inclination and mode of failure. Based on ACI-38&ode provisions, beams
with a shear spato-depth ratio less than 2 should be considered as deeys pfam
which the shear failure is more critical. However, beams could be classifiefdur
categories based on the shear sjpadtepth ratio as: very short, short, slender and very

slendetbeams, which will have different failure modes (RA®).

Deep
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5 y short ' ! N
n
§ 7 ™ Flexural capacity
© ~._Inclined cracking
< Failure and failure
g ~
= ~< Inclined
cracking
L 1 i
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ard
Figure 23. Moment capacity based @i Aratio (Wight and MacGregor, 2016)

2.3 Deep Beams

Reinforcedconcretedeepbeamsare commonlyusedin a widerange of different
structures, fromall buildingsto offshorestructureSanadand Saka, 2001)n order
for a beam to be classified as a deep beam, the American Concrete |Bstilditey

Code Requirements for Structural Concrete and Commerffa@}-318, 2014)

requires that:
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where,& Dclear spaengthof member,
"QDoverallmember depth,
GI'QDshearspanto-overall depth ratio

One of the most common shear failure types is the diagonal tension fadueeise

plain concrete is weak under tension. The tensile strength of concrete is almost only
10% of its compressive strength. Therefore, to incréasshear strength and reduce

the brittleness of deep beams, it is necessary to increase the longitudinal and transverse
reinforcement ratios or use fiber reinforced composites. Due to the reinforcement
congestion in these beams, the use of randomlyluliséd discrete short fibers gets

more widespread with time.

Narayanan and Darwish (1989) tested 12 steel fiber reinforced composite (SFRC) deep
beams with varying fiber volumetri@tios, sheaspanto-depth ratios, and concrete
compressive strengths amtbserved that the shear strength was improved by the
addition of fibers. Mansur et al. (1991) and Li et al. (1992) stated that including
discrete fibers in the matrix significantly improved the shear strength and deformation
capacity of deep beams. Champmgo(2012) compared the behavior of reinforced
concrete and hookeehd steel fiber reinforced composite beams and confirmed that
using SFRC increased the shear strength and ductility.

2.3.1 Coupling Beams

Window and doomwpenings divide the reinforcetbncrete wallsnto two or more
segments connected by deep and short beams, which are called coupling beams. The
strength, stiffness, and energy dissipation capacity of coupling beams have crucial
influence on the behavior of coupled walls under seismadifg. During an
earthquake, the primary function of the coupling beam is to enable the load transfer

between two shear wallegments. The deformed shape of a coupled wall system

12



subjected to earthquake loading is given in. Big. Prior studies have shn that
well-designed coupling beams develop plastic hinges over the height of the building
which results in high energy dissipation capacity (Shui et al., 1981; Aristizabal and
Ochoa, 1982).
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Figure 24. Differential movemenbf coupling beam (Subedi, 1991)

Experimental studies of Paulay (198hpwed that conventionally reinforced coupling
beams behaved deficiently under large load reverBalslay andBiney (1974) then
recommendethe use of diagonally reinforced couplingams. Currently, ACI 318
14also requires diagonal reinforcement detailing for coupling beams, which delays
failure due to diagonal tension failure (FR&5). Barney et al. (1978), Tassios et al.
(1996), Galano and Vignoli (2000) also investigated th&ecefof diagonal
reinforcement on the shear capacity and observed that this type of detailing improves

ductility, stiffness retention and energy dissipation capacities of coupling beams.
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Figure 25. Reinforcement detailing afiagonally reinforced coupling beams (ACI 318)

However, construction of coupling beams becomes quite demanding with the use of
this complex reinforcement detailing. Recent experimental research proved that the
use of fiber reinforced composites alsgproved the shear strength, ductility, stiffness
retention and energy dissipation capacities of coupling beams, while relaxing the
detailing requirements (Canbolat et &005; Lequesne2011; Setkit, 2012; Parra

Montesinos et al., 2017).

14



2.4. Shear Failure Mechanisms

First, the behavior of plain concrete beams lélldiscussed in this section, which will

be helpful in understanding the different possible shear failure modes. Although the
shear strength of a concrete beam is relatively highensile strength is very low.
Moreover,commonly the beams will not only be under pure shear but also flexural

loads.

For the simplysupported prismatic plain concrete beam presented irRFgunder
concentrated load, an equilibrium equation cawbten that shows the relationship

between the moment and shear in the shear span of the beam
0 wowho ® ¢ X

where, o Dapplied shear,
wDdistance of any selected section between the support and the point of
application of the concentrated load from the support,

Dshear span.

From the beam theory, flexural and shear stresses can be calculated by using the

following equations:

N s w — ¢ Y

where,’Qm ¢ is @ Dilexural stressat any point on the section located at a distance
y away from the neutral axis,
w Ddistance from theeutral axis,

"Mmoment of inertia of the section about the neutral axis.
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where,z Dshear stress at any point on the section located at a distance fyaway
the neutral axis,
0 Dfirst moment of area about the neutral axis of the section at a distance
locatedwaway from the neutral axis,
o Dbeam width,

"Mmoment of inertia.
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Figure 26. Shear and flexural stresses for plain concrete beam subjected to a concentrated load.

Longitudinal reinforcement ithe beam (Fig2.6) transfers the shear stresgeshe

cracking zone by the dowel action and controls the crack propagation. The typical
cracking pattern for a simply supported beam is shown irRFigFirst, vertical cracks

due to flexural stresses start to form at the bottom of the member, whéexthal

stresses are higher. Secondly, diagonal tension cracks start to appear near the support
due to combined shear and flexure. Then, the cracks get wider and shear failure is
observed. After the formation of the shear crack, longitudinal reinfordecaemnes

the shear force together with concrete under compression at any section. The

contribution of the longitudinal reinforcemadatcalled the dowel action.
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Figure 27. Typical crack pattern for a simpupportedeinforced concrete beam (Bresler and
Scordelis, 1963)

The behavior of a beam under shear loading is mainly related to the she#w-span
depth ratio ¢j Q hwheredis the shear span, aiflis the effective depth of the beam.
This ratio is a dimensionleggiantityand isimportantin determining the failure mode
and shear strength of reinforced concrete beams. Deep beamisw ¢ ‘Q ratios
which make them shear critical. Researchers set different limitations fgr@ratios

to differentiate deep armslender beams, but, mostly this limit is accepted t@ be
2.5.

Beams can be classified into four categories: very short, short, slender, and very
slender beam@ig. 2.3). Very short beamsyith ¢j Qratiosbetween 0 and Hevelop
inclined cracks between the applied load and the support. The most common mode of
failure in such a beam is an anchorage failure at the ends of the tension tie. Short beams
with ¢J ‘Qratiosrangingfroml to 2.5 develop inclined cracks and, aftezdistribution

of internal forces, are able to carry additional load, in part by arch action. The final
failure of such beams is caused by a bond failure, a splitting failure, or a dowel failure
along the tension reinforcement, or by crushing of the cassjme zone. The latter is
referred to as the shear compression failure. Because the inclined crack generally
extends higher into the beam than does a flexural crack, failure occurs at a moment
lower than the flexural capacity. In slender beams, those dpayif ratiosfrom 2.5

to 6.5, the inclined cracks disrupt equilibrium to such an extent that the beam fails
under diagonal tension failure and with the formation of an inclined cFackvery
slender beams, withj ‘Q ratios greater than 6.3he mode offailure changes from

shear to flexural.
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The shear strength of a beam with no transverse reinforcement is lower than its flexural
strength due to formation of the principal tensile crack. Since concrete is a brittle
material, cracking occurs even at smsifain levels and the use of transverse
reinforcement cannot prevent crack formation. The purpose of placing stirrups is to
transfer tensile stresses between concrete surfaces throughout the diagonal crack and

control the crack width.

TF Va

Figure 28. Shear resisting forces in a beam with transverse reinforcement

In a cracked beam, shear force is resistedbbfro Fo, andw as presentebh Fig.
2.8. w is the shear carried by concrete under compressonis the vertical
component of the aggregate interlock,is the shear force resisted by transverse
reinforcement, and is the shear force carried by the longitudinal reinforcement due

to dowel action. Therefore, the total shear strengtistou to be:
W 0w oW W w ¢ pT

In design, f handw are lumped together as and considered to be the shear

carried by concrete. Thus, the nominal shear stredgtitan be consideregk:

18



W W W ¢ pp

In this equationg is computed for only the section which is under compression. If
discrete fibers are placed in the concrete mixture, they will not only act as shear
reinforcement, but also transfer the tensile stresses within the cracked region. The
contribution of the crackkregion and the increase in the tensile strength and strain
capacity of reinforced concrete due to the addition of fibers will significantly increase
the shear strength of the member. Since the distributed fibers minimize the crack width
anddelay the shar failure, new cracks afermed, which leads to multiple cracking

and higher energy dissipation capacity.

2.5. Shear Strength of FRC Beams

Numerous analytical equations were proposed to predict the shear strength of fiber
reinforced composite deep beams, which were based on the test results obtained from

simply supported deep beams.

Sharma (1986) recommended an empirical equation to contpeiteominal shear
strength of deep and slender FRC beams obtained by examining the experimental
results of 41 previously tested beams and got reasonable results. The formula is
composed of two partfiper and transverse reinforcement contribution:

where,co Dnominal shear strength of the FRC beam,
w Dshear strength of fibrous concrete,

o Dshearstrength provided by the web reinforcement.
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In Egn. (2.12), the shear strength provided by the web reinforcement is computed
following the requirements of A€318-83(1983)as follows:

where, 0 Drross sectional area of the transverse reinforcement,
"Qdyield strength of transverse reinforcement,
Q Deffective depth,
i Dstirrupspacing.

The contribution of the fibrous concrete to the shear strength is given as:
0w QIR 8 ¢ pT
where, QI Deffective deptkto-shear span ratjo
"Q Dtensile strength of concrete obtained fraauits of indirect tension tests
on 150x300mm. cylinders,
"QDconstantaken equal to 2/3.
Mansur et al. (1986) predicted the ultimate strength of fibrous normal weight

reinforced concrete beams without stirrups by considering equilibrium of forces in Fig

2.9. The total shear force representedibyas then obtained as:
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Figure 29. Forces through a diagonal crack of a FRC beam wittnansverse reinforcement (Mansur
et al., 1986)

where,co Dcontribution of the concrete in the compression zone,
w Daggregate interlock action in tidedirection,
w Ddowel action of longitudinal bars,
. Dresidual strength of fibrous concrete in tension,
o Dbeam width,

Q Deffectivebeam depth.

In this euation, it is hard to estimate the first three componedth @ hw)

separately. Therefore, they are lumped and referred to as the cracking shear strength,

0w w , 0 ¢ PO

The following formula proposed fab by American Concrete Institute Committee,
The Shear Strength of Reinforced Concrete Members-&IE 426, 1973Wwas
usedas thecrackingstrength:

W TEQ pR”- OQ ¢ pX
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The residual strength of FRC under tension was considered to be:

" ™ pt w- ¢ pyY

The final proposed ultimate shear strength equation which is applicable to both fiber
reinforced composite and reinforced concrete beams without any transverse

reinforcement becomes:

L TWEQ pR”"- ™ ptw- C pw

where,co Dcracking shear strength,
"Q Dconcrete compressive strength,
" Dlongitudinal reinforcement ratio,
GIFQ Dshear spaio-depth ratio,
t Dultimate bond stress between fiber and matrix,
o Dfiber volume fraction,
0¥Q Dfiber aspect ratio.
owDbeam width,
Q Deffective deptt.

Narayanan and Darwish (1987) proposed two sepataar sength formulae for
deep ¢fQ ¢& and slender beamsj Q ¢& . The parameters used in these
equations ardiber volume fraction @ and fiber aspect ratioOfQ, concrete

compressive strengtfiY , longitudinal reinforcement ratid (, andshear spaio-
depth ratio QFQ).

0 Qo™Q o6”"- ¢ ¢TI
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where,QDnondimensional arch action factamd is given by

PAUQE WQ &

CW@Q0Q W2 &

0 and6 dconstants determined by the regression analysis of 91 tests as:
0 =0.24 and =80 MPa .
0 Dfiber pullout stress,0 1@ p-” t, where the bond stress} is

considered to be 4.15 MPa.

"Q Dstrengthrelatedto cube compressive strengtl, as:

N —— T ®-1T 00 ¢ ¢p

I Dbond factor adopted froMarayanan et al (1984) and taken as 05 fo

round, 0.75 for crimped, and 1.0 for indented fibers.

Zsutty (1968 proposed an equation to predict the shear strength of reinforced concrete

beams with no transverse reinforcement:

0 emMQ" - QT YQ @ C CC

x
b pui” T - METAGQ ¢d ¢ Co

where,0 dultimate shear strength,
"Q Dconcrete compres& strength,
" Dlongitudinal reinforcement ratio,
CIQ Dshear spaio-depth ratio.

Ashour et al . (1992) 16868 dar predetohg tHessheart y 6 s
strength of reinforced concrete, to fiber reinforced composites by utilizing the fiber

factor, F. In this study the specimens were divided into two groups as sleifer
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¢® and deepd¥Q ¢& beams, considering a differdimit of shear spaito-depth

ratio. The proposed ultimate shear strength equations are given below:

For slender beams:

— 8 ..
0 ¢CppQ xXO " - DU ® ¢ QT
For deep beams:
\ N~ n 8 8 \ o 5w
U ¢pp Q xXO 7 - j—quB)—uuoo ¢ QU
where’ O — w'Q ¢ C@

0 Dfiber length,

O Dfiber diameter,

@ Dfiber volume fraction,

Q DXactor that accounts for varying bond characteristics of fibers taken equal
to 0.5 for round fibers, 0.75 for crimped fibers, and 1.0 for indented
fibers.

0 Dfiber pull-out stressp @ pt O ¢ ¢X

t Dultimate bond stress between fiber and matrix and taken as 4.15 MPa.

Li et al. (1992) tested 252 mortar and 60 reinforced concrete beams that have steel,
acrylic, aramid and higbktrength polyethylene fibers with various reinforcement
detailing and shear spao-depth ratios. The equations of Zsutty (&@or plain
concrete members are also modified in this study for slenid2 ¢& anddeep

Q ¢® beams as
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For slender beams:

For deep beams:
b wdeQ’ "I - ¢ Cw

where) T® dor mortar and p& uvfor reinforced concrete beams,
I v& Yor mortarand  t& ufor reinforcedconcrete beams,
"Q Dflexural strength of the composite,
"QDsplitting strength of the mortar or concrete,
” Dlongitudinalreinforcement ratio,
Q Deffective depth,

Dshear span length.

Khuntia et al. (1999) also predicted the ultimate shear strength of FRC beams without

any transverse reinforcement as:
0 ™ @lx T& VO Q0 0 & ¢ oTm
plx EAGiQ ¢®

@®@Q® oxEAHQ &
"ODfiber factor taken 8 « 0j Q.

where| Darch action factot,
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Kwak et al. (2002) also proposed a shear prediction equatidhe form of the

recommendation by Zsutty (1967):
0 ogQQ ' - |0 ¢ op

where,0 Dfiber pull-out strength given in Eqn. €27),

"Q = ™ WO0L 0O & ¢ oc¢

where,"Q  Dsplit-cylinder strength of fiber reinforced composite,
"Q Dcube compressive strength of concrete,

"ODfiber factor computed by Eqn.-Zb),
p8IAEI DQ o8

Qs THOET PQ o8

Shahnevaz and Alam (2014) also developed two separate equations fodifi@ep
¢® and slender beams¥Q ¢& given below by performing parametric analysis
on 358 prior test results. Key paraers of these equations are shear gpatepth
ratio (¢ 'Q), concrete compressive strengif) , longitudinal reinforcement ratid ,

fiber volumetric ratio @ and aspect ratiodj Q of fibers.

For slender beams:

® TMTnumixQ 8 pES c@dpHQE p@nd
TopajQ P mMinmndQe © el a0

s 8 s ey 38
PPYAIQ w CAwyQw aQ ¢ o0
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For deep beams:

w T8 TBo® ps VWG 8 08w yYmajQ

PCW QW ® PWXJQ ajQ e PTTULAQ W ® C OT

2.5.2 Shear Strengthof FRC Coupling Beams

The shear strength prediction equation @gnbolat (2004) takes into account the
properties of fiber reinforcedomposite, diagonal and transverse reinforcement

detailing, respectively:

~

w , 0wQ ¢o Qi Q| —— ¢ oOvu

where,, Dpostcracking tensile strength of FRC,
¢ 6 Diotalarea of diagonal reinforcement,
"Q : tensile yield strength of diagonal reinforcing bar,
| Dangleof inclination of diagonal reinforcement with relative to the beam

longitudinal axis.

Lequesng2011) developed an equation filve shear strength of coupling beams,

which has the same considered parameters@aim b ol at 6 s equati on (

w ™ Qw Q ¢o Qi Q¢| —— ¢ 0@
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2.6. Flexural Strength of FRC Beams

Obtaining an accurate flexural strengthF&®C beams is as important as the prediction

of shear strength in order to assess the failure mode of the member. A more ductile,
flexural failure can be achieved even &ort span FRC beams with increasiibgr
reinforcement ratios. To perforsectional analysis of single reinforced steel fiber
reinforced composite (SFRC) beams, Hanegar and Doherty (1976) recommended
using the stress and straiistdbution given in Fig. 2.10As it can be observed from

this figure, uniform stress distribution waensidered in the tension zoaed the
contribution of fibers was added to the flexural capacity of the section while computing
the ultimate moment capacity.

0-85% £,=0.003

MNeautral

h|ld —efrmmea=== T T T L A
A 7—! Axis
ﬁ:——i-ﬂc £, (Fibers)
. e —r £ —_—,
—I L_'Il EdEIars
Assumed Stress Simplified Strain
Distribution Representation Diagram

Figure 210. Stress andt&in Distributions for Single Reinforced SFRC Beams (Hanegar and
Doherty, 1976)

The nominal moment capacity was then defined as:

0 000 - , 00 0Q- - - ¢ ox
Q - T8 TT 65— ¢ oy
" ™ X &” O ¢ oW
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where,” Dvolumetric ratio fibers,
"O Dbond efficiency which varies from 1.0 to 1.2 depending on fiber
characteristics,
owDneutral axis depth,
- Dtensile strain fosteel bars- "GO,
- Dtensile strain for fibers , j O,
, Densilestrength of FRC,
"Y Dtensile force carried by the composite = "Q Q,

"Y Drensile force carried by reinforcing bar® "Q

Imam et al. (1995) predicted the ultimate moment of steel fiipg¥strength concrete

beams without any transverse reinforcement as:

0 1™OQrT M Q°® - ¢xuv— ¢ Tm

where] Dsize effect factor defined s p utYWQ T p QW ,
Q Dmaximum aggggate size,
1 Dreinforcement factar, " p 170,
” Dlongitudinal reinforcement ratio,
"ODfiber factor,O 00 wQ,
N e : p8IAEIED T EE#EAM A OO
Q Defficiency factor, Q o/El AR /BT CEEMAR & O
Casanova and Rossi (1997) defined the ultimate bending moment resistance of a
section under a given axial load based on the ultimate limit crack opening considering

stressstrain relationship given in Fig@.11.

0  — D0 QU ¢ TP
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where,0 Dultimate bending moment resistance,
0 Derackwidth,
0 Dinitial crackwidth,
0 Dultimate crackwidth.

serviceability limit state diagram
T

_ .
SIFAN (), crack opening

Figure 2.11. Characteristic stresstrain relationship (Casanova and Rossi, 1997)

Dinh et al. (2011) developed a model to predict the shear strength of steel FRC beams
without transverse reinforcement:

where,& Dshear carried by concrete in the compression zone,
0 TP PR ww ¢ 1o

f T dor'@ ¢ OO0 édnd T dor'@ L ®O U ©
Linear interpolation was used for values in between these two.
o Dbeam width.

GDneutral axis deptt) ———— ¢ TT
/

0 Darea of tension reinforcement,

"Q Dyield strength of the tensiaeinforcement.

N0 ™o ¢ TU
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@ Dvertical component of the diagonal temsiesistance provided by fibers,

W ’ ODQ OWEOHS C TOQ
" Daverage tensile stress, — ¢ TX

0 Dmoment at the cracked section,
"0 Dbeamdepth

In this equation, the failure criterion proposed by Bresler and Pister (19582 (&g

was usedo obtainw .

{]--1"'IIII|IIII|IIII|IIII|IIII|II

ol I T T T T T T T N T T B O A L1
0 0.2 04 0.6 0.8

a /f’

o«

Figure 212 Br esl er and Pi st eondese subjaciet to combined compeessionoand f o r

shear stresses

— ™® T®C X 9— U o— ¢ Ty

where,b Dacting shear stress at failure,
. Dnormal compressive stressfailure,

"QeDconcrete compressive stress.
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CHAPTER 3

DATABASE CONSTRUCTION

The seismic behavior of fiber reinforced composite (FRC) shear critical beams is
affected by many different parameters relatedtructural and material properties.
Therefore, accurately predicting the shear and flexural capacities and the mode of
failure for such beams and coming up with design recommendations is a challenge.
The construction of a detailed database of expermheggults constitutes an essential

step towards the development of an analytical model to predict the behavior of fiber
reinforced composite beams under earthquake loading. A large variety of shear critical
beam subassemblies having different geometrateral and loading characteristics

are presented in the database, however, certain limitations are taken into consideration,
in order not to lose the accuracy and applicability of the analytical model. In this
chapter, a database of experimental studiesHear critical beams referred to as deep
beams, for the subassemblies that were tested as simply supported members under
concentrated point loading, and coupling beams that were built in between two
reinforced concrete walls and tested with more réallsbundary conditions, was
presented. The compiled database includes test results of 387 deep beams and 59
coupling beams obtained from 51 different prior experimental studies. In this chapter,
selection criteria of the experiments are discussed andgbking database including

properties of the specimens and the experimental results is presented.

3.1 Selection Criteria and Properties of Specimens

Experimental studies on the behavior of fiber reinforced concrete deep and coupling
beams are investiged and included in the database. Tests on continuous beams are
not included, because there is insufficient data in the literature to verify if the

developed model accurately predicts their behavior. Although all the beams
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investigated in this analyticatugly are shear critical deep beams, they are grouped
into two based on the boundary conditions of the test setup and the loading schemes.
The term deep beams is used while referring to the simply supported beams tested
under monotonic loading. The term @bng beams is used to represent the
subassemblies, which have two reinforced concrete wall segments on either side of the
beam that were tested under cyclic loading. Moreover, the experimental studies on
precast higkperformance fiber reinforced concretmpling beams are included in this

investigation.

In the database, the shear spawdepth and lengtto-depth ratios of the beams are

first tabulated. Then the geometrical properties of the beams, reinforcement ratios and
the material properties are pemted in the table. As for the geometric features; width,
depth, and effective depth of members, longitudinal and transverse reinforcement
detailing are considered. Furthermore, when the diagonal reinforcement and/or dowel
bars were used, these detailg ailso included in the database. The compressive
strength of the composition the test date, the reinforcement yield strength, fiber types,
volumetric ratios and aspect ratios are gathered as the material properties for all

selected specimens.

The standaraylinder concrete compressive strengtltonsidered in this database.
Therefore, if the cube compressive strength was provided in the literature, it was

multiplied by 0.8 taconvert the value to the cylinder compressive strength.

If circular fibers wee used in the specimens, the fiber diameter can be obtained
directly. However, if the fiber has any other crgestional shape than a circle, the
equivalent diameter should be used. For this purpose, a parameter defined as the fiber
intrinsic efficiency atio (FIER) proposed by Naaman (1998) is utilized:

"0'00'Y — G P
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where,0 Dicrosssectional area of the fiber,
I Dperimeter of the fiber cross section,
& Dfiber length. The embedded length of the fiber can be consideredrhere
simply as the unit length can be taken when fibers are amwd@go one

another.

The area, perimeter, equivalent diameter and FIER computations for fibers with

common crossectionsare presenteith Fig. 3.1.

(a)

2a| A= (ud)d?
a=0.443d
v = 1.128(xd)

—2

Equivalent
Diameter: d Diameter: d, =d
d| A=(ud)d’ A = (n/d)d’
y=nd a=10.6732d
h=1.166d
2\ ¢ v = 1.286(nd)

— ) Equivalent
Equivalent Diameter: d, = d
Diameter: d, = d A = (n/d)d?

Let ¢ =bla

a = d(n/(16¢c))**
b = d(nc/16)**
y=4a+4b

(d)

Figure 31. Equivalent crossections: a) circular, b) triangular, suare, d) rectangular

Tensile reinforcement ratid ) is computed ashe area of reinforcing batscated in

the tension zone divided by the effective concrete area, taken as beam width times the

effective depth.A similar computation is performed tobt@in the compression

reinforcement ratio”() for the bars located in the compression zone.

Fiber types that were used in the tests included in the database are-éodked

crimped, straight and torex steel fibers, polyvinyl alcohol (PVA) fibers, and

payethylene (PE) fibers (Fig. 3.2).



Figure 32. Fiber types included in the database

3.1.1 Selected Experiments

The database is basically divided into two main groups as deep and coupling beams
based on support conditioaad applied loads. The term deep beam is used, when the
shear critical beams are loaded from the top monotonically with concentrated loads
within twice the member depth from the support and simply supported at the bottom
so that compression struts develmgween the point loads and supports (Seal.,

2004). On the other hand, the term coupling beam is used when the tested shear critical
beam has two reinforced concrete wall segments on each end, which is a more realistic
representation of the boundargnclitions. During an earthquake, coupling beams
enable the shear transfer between reinforced concrete walls, therefore, the strength,
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stiffness, and energy dissipation capacity of coupling beams have significant influence
on the behavior of coupled wall g¢ms. The fiber reinforced composite (FRC)

properties are also taken into account while constructing the database.

Based on the tensile behavior, fiber reinforced composites can be classified into two
groups as fiber reinforced composites (FRC) and pmfiormance fiber reinforced
composites (HPFRC) (Shah et al.,1999). The main difference between the two is the
behavior of the members after the formation of the first crack. Members made up of
FRC have straksoftening response and the ones built with REBFhave strain
hardening response (Naaman and Reinhardt, 2006). -Baedening response is
preferred in seismic design, since this will provide multiple cracking with significant
increase in both ductility and energy dissipation capacity of the struoteraber.

FRC members exhibit strasoftening regonse in which the maximum pastcking
strength ,, is smaller than the tensile strength of the composite at first cracking
(» ). However, for HPFRC members, the strength continues to increase after reaching
, and multiple cracking can be observed up to the-p@gking strength, which is

always higher than the cracking strength (Naaman, 2007).

3.1.1.1. Deep Beams

In thisanalytical study, all members selectedthe deep beam database are steel fiber
reinforced composite (SFRC) beams. The databatigited into two partdased on
the shear spato-depth ratio (fQ). ASCEACI Committee 445 (1998) classifies
beams intaleep beams (whai?Q  p8y), short beams (whep8t  fQ  ¢d),

and ordinary shallow beams (Wh&fiQ ¢®). The first part of the database with low
shear spatio-depth ratios ¢(fQ ¢&®) contains 125 test results on SFRC beams,
while the second pawith higher shear spae-depth ratios{fQ ¢&) has262 data
points. The parameters considered in the database include sheatosgitective
depth ratio FQ), clear lengtkto-effective depth ratio  ¥Q), beam depth(h),
effective beam deptld), beam width @ ), concrete compressive strengttdd,

tension reinforcement ratio” ), yield strength of tension reinforcemeif ,
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compression reinforcement ratio g yield strength of compression
reinforcement"@e , transverseeinforcement ratio”( ), yield strength of transverse
reinforcement™Q , fiber type,aspect ratio of fibersd(7Q ), and fiber volumetric
ratio(w ). The range of all considered parametgeslisplayed for the specimens with

and without trasverse reinforcement in Table 3.1 and Table 3.2, respectively. The
database includeboth normal and higstrength composites. Although all the
collected data for the deep beam specimens are for SFRC beams, several steel fiber
typeswere used in the expenents such as hooked, crimped, straight, andefial

steel fibers.

Table 31. Parameters considered in the database for deep beams with transverse reinforcement

Deep Beamsif Q q&) Deep Beamsdf Q ¢&)
Parameter Range Range
W Q 12-25 2.6-6.5
ajQ 4.3-14.4 8-14.4
Qaa 152.4- 390 100- 300
Q64 127- 340 85-262.5
@ aa 101.6- 150 100- 200
Q00 ® 39.8-62.3 24-56.24
® (%) 0.5-2 0.22-2
a/Q 46.18- 101.6 33.42-127.7
" (%) 1.32-3.08 0.19-4.01
MO0 ® 280- 610 276- 617
) 1.1-2.68 0.85-3.36
Q00 & 278- 661 276- 565
" p 0.18- 3.04 0.13-3.04
MO0 ® 280- 661 276-617
0 18 99

0 = Number of data points
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Table 32. Parameters considered in the database for deep beams without transverse reinforcement

Deep Beamsif Q ¢®&) Deep Beamsif Q ¢&)
Parameter Range Range
©j Q 0.8-25 2.75-6
ajQ 1.37-10.8 5.53- 14.33
Qaa 127- 375 100- 1000
Q64 102- 340 85-923
© adé 63.5- 200 63.5- 310
MO0 G 22.7 -110 19.6-111.5
(%) 0.25-2 0.25-2
alQ 28.5-100 28.5- 100
" (%) 0.37-4.58 0.37-4.58
MO0 ® 343-610 350- 610
", b 0.32-3.94 0.32-3.94
@00 W 0-417 0-590
0 107 163

0 = Number of data points.

3.1.1.2 Coupling Beams

The database for coupling beams is divided into four parts based on the tensile
behavior of the composites #&RC and HPFRC and whether the specimens had
transverse reinforcement or not. The first set contained 29 test results on FRC coupling
beams with transverse reinforcement and 8 test results on FRC coupling beams without
transverse reinforcement. The secogidcentained 20 test results on HPFRC coupling
beams with transverse reinforcement and 2 test results on HPFRC coupling beams
without transverse reinforcement. The variables used in the experimental
investigations include shear spareffective depth rati ((Q), clear lengtkto-
effective depth ratio 70), beam depthh), effective depthd), beam width @ ),
concrete compressive strengt®d), tension reinforcement rati¢ ), yield strength of
tension reinforcementQ , compression reinfeement ratio (g yield strength of
compression reinforcemente , transverse reinforcement ratid ), yield strength

of transverse reinforcemenf) , diagonal reinforcement rati6 (), yield strength of
diagonal reinforcement’@ ), fiber type, aspect ratio of fibersx (FQ), and fiber
volumetric ratio (). The range of all variables are displayed for beams with

transverse reinforcement in Table 3.3 and without transverse reinforcement in Table

39



3.4. Several fiber typesere ugd in the experiments such as hocked and torex
steel fibers, polyvinyl alcohol (PVA) and polyethylene (PE) fibers.

Table 33. Parameters considered in the database for coupling beams with transverse reinforcement

FRC Coupling Beams HPFRC Coupling Beams
Parameter Range Range
ajQ 1.1-3.9 1.1-4.2
Qaa 300- 457.2 300- 609.6
Q64 da 260-412.7 250-571.5
© &a 100- 152.4 150 -250
MO0 G 31.4-80.7 34-68.2
o (%) 0.5-25 0.7-2
a/Q 42-79 78.9-342.1
" p 1.1-5.9 0.4-5.7
MO0 ® 363.4- 600 421- 545
", b 0.9-5.3 0.4 -4.7
Q)0 O 363.4- 600 421- 545
" p 5.5-1.2 0.2-1.8
MO0 G 295.6- 510 291- 586
" p - 0-4.4
M 00O - 0-572
0 29 20

0 = Number of data points.
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Table 34. Parameters considered in the database for coupling beams without transverse

reinforcement

FRC Coupling Beams HPFRC Coupling Beams

Parameter Range Range

ajQ 2.68-2.68 2.15-4.05
Qaa 610- 610 300- 525
Q4 559.5- 559.5 259.5- 488.5
© &a 150- 150 250- 250
MO0 G 40.8- 56.5 41-41

o (%) 0.4-15 2-2

a/Q 60- 100 307.7-307.7

" p 22-2.2 -
MO0 ® 570- 570 -

", b 21-2.1 -
"D 0O 570- 570 -

" p - 45-45
Q00 ® - 438- 442

0 8 2

0 = Number of data points.

3.2 Resulting Database

The resulting database consists of 8 grod#§2 & deep beams with transverse
reinforcementc#Q (& deep beams without transverse reinforcem@f? ¢&
deep beams with transverse reinforceme&ff) (& deep beams without transverse
reinforcement, FRC coupling beams with transversefesement, FRC coupling
beams without transverse reinforcement, HPFRC coupling beams with transverse
reinforcement, and HPFRC coupling beams without transverse reinforcement, which
are presented in Tables 3:53.12. The fiber types used in the experitseare
abbreviatedn these tables as:

H: hookedend steel fibers

S: straight steel fibers

C: crimped steel fibers

F: flat-end steel fibers

T: torex steel fibers

PVA: polyvinyl alcoholfibers

PE:polyethylendibers
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Table 35.DeepBeams¢#QO 2.5 ) with transverse reinforcement

A4

. . @ Q Q ! " " Q 00O @
YQi O®i O YR QOQAQ| I | g70 . » . o arQ
aa aa aa = =} (%) 00 Q| Type (%)
Cuchiara etal. | B11 2.0 10.5 150.0 250.0 219.0 1.9 1.7 0.2 40.9 H 1.0 60.0
(2004) B21 2.0 10.5 150.0 250.0 219.0 1.9 1.7 0.2 43.2 H 2.0 60.0
B12 2.0 10.5 150.0 250.0 219.0 1.9 1.7 0.6 40.9 H 1.0 60.0
Cho and Kim F60-0.513S 1.4 4.3 120.0 200.0 167.5 2.1 1.8 0.5 57.8 H 0.5 60.0
(2003) F60-1.0-13S 1.4 4.3 120.0 200.0 167.5 2.1 1.8 0.5 61.5 H 1.0 60.0
F60-1.513S 14 4.3 120.0 200.0 167.5 1.3 11 0.5 60.6 H 15 60.0
F60-2.0-13S 14 4.3 120.0 200.0 167.5 1.3 11 0.5 62.3 H 2.0 60.0
K1 2.2 14.4 101.6 152.4 127.0 3.1 2.6 3.0 39.8 S 1.8 101.6
Batsonetal. | K2 24 144 | 1016 | 1524 | 127.0 | 3.1 2.6 3.0 3938 S 18 | 1016
(1972) U2 2.2 14.4 101.6 152.4 127.0 3.1 2.6 3.0 39.8 C 1.8 46.2
V1 1.8 14.4 101.6 152.4 127.0 3.1 2.6 3.0 39.8 C 1.8 46.2
V2 1.8 14.4 101.6 152.4 127.0 3.1 2.6 3.0 39.8 C 1.8 46.2
V3 2.0 14.4 101.6 152.4 127.0 3.1 2.6 3.0 39.8 C 1.8 46.2
w1 1.2 14.4 101.6 152.4 127.0 3.1 2.6 3.0 39.8 C 1.8 46.2
W2 1.2 14.4 101.6 152.4 127.0 3.1 2.6 3.0 39.8 C 1.8 46.2
W3 1.4 14.4 101.6 152.4 127.0 3.1 2.6 3.0 39.8 C 1.8 46.2
Ar a¥j o V-1-0.21 2.5 6.5 150.0 390.0 340.0 3.1 2.7 0.2 52.9 H 1.0 65.0
(2014) V-2-0.21 2.5 6.5 150.0 390.0 340.0 3.1 2.7 0.2 57.9 H 2.0 65.0




ey

Table 36. DeepBeamsdfQO 2.5 ) without transverse reinforcement
, . &) Q Q ’ " Q oeed o
YQi Q@i ¢ YH QQa Qg tIQ aTQ N a/Q
aa aa aa P b 00& | Type (%)
Mansur etal. | B1 2.0 10.2 150.0 225.0 197.0 1.4 1.2 29.1 H 0.5 60.0
(1986) Cl 2.0 10.2 150.0 225.0 197.0 1.4 1.2 29.9 H 0.8 60.0
D1 2.0 10.2 150.0 225.0 197.0 1.4 1.2 30.0 H 1.0 60.0
Lim et al. 2/1,0/1,5 1.5 7.2 152.0 254.0 221.0 1.2 1.0 34.0 H 1.0 60.0
(1987) 2/1,0/2,5 2.5 9.5 152.0 254.0 221.0 1.2 1.0 34.0 H 1.0 60.0
2/0.5/1.5 15 7.2 152.0 254.0 221.0 1.2 1.0 34.0 H 0.5 60.0
2/0,5/2,5 2.5 9.5 152.0 254.0 221.0 1.2 1.0 34.0 H 0.5 60.0
4/1/1.5 1.5 7.2 152.0 254.0 221.0 2.4 2.1 34.0 H 1.0 60.0
4/1,0/2,5 2.5 9.5 152.0 254.0 221.0 2.4 2.1 34.0 H 1.0 60.0
4/0.5/1.5 1.5 7.2 152.0 254.0 221.0 2.4 2.1 34.0 H 0.5 60.0
4/0,5/2,5 2.5 9.5 152.0 254.0 221.0 2.4 2.1 34.0 H 0.5 60.0
Cuchiara et B10 2.0 10.5 150.0 240.0 219.0 1.9 1.7 40.9 H 1.0 60.0
al. (2004) B20 2.0 10.5 150.0 240.0 219.0 1.9 1.7 43.2 H 2.0 60.0
ken ( 2(BEAM-03 2.0 9.3 125.0 250.0 215.0 1.5 1.3 60.2 H 0.5 65.0
BEAM-05 2.0 9.3 125.0 250.0 215.0 1.5 1.3 61.7 H 0.8 65.0
BEAM-07 2.0 9.3 125.0 250.0 215.0 1.5 1.3 60.9 H 0.5 80.0
BEAM-09 2.0 9.3 125.0 250.0 215.0 1.5 1.3 63.6 H 0.8 80.0
Kwak et al. FHB2-2 2.0 5.9 125.0 250.0 212.0 1.5 1.3 63.8 H 0.5 62.5
(2002) FHB3-2 2.0 5.9 125.0 250.0 212.0 1.5 1.3 68.6 H 0.8 62.5
FNB2-2 2.0 5.9 125.0 250.0 212.0 1.5 1.3 30.8 H 0.5 62.5
Rosenbusch | 2.2/2 1.5 8.8 200.0 300.0 260.0 1.8 1.6 41.2 H 0.3 65.0
and Teutsch | 2.2/3 1.5 8.8 200.0 300.0 260.0 1.8 1.6 40.3 H 0.8 65.0
(2003) 2.3/2 2.5 8.8 200.0 300.0 260.0 1.2 1.0 40.0 H 0.3 65.0
2.3/3 2.5 8.8 200.0 300.0 260.0 1.2 1.0 38.7 H 0.8 65.0
2.4/2 2.5 8.8 200.0 300.0 260.0 1.8 1.6 40.0 H 0.3 65.0
2.4/3 2.5 8.8 200.0 300.0 260.0 1.8 1.6 38.7 H 0.8 65.0
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Table 3.6.Deep Beams{#QO 2.5 ) without transverse reinforcement
) . o Q Q " Q oeed o :
YQi d®i ¢ YR QwQa Qg HQ arQ o o o o arQ
aa aa aa b = DLW Type (%)
Dupont and 14 1.5 8.8 200.0 300.0 260.0 1.8 1.6 40.7 H 0.3 65.0
Vandewalle 15 1.5 8.8 200.0 300.0 260.0 1.8 1.6 42.4 H 0.8 65.0
(2003) 17 2.5 8.8 200.0 300.0 262.0 1.2 1.0 39.1 H 0.3 65.0
18 2.5 8.8 200.0 300.0 262.0 1.2 1.0 38.6 H 0.8 65.0
20 2.5 8.8 200.0 300.0 260.0 1.8 1.6 39.1 H 0.3 65.0
21 2.5 8.8 200.0 300.0 260.0 1.8 1.6 38.6 H 0.8 65.0
26 2.5 8.8 200.0 300.0 262.0 1.2 1.0 26.5 H 0.3 45.0
27 2.5 8.8 200.0 300.0 262.0 1.2 1.0 27.2 H 0.8 45.0
29 2.5 8.8 200.0 300.0 260.0 1.8 1.6 26.5 H 0.3 45.0
30 2.5 8.8 200.0 300.0 260.0 1.8 1.6 27.2 H 0.8 45.0
31 2.5 8.8 200.0 300.0 262.0 1.2 1.0 47.4 H 0.5 65.0
32 2.5 8.8 200.0 300.0 260.0 1.8 1.6 46.8 H 0.5 65.0
33 2.5 8.8 200.0 300.0 262.0 1.2 1.0 45.3 H 0.5 80.0
34 2.5 8.8 200.0 300.0 262.0 1.2 1.0 50.0 H 0.8 80.0
41 2.5 10.7 200.0 350.0 305.0 1.0 0.9 34.4 H 0.6 80.0
42 2.5 10.7 200.0 350.0 305.0 1.0 0.9 30.1 H 0.9 80.0
43 2.5 10.7 200.0 350.0 305.0 1.0 0.9 30.2 H 0.4 80.0
Imam et al. B15 1.8 10.8 200.0 350.0 300.0 1.9 1.6 108.5 H 0.8 75.0
(1994) B5 2.5 10.8 200.0 350.0 300.0 1.9 1.6 110.0 H 0.8 75.0
B16 1.8 10.8 200.0 350.0 300.0 3.1 2.6 109.5 H 0.8 75.0
B6 2.5 10.8 200.0 350.0 300.0 3.1 2.6 110.0 H 0.8 75.0
Tan et al. 2 2.0 5.0 140.0 375.0 340.0 1.7 1.5 35.0 H 0.5 60.0
(1993) 3 2.0 5.0 140.0 375.0 340.0 1.7 1.5 33.0 H 0.8 60.0
4 2.0 5.0 140.0 375.0 340.0 1.7 1.5 36.0 H 1.0 60.0
5 2.5 5.0 140.0 375.0 340.0 1.7 1.5 36.0 H 1.0 60.0
6 1.5 5.0 140.0 375.0 340.0 1.7 1.5 36.0 H 1.0 60.0

(conti
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Table 3.6Deep BeamsgyQO 2.5 ) without transverse reinforcement
) . A Q Q " Q RoYoTAYs A .
YQi i ¢ "Yn'QuQa Qf rQ arQ o o o o arQ
aa aa aa ) = VRV Type (%)
Ashour etal. | B-2-.0-L 2.0 6.3 125.0 250.0 215.0 0.4 0.3 92.0 H 1.0 75.0
(1992) B-1-0.5A 1.0 4.3 125.0 250.0 215.0 2.8 2.4 99.0 H 0.5 75.0
B-2-0.5A 2.0 6.3 125.0 250.0 215.0 2.8 2.4 99.1 H 0.5 75.0
B-1-1.0-A 1.0 4.3 125.0 250.0 215.0 2.8 2.4 95.3 H 1.0 75.0
B-2-1.0-A 2.0 6.3 125.0 250.0 215.0 2.8 2.4 95.3 H 1.0 75.0
B-1-1.5A 1.0 4.3 125.0 250.0 215.0 2.8 2.4 96.4 H 1.5 75.0
B-2-1.5A 2.0 6.3 125.0 250.0 215.0 2.8 2.4 96.6 H 1.5 75.0
B-2-1.0-M 2.0 6.3 125.0 250.0 215.0 4.6 3.9 94.5 H 1.0 75.0
Cho and Kim | F30-:0.5-13 1.4 4.3 120.0 200.0 167.5 1.3 1.1 25.7 H 0.5 60.0
(2003) F30-1.0-13 1.4 4.3 120.0 200.0 167.5 1.3 1.1 25.3 H 1.0 60.0
F301.513 1.4 4.3 120.0 200.0 167.5 1.3 1.1 23.9 H 1.5 60.0
F302.0-13 1.4 4.3 120.0 200.0 167.5 1.3 1.1 28.8 H 2.0 60.0
F60-0.513 1.4 4.3 120.0 200.0 167.5 2.1 1.8 57.8 H 0.5 60.0
F60-1.0-13 1.4 4.3 120.0 200.0 167.5 2.1 1.8 61.5 H 1.0 60.0
F601.513 1.4 4.3 120.0 200.0 167.5 1.3 1.1 60.6 H 1.5 60.0
F60-2.0-13 1.4 4.3 120.0 200.0 167.5 1.3 1.1 62.3 H 2.0 60.0
F700.519 1.4 4.3 120.0 200.0 167.5 2.8 2.4 70.5 H 0.5 60.0
F701.0-19 1.4 4.3 120.0 200.0 167.5 2.8 2.4 67.3 H 1.0 60.0
F701.519 1.4 4.3 120.0 200.0 167.5 2.8 2.4 67.3 H 1.5 60.0
F702.0-19 1.4 4.3 120.0 200.0 167.5 2.8 24 69.6 H 2.0 60.0
F80-0.5-16 1.4 4.3 120.0 200.0 167.5 2.0 1.7 82.4 H 0.5 60.0
F80-1.0-16 1.4 4.3 120.0 200.0 167.5 2.0 1.7 81.1 H 1.0 60.0
F80-1.5-16 1.4 4.3 120.0 200.0 167.5 2.0 1.7 83.0 H 1.5 60.0
F80-2.0-16 1.4 4.3 120.0 200.0 167.5 2.0 1.7 82.2 H 2.0 60.0
F80-0.519 1.4 4.3 120.0 200.0 167.5 2.8 24 86.1 H 0.5 60.0
F80-1.0-19 1.4 4.3 120.0 200.0 167.5 2.8 2.4 89.4 H 1.0 60.0
F80-1.519 1.4 4.3 120.0 200.0 167.5 2.8 2.4 82.7 H 1.5 60.0
F80-2.0-19 1.4 4.3 120.0 200.0 167.5 2.8 2.4 89.9 H 2.0 60.0

(conti
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Table 3.6Deep BeamsgfQO 2.5 ) without transverse reinforcement
] N J8) Q Q " " Q 00O q W
YQi Q@i ¢ YR QwQa QY I aTQ N al/Q
aa aa aa P b 00& | Type (%)
Lietal. M11 63.5 127.0 102.0 2.4 1.9 54.1 63.5 127.0 C 1.0 57.0
(1992) M12 63.5 127.0 102.0 2.4 1.9 54.1 63.5 127.0 C 1.0 57.0
M13 63.5 127.0 102.0 2.4 1.9 54.1 63.5 127.0 C 1.0 57.0
M14 63.5 127.0 102.0 2.4 1.9 54.1 63.5 127.0 C 1.0 57.0
M15 63.5 127.0 102.0 2.4 1.9 62.6 63.5 127.0 C 1.0 28.5
M16 63.5 127.0 102.0 2.4 1.9 62.6 63.5 127.0 C 1.0 28.5
C4 63.5 127.0 102.0 1.2 1.0 22.7 63.5 127.0 H 1.0 60.0
Khaloo and LC-0.516 125.0 220.0 190.0 1.3 1.1 33.5 125.0 220.0 H 0.5 29.0
Kim (1997) LC-1.0-16 125.0 220.0 190.0 1.3 1.1 30.9 125.0 220.0 H 0.5 58.0
LC-1.516 125.0 220.0 190.0 1.3 1.1 29.8 125.0 220.0 H 1.0 29.0
LC-0.532 125.0 220.0 190.0 1.3 1.1 35.5 125.0 220.0 H 1.0 58.0
LC-1.0-32 125.0 220.0 190.0 1.3 1.1 32.8 125.0 220.0 H 1.5 29.0
LC-1.532 125.0 220.0 190.0 1.3 1.1 29.0 125.0 220.0 H 1.5 58.0
NC-0.516 125.0 220.0 190.0 1.3 1.1 45.3 125.0 220.0 H 0.5 29.0
NC-1.0-16 125.0 220.0 190.0 1.3 1.1 45.3 125.0 220.0 H 0.5 58.0
NC-1.516 125.0 220.0 190.0 1.3 1.1 48.7 125.0 220.0 H 1.0 29.0
NC-0.5-32 125.0 220.0 190.0 1.3 1.1 45.2 125.0 220.0 H 1.0 58.0
NC-1.0-32 125.0 220.0 190.0 1.3 1.1 47.8 125.0 220.0 H 1.5 29.0
NC-1.532 125.0 220.0 190.0 1.3 1.1 41.5 125.0 220.0 H 1.5 58.0
MC-0.5-16 125.0 220.0 190.0 2.0 1.7 56.4 125.0 220.0 H 0.5 29.0
MC-1.0-16 125.0 220.0 190.0 2.0 1.7 59.5 125.0 220.0 H 0.5 58.0
MC-1.516 125.0 220.0 190.0 1.3 1.1 55.6 125.0 220.0 H 1.0 29.0
MC-0.5-32 125.0 220.0 190.0 1.3 1.1 56.4 125.0 220.0 H 1.0 58.0
MC-1.0-32 125.0 220.0 190.0 1.3 1.1 58.3 125.0 220.0 H 1.5 29.0
MC-1.5-32 125.0 220.0 190.0 1.3 1.1 55.1 125.0 220.0 H 1.5 58.0
Shin et al. 1 100.0 200.0 175.0 3.6 3.1 80.0 100.0 200.0 S 0.5 100.0
(1994) 2 100.0 200.0 175.0 3.6 3.1 80.0 100.0 200.0 S 1.0 100.0

(conti
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Table 37. Deep Beamsdi¥fQ> 2.5 ) with transverse reinforcement

R R @ Q Q " " " "Q 0RO ]
YQI O@i O YR QhQaQf &FQ arQ L arQ
aa aa aa p b (%) 00 ® Type (%)
Swamy and B52 45 9.0 175.0 250.0 210.0 4.0 3.4 0.2 35.5 C 0.4 100.0
Bahia (1985) B53 4.5 9.0 175.0 250.0 210.0 4.0 3.4 0.2 37.4 C 0.8 100.0
B54 4.5 9.0 175.0 250.0 210.0 4.0 3.4 0.2 39.8 C 1.2 100.0
B55 4.5 9.0 175.0 250.0 210.0 3.1 2.6 0.2 38.2 C 0.8 100.0
B56 4.5 9.0 175.0 250.0 210.0 2.0 1.6 0.2 41.8 C 0.8 100.0
B63R 45 9.0 175.0 250.0 210.0 2.0 1.6 0.2 35.1 C 0.8 100.0
Batson et al. Al 4.8 14.4 101.6 152.4 127.0 3.1 2.6 3.0 33.2 S 0.2 101.6
(1972) A2 4.8 14.4 101.6 152.4 127.0 3.1 2.6 3.0 33.2 [ 0.2 101.6
A3 4.8 14.4 101.6 152.4 127.0 3.1 2.6 3.0 33.2 [ 0.2 101.6
Bl 4.4 14.4 101.6 152.4 127.0 3.1 2.6 3.0 33.2 S 0.2 101.6
B2 4.4 14.4 101.6 152.4 127.0 3.1 2.6 3.0 33.2 S 0.2 101.6
B3 4.4 14.4 101.6 152.4 127.0 3.1 2.6 3.0 33.2 S 0.2 101.6
C1 4.2 14.4 101.6 152.4 127.0 3.1 2.6 3.0 33.2 [ 0.2 101.6
C2 4.2 14.4 101.6 152.4 127.0 3.1 2.6 3.0 33.2 [ 0.2 101.6
Cc3 4.2 14.4 101.6 152.4 127.0 3.1 2.6 3.0 33.2 S 0.2 101.6
D1 4.3 14.4 101.6 152.4 127.0 3.1 2.6 3.0 33.2 S 0.2 101.6
D2 4.3 14.4 101.6 152.4 127.0 3.1 2.6 3.0 33.2 S 0.2 101.6
D3 4.3 14.4 101.6 152.4 127.0 3.1 2.6 3.0 33.2 [ 0.2 101.6
E1l 4.2 14.4 101.6 152.4 127.0 3.1 2.6 3.0 40.2 [ 0.4 101.6
E2 4.2 14.4 101.6 152.4 127.0 3.1 2.6 3.0 40.2 S 0.4 101.6
E3 4.2 14.4 101.6 152.4 127.0 3.1 2.6 3.0 40.2 S 0.4 101.6
F1 4.0 14.4 101.6 152.4 127.0 3.1 2.6 3.0 40.2 S 0.4 101.6
F2 4.0 14.4 101.6 152.4 127.0 3.1 2.6 3.0 40.2 S 0.4 101.6
F3 4.0 14.4 101.6 152.4 127.0 3.1 2.6 3.0 40.2 S 0.4 101.6
G1 4.4 14.4 101.6 152.4 127.0 3.1 2.6 3.0 33.2 S 0.2 101.6
G2 4.4 14.4 101.6 152.4 127.0 3.1 2.6 3.0 33.2 [ 0.2 101.6
G3 4.4 14.4 101.6 152.4 127.0 3.1 2.6 3.0 33.2 S 0.2 101.6
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Table 3.7Deep Beamsd¥Q> 2.5 ) with transverse reinforcement (continued)

R R @ Q Q " " " "Q 0RO ]
YQI O@i O YR QhQaQf &FQ arQ L arQ
aa aa aa p b (%) 00 ® Type (%)

Batson et al. H1 3.8 14.4 101.6 152.4 127.0 3.1 2.6 3.0 39.8 S 0.9 101.6

(1972) H2 3.8 14.4 101.6 152.4 127.0 3.1 2.6 3.0 39.8 [ 0.9 101.6
H3 3.8 14.4 101.6 152.4 127.0 3.1 2.6 3.0 39.8 [ 0.9 101.6
11 3.6 14.4 101.6 152.4 127.0 3.1 2.6 3.0 39.8 [ 0.9 101.6
12 3.6 14.4 101.6 152.4 127.0 3.1 2.6 3.0 39.8 [ 0.9 101.6
13 3.6 14.4 101.6 152.4 127.0 3.1 2.6 3.0 39.8 [ 0.9 101.6
J1 2.8 14.4 101.6 152.4 127.0 3.1 2.6 3.0 39.8 [ 1.8 101.6
J2 2.8 14.4 101.6 152.4 127.0 3.1 2.6 3.0 39.8 [ 1.8 101.6
J3 2.8 14.4 101.6 152.4 127.0 3.1 2.6 3.0 39.8 [ 1.8 101.6
K3 2.6 14.4 101.6 152.4 127.0 3.1 2.6 3.0 39.8 S 1.8 101.6
Ul 4.0 14.4 101.6 152.4 127.0 3.1 2.6 3.0 33.2 C 0.2 101.6
U3 4.0 14.4 101.6 152.4 127.0 3.1 2.6 3.0 33.2 C 0.2 101.6
L1 4.0 14.4 101.6 152.4 127.0 3.1 2.6 3.0 33.2 [ 0.2 101.6
L2 4.6 14.4 101.6 152.4 127.0 3.1 2.6 3.0 33.2 [ 0.2 46.2
L3 4.4 14.4 101.6 152.4 127.0 3.1 2.6 3.0 33.2 S 0.2 46.2
M1 4.4 14.4 101.6 152.4 127.0 3.1 2.6 3.0 33.2 C 0.2 46.2
M2 5.0 14.4 101.6 152.4 127.0 3.1 2.6 3.0 33.2 C 0.2 46.2
M3 4.8 14.4 101.6 152.4 127.0 3.1 2.6 3.0 33.2 C 0.2 46.2
N1 5.0 14.4 101.6 152.4 127.0 3.1 2.6 3.0 33.2 C 0.2 46.2
N2 4.0 14.4 101.6 152.4 127.0 3.1 2.6 3.0 40.2 C 0.4 46.2
N3 4.4 14.4 101.6 152.4 127.0 3.1 2.6 3.0 40.2 C 0.4 46.2
o1 4.8 14.4 101.6 152.4 127.0 3.1 2.6 3.0 40.2 C 0.4 46.2
02 4.2 14.4 101.6 152.4 127.0 3.1 2.6 3.0 40.2 C 0.4 46.2
03 4.2 14.4 101.6 152.4 127.0 3.1 2.6 3.0 40.2 C 0.4 46.2
P1 4.2 14.4 101.6 152.4 127.0 3.1 2.6 3.0 40.2 C 0.4 46.2
P2 3.8 14.4 101.6 152.4 127.0 3.1 2.6 3.0 39.8 C 0.4 46.2
P3 3.8 14.4 101.6 152.4 127.0 3.1 2.6 3.0 39.8 C 0.4 46.2
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Table 3.7Deep Beamsd¥Q> 2.5 ) with transverse reinforcement (continued)

i . ® Q 0 " ” "0 ond o ]
YQi O@i d YR QdQa Q¢ HQ arQ i arQ
da G & G & p p (%) DO0& | Type (%)
Batsonetal. | Q1 4.4 14.4 101.6 152.4 127.0 3.1 2.6 3.0 40.2 C 0.4 46.2
(1972) Q2 4.4 14.4 101.6 152.4 127.0 3.1 2.6 3.0 40.2 C 0.4 46.2
Q3 4.4 14.4 101.6 152.4 127.0 3.1 2.6 3.0 40.2 C 0.4 46.2
R1 3.2 14.4 101.6 152.4 127.0 3.1 2.6 3.0 39.7 C 0.9 46.2
R2 3.4 14.4 101.6 152.4 127.0 3.1 2.6 3.0 39.7 C 0.9 46.2
R3 3.6 14.4 101.6 152.4 127.0 3.1 2.6 3.0 39.7 C 0.9 46.2
S1 3.4 14.4 101.6 152.4 127.0 3.1 2.6 3.0 39.7 C 0.9 46.2
S2 3.4 14.4 101.6 152.4 127.0 3.1 2.6 3.0 39.7 C 0.9 46.2
S3 3.4 14.4 101.6 152.4 127.0 3.1 2.6 3.0 39.7 C 0.9 46.2
T1 3.6 14.4 101.6 152.4 127.0 3.1 2.6 3.0 39.7 C 0.9 46.2
T2 3.6 14.4 101.6 152.4 127.0 3.1 2.6 3.0 39.7 C 0.9 46.2
T3 3.6 14.4 101.6 152.4 127.0 3.1 2.6 3.0 39.7 C 0.9 46.2
X1 4.8 14.4 101.6 152.4 127.0 3.1 2.6 3.0 33.2 C 0.2 46.2
X2 4.8 14.4 101.6 152.4 127.0 3.1 2.6 3.0 33.2 C 0.2 46.2
X3 4.8 14.4 101.6 152.4 127.0 3.1 2.6 3.0 33.2 C 0.2 46.2
El-Niema 2,00 3.9 10.3 100.0 200.0 175.0 2.3 2.0 0.5 26.0 C 0.4 127.7
(1991) 3,00 3.9 10.3 100.0 200.0 175.0 2.3 2.0 0.5 28.5 C 0.7 127.7
4,00 3.9 10.3 100.0 200.0 175.0 2.3 2.0 0.5 30.0 C 1.0 127.7
5,00 3.9 10.3 100.0 200.0 175.0 2.3 2.0 0.5 25.0 C 0.4 95.8
6,00 3.9 10.3 100.0 200.0 175.0 2.3 2.0 0.5 25.0 C 0.7 95.8
7,00 3.9 10.3 100.0 200.0 175.0 2.3 2.0 0.5 25.0 C 1.0 95.8
8,00 3.9 10.3 100.0 200.0 175.0 2.3 2.0 0.5 24.0 C 0.4 63.8
9,00 3.9 10.3 100.0 200.0 175.0 2.3 2.0 0.5 25.0 C 0.7 63.8
10,00 3.9 10.3 100.0 200.0 175.0 2.3 2.0 0.5 25.0 C 1.0 63.8
Swamy and | DR11 6.5 129 130.0 203.2 174.2 1.0 0.9 0.3 31.6 C 0.5 100.0
Alta'an(1981) | DR12 6.5 12.9 130.0 203.2 174.2 1.0 0.9 0.3 32.0 C 1.0 100.0
DR21 6.5 12.9 130.0 203.2 174.2 1.8 1.5 0.3 29.8 C 0.5 100.0




0S

Table 3.7Deep Beamsd¥Q> 2.5 ) with transverse reinforcement (continued)

] . 4} Q Q " " Q "0Q® @
YQi O@i ¢ "Yn QuwQa Qg oaQ arQ o ar
ad ad aa ) b (%) 00 ® Type (%)
Swamy and | DR22 6.5 12.9 130.0 203.2 174.2 1.0 0.9 0.3 31.2 C 0.5 100.0
Alta'an(1981) | DR31 6.5 12.9 130.0 203.2 174.2 1.0 0.9 0.3 32.7 C 1.0 100.0
DR32 3.8 10.6 100.0 100.0 85.0 1.7 14 0.2 54.8 C 1.0 334
Furlan and P3A 3.8 10.6 100.0 100.0 85.0 1.7 14 0.2 50.0 C 2.0 334
Hanai (1997) | P4A 3.8 10.6 100.0 100.0 85.0 1.7 14 0.2 49.3 C 1.0 50.1
P5A 3.8 10.6 100.0 100.0 85.0 1.7 1.4 0.2 53.7 C 2.0 50.1
P6A 3.8 10.6 100.0 100.0 85.0 1.7 1.4 0.2 53.5 C 0.5 50.1
P7A 2.8 10.5 150.0 250.0 219.0 1.9 1.7 0.2 40.9 C 1.0 60.0
Cuchiaraet | All 2.8 10.5 150.0 250.0 219.0 1.9 1.7 0.2 43.2 H 2.0 60.0
al. (2004) A21 2.8 10.5 150.0 250.0 219.0 1.9 1.7 0.6 40.9 H 1.0 60.0
Al2 3.0 8.0 200.0 300.0 262.5 2.8 2.5 0.1 52.1 H 0.3 65.0
Ding et al. SFSCCB28250 3.0 8.0 200.0 300.0 262.5 2.8 2.5 0.1 56.2 H 0.5 65.0
(2011) SFSCCB5&250 3.0 8.0 200.0 300.0 262.5 2.8 2.5 0.2 52.1 H 0.3 65.0
SFSCCB25150 3.0 8.0 200.0 300.0 262.5 2.8 2.5 0.2 56.2 H 0.5 65.0
SFSCCB56150 2.7 8.7 100.0 180.0 150.0 2.7 2.2 0.3 38.7 H 1.0 60.0
Limand Oh | S0.50V1 2.7 8.7 100.0 180.0 150.0 2.7 2.2 0.4 38.7 S 1.0 60.0
(1999) S0.75V1 2.7 8.7 100.0 180.0 150.0 2.7 2.2 0.4 42.4 S 2.0 60.0
S0.50v2 6.5 12.9 130.0 203.2 174.2 1.0 0.9 0.3 31.2 S 0.5 100.0
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Table 38. Deep Beamsd¥Q> 2.5 ) without transverse reinforcement

) . ) Q Q ” " "Q 0O .
YQi O@i YR QoQE QY TQ arQ L arnQ
aa aa aa p p 00 ® Type (%)
B181a 3.4 8.2 152.0 455.0 381.0 2.0 1.6 448 H 0.8 55.0
Dinh et al. B18-1b 3.4 8.2 152.0 455.0 381.0 2.0 1.6 448 H 0.8 55.0
(2010) B18-2a 3.5 5.9 152.0 455.0 381.0 2.0 1.6 38.1 H 1.0 55.0
B18-2b 35 5.9 152.0 455.0 381.0 2.0 1.6 38.1 H 1.0 55.0
B18-2c 35 5.9 152.0 455.0 381.0 2.6 2.2 38.1 H 1.0 55.0
B18-2d 35 5.9 152.0 455.0 381.0 2.6 2.2 38.1 H 1.0 55.0
B18-3a 3.4 8.2 152.0 455.0 381.0 2.6 2.2 31.0 H 1.5 55.0
B18-3b 3.4 8.2 152.0 455.0 381.0 2.6 2.2 31.0 H 1.5 55.0
B18-3c 3.4 8.2 152.0 455.0 381.0 2.6 2.2 44.9 H 1.5 55.0
B18-3d 3.4 8.2 152.0 455.0 381.0 2.6 2.2 44.9 H 1.5 55.0
B18-5a 3.4 8.2 152.0 455.0 381.0 2.6 2.2 49.2 H 1.0 80.0
B18-5b 3.4 8.2 152.0 455.0 381.0 2.6 2.2 49.2 H 1.0 80.0
B187a 3.4 8.2 152.0 455.0 381.0 2.0 1.6 43.3 H 0.8 80.0
B18-7b 3.4 8.2 152.0 455.0 381.0 2.0 1.6 433 H 0.8 80.0
B27-1a 3.4 5.8 203.0 685.0 610.0 2.0 1.8 50.8 H 0.8 55.0
B27-1b 3.4 5.8 203.0 685.0 610.0 2.0 1.8 50.8 H 0.8 55.0
B27-2a 3.4 5.8 203.0 685.0 610.0 2.0 1.8 28.7 H 0.8 80.0
B27-2b 3.4 5.8 203.0 685.0 610.0 2.0 1.8 28.7 H 0.8 80.0
B27-3a 35 5.8 203.0 685.0 610.0 15 1.4 423 H 0.8 55.0
B27-3b 35 5.8 203.0 685.0 610.0 15 1.4 423 H 0.8 55.0
B27-4a 3.5 5.8 203.0 685.0 610.0 15 1.4 29.6 H 0.8 80.0
B27-4b 35 5.8 203.0 685.0 610.0 15 1.4 29.6 H 0.8 80.0
B27-5 35 5.8 203.0 685.0 610.0 2.0 1.8 442 H 1.5 55.0
B27-6 35 5.8 203.0 685.0 610.0 2.0 1.8 42.8 H 1.5 80.0
Lim et al. 2/1,0/3,5 35 9.5 152.0 254.0 221.0 1.2 1.0 34.0 H 1.0 60.0
(1987) 2/0,5/3,5 3.5 9.5 152.0 254.0 221.0 1.2 1.0 34.0 H 0.5 60.0
4/1,0/3,5 35 9.5 152.0 254.0 221.0 2.4 2.1 34.0 H 1.0 60.0
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Table 3.8 Deep Beamsdi¥Q> 2.5 ) without transverse reinforcement (continued)

J . ® Q Q " Q NeYoTX N oA .
YQI O®i (YR QHO'QA QY GrQ aTQ o - - i arQ
aa aa aa b b DLW Type (%)
'(-1”386736‘" 4/0,5/3,5 2540 | 221.0 2.4 2.1 34.0 254.0 | 221.0 2.4 H 0.5 60.0
Cuchiaraet | AL0 2400 | 219.0 1.9 17 40.9 2400 | 219.0 1.9 A 1.0 60.0
al. (2004) A20 2400 | 219.0 1.9 17 432 2400 | 219.0 1.9 H 2.0 60.0
Cohen (2012)| M15-0.5% 2500 | 212.5 13 11 59.4 2500 | 212.5 13 H 0.5 55.0
M15-1.0% 2500 | 2125 13 11 515 250.0 | 2125 13 H 1.0 55.0
M15-1.5% 250.0 | 2125 13 11 55.8 250.0 | 2125 13 H 15 55.0
M15-0.5%H 2500 | 2125 13 11 49.6 2500 | 212.5 13 H 0.5 80.0
M15-0.75%H 2500 | 2125 13 11 45.9 2500 | 212.5 13 H 0.8 80.0
M20-0.75% 2500 | 210.0 2.4 2.0 44.7 2500 | 210.0 2.4 H 0.8 55.0
M20-1.0% 250.0 | 210.0 2.4 2.0 45.0 250.0 | 210.0 2.4 H 1.0 55.0
M20-1.0%A 250.0 | 210.0 2.4 2.0 545 250.0 | 210.0 2.4 H 1.0 55.0
M20-1.5%A 2500 | 210.0 2.4 2.0 526 250.0 | 210.0 2.4 H 15 55.0
M20-1.0%B 250.0 | 210.0 2.4 2.0 50.5 250.0 | 210.0 2.4 H 1.0 55.0
M20-1.5%B 2500 | 210.0 2.4 2.0 515 2500 | 210.0 2.4 H 15 55.0
ken (2(BEAM-04 2500 | 215.0 15 13 60.2 250.0 | 215.0 15 H 05 65.0
BEAM-06 250.0 | 215.0 15 13 61.7 250.0 | 215.0 15 H 0.8 65.0
BEAM-08 2500 | 215.0 15 13 60.9 2500 | 215.0 15 H 0.5 80.0
BEAM-10 2500 | 215.0 15 13 63.6 2500 | 215.0 15 H 0.8 80.0
Kwak etal. | FHB2-3 2500 | 212.0 15 13 63.8 2500 | 212.0 15 H 0.5 625
(2002) FHB33 2500 | 212.0 15 13 68.6 2500 | 212.0 15 H 0.8 625
FNB23 2500 | 212.0 15 13 308 2500 | 212.0 15 H 05 625
FHB2-4 2500 | 212.0 15 13 63.8 2500 | 212.0 15 H 0.5 625
FHB3-4 2500 | 212.0 15 13 68.6 2500 | 212.0 15 H 0.8 625
FNB2-4 2500 | 212.0 15 13 30.8 2500 | 212.0 15 H 0.5 625
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Table 3.8Deep BeamsdifQ> 2.5 ) without transverse reinforcement (continued)

) . @ Q Q " Q oea'd W i
YQi @i ¢ YR QwQad Qf FQ arQ o o o e arQ
aa aa aa = b DLW Type (%)
Rosenbusch | 1.2/2 300.0 260.0 3.6 3.1 46.9 300.0 260.0 3.6 H 0.3 65.0
and Teutsch | 1.2/3 300.0 260.0 3.6 3.1 43.7 300.0 260.0 3.6 H 0.5 65.0
(2003) 1.2/4 300.0 260.0 3.6 3.1 48.3 300.0 260.0 3.6 H 0.8 65.0
2.6/2 300.0 260.0 1.8 1.6 41.2 300.0 260.0 1.8 H 0.3 65.0
2.6/3 300.0 260.0 1.8 1.6 40.3 300.0 260.0 1.8 H 0.8 65.0
3.1/1 300.0 260.0 2.8 2.5 37.7 300.0 260.0 2.8 H 0.5 65.0
3.1/1 F2 300.0 260.0 2.8 2.5 38.8 300.0 260.0 2.8 H 0.5 65.0
Dupontand | 2 300.0 260.0 3.6 3.1 46.4 300.0 260.0 3.6 H 0.3 65.0
Vandewalle | 3 300.0 260.0 3.6 3.1 43.2 300.0 260.0 3.6 H 0.5 65.0
(2003) 4 300.0 260.0 3.6 3.1 47.6 300.0 260.0 3.6 H 0.8 65.0
23 300.0 260.0 1.8 1.6 40.7 300.0 260.0 1.8 H 0.3 65.0
24 300.0 260.0 1.8 1.6 42.4 300.0 260.0 1.8 H 0.8 65.0
Imam et al. B4 350.0 300.0 1.9 1.6 109.0 350.0 300.0 1.9 H 0.8 75.0
(1994) B11 350.0 300.0 1.9 1.6 110.5 350.0 300.0 1.9 H 0.8 75.0
B7 350.0 300.0 3.1 2.6 111.5 350.0 300.0 3.1 H 0.8 75.0
B12 350.0 300.0 3.1 2.6 110.8 350.0 300.0 3.1 H 0.8 75.0
Aoude etal. | A0.5 250.0 202.0 1.2 0.9 21.3 250.0 202.0 1.2 H 0.5 55.0
(2012) Al 250.0 202.0 1.2 0.9 19.6 250.0 202.0 1.2 H 1.0 55.0
B0.5 500.0 437.0 1.5 1.3 21.3 500.0 437.0 1.5 H 0.5 55.0
Bl 500.0 437.0 1.5 1.3 19.6 500.0 437.0 1.5 H 1.0 55.0
Ashour etal. | B-4-1.0L 250.0 215.0 0.4 0.3 92.6 250.0 215.0 0.4 H 1.0 75.0
(1992) B-6-1.0-L 250.0 215.0 0.4 0.3 93.7 250.0 215.0 0.4 H 1.0 75.0
B-4-0.5A 250.0 215.0 2.8 24 95.1 250.0 215.0 2.8 H 0.5 75.0
B-6-0.5A 250.0 215.0 2.8 24 95.8 250.0 215.0 2.8 H 0.5 75.0
B-4-1.0-A 250.0 215.0 2.8 24 97.5 250.0 215.0 2.8 H 1.0 75.0
B-6-1.0-A 250.0 215.0 2.8 24 100.5 250.0 215.0 2.8 H 1.0 75.0
B-4-1.5A 250.0 215.0 2.8 2.4 97.1 250.0 215.0 2.8 H 1.5 75.0
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Table 3.8Deep BeamsdifQ> 2.5 ) without transverse reinforcement (continued)

. ® Q Q " Q oond o .
YQi O@i ¢ YN Quw'Qa'Qy fQ arQ . o o e arQ
aa aa aa = b DLW Type (%)
Ashour etal. | B-6-1.5A 6.0 14.3 125.0 250.0 215.0 2.8 24 101.3 H 15 75.0
(1992) B-4-1.0-M 4.0 10.3 125.0 250.0 215.0 4.6 3.9 93.8 H 1.0 75.0
B-6-1.0-M 6.0 14.3 125.0 250.0 215.0 4.6 3.9 95.0 H 1.0 75.0
Ding et al. SF2060 4.0 9.3 100.0 150.0 122.0 3.3 2.7 36.0 H 0.3 80.0
(2012) SF400 4.0 9.3 100.0 150.0 122.0 33 2.7 32.5 H 0.5 80.0
SF660 4.0 9.3 100.0 150.0 122.0 33 2.7 41.2 H 0.8 80.0
Furlan and P3B 3.8 10.6 100.0 100.0 85.0 1.7 14 54.8 Cc 1.0 33.0
Hanai (1997) | P4B 3.8 10.6 100.0 100.0 85.0 17 14 50.0 Cc 2.0 33.0
P5B 3.8 10.6 100.0 100.0 85.0 1.7 14 49.3 C 1.0 50.0
P6B 3.8 10.6 100.0 100.0 85.0 1.7 14 53.7 C 2.0 50.0
P7B 3.8 10.6 100.0 100.0 85.0 1.7 14 53.5 C 0.5 50.0
Shin et al. 3 3.0 6.0 100.0 200.0 175.0 3.6 3.1 80.0 S 0.5 100.0
(1994) 4 3.0 6.0 100.0 200.0 175.0 3.6 3.1 80.0 S 1.0 100.0
5 4.5 9.0 100.0 200.0 175.0 3.6 31 80.0 S 0.5 100.0
6 4.5 9.0 100.0 200.0 175.0 3.6 31 80.0 S 1.0 100.0
Mansur et al. | B2 2.8 10.2 150.0 225.0 197.0 14 1.2 29.1 H 0.5 60.0
(1986) B3 3.6 10.2 150.0 225.0 197.0 14 1.2 29.1 H 0.5 60.0
B4 4.4 10.2 150.0 225.0 197.0 14 1.2 29.1 H 0.5 60.0
Cc2 2.8 10.2 150.0 225.0 197.0 14 1.2 29.9 H 0.8 60.0
C3 3.6 10.2 150.0 225.0 197.0 14 1.2 29.9 H 0.8 60.0
C4 4.4 10.2 150.0 225.0 197.0 14 1.2 29.9 H 0.8 60.0
C5 2.8 12.5 150.0 225.0 200.0 0.8 0.7 29.9 H 0.8 60.0
C6 2.8 10.2 150.0 225.0 197.0 2.0 1.8 29.9 H 0.8 60.0
D2 2.8 10.2 150.0 225.0 197.0 14 1.2 30.0 H 1.0 60.0
D3 3.6 10.2 150.0 225.0 197.0 14 1.2 30.0 H 1.0 60.0
D4 4.4 10.2 150.0 225.0 197.0 14 1.2 30.0 H 1.0 60.0
El 2.8 12.5 150.0 225.0 200.0 0.8 0.7 20.6 H 0.8 60.0
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Table 3.8Deep BeamsdifQ> 2.5 ) without transverse reinforcement (continued)

] . W Q Q " Q oea'q W .
YQi @i ¢ YR QwQad QY fQ arQ . . o e arQ
aa aa aa b = DLW Type (%)
Mansur etal. | E2 2.8 10.2 150.0 225.0 197.0 1.4 12 20.6 H 0.8 60.0
(1986) E3 2.8 10.2 150.0 225.0 197.0 2.0 1.8 20.6 H 0.8 60.0
F1 2.8 125 150.0 225.0 200.0 0.8 0.7 334 H 0.8 60.0
F2 2.8 10.2 150.0 225.0 197.0 1.4 1.2 334 H 0.8 60.0
F3 2.8 10.2 150.0 225.0 197.0 2.0 1.8 334 H 0.8 60.0
Shoaib et al. | N31 3.0 6.0 310.0 308.0 258.0 2.5 2.1 23.0 H 1.0 55.0
(2014) N32 3.0 6.0 310.0 308.0 240.0 4.0 3.1 41.0 H 1.0 55.0
H31 3.0 6.0 310.0 308.0 258.0 2.5 21 41.0 H 1.0 55.0
H32 3.0 6.0 310.0 308.0 240.0 4.0 31 80.0 H 1.0 55.0
N61 3.0 6.0 300.0 600.0 531.0 1.8 1.6 23.0 H 1.0 55.0
N62 3.0 6.0 300.0 600.0 523.0 2.5 2.2 23.0 H 1.0 55.0
E2 3.0 6.0 300.0 600.0 531.0 1.8 1.6 41.0 H 1.0 55.0
E3 3.0 6.0 300.0 600.0 523.0 2.5 2.2 41.0 H 1.0 55.0
F1 3.0 6.0 300.0 1000.0 | 923.0 1.4 1.3 41.0 H 1.0 55.0
F2 3.0 6.0 300.0 1000.0 | 920.0 2.0 1.9 41.0 H 1.0 55.0
F3 3.0 6.0 300.0 1000.0 | 923.0 1.4 1.3 80.0 H 1.0 55.0
N31 3.0 6.0 300.0 1000.0 | 920.0 2.0 1.9 80.0 H 1.0 55.0
Noghabai 3typeB 2.8 5.5 200.0 300.0 235.0 4.3 34 914 H 1.0 50.0
(2000) 5 type A 3.3 6.7 200.0 250.0 180.0 4.5 3.2 80.5 H 0.5 86.0
6 type A 3.3 6.7 200.0 250.0 180.0 4.5 3.2 80.5 H 0.8 86.0
7 type C 2.9 7.3 200.0 500.0 410.0 2.0 1.6 69.3 H 0.5 86.0
8 type C 2.9 7.3 200.0 500.0 410.0 3.1 2.5 69.3 H 0.5 86.0
9type C 2.9 7.3 200.0 500.0 410.0 3.1 25 60.2 H 0.8 86.0
10 type C 2.9 7.3 200.0 500.0 410.0 3.1 25 75.7 H 0.8 86.0
4 type D 3.0 8.8 300.0 700.0 570.0 2.9 2.3 60.2 H 0.8 86.0
Majdzadeh et| B12 3.0 6.7 150.0 150.0 120.0 2.6 2.1 45.5 H 0.5 80.0
al. (2006) B13 3.0 6.7 150.0 150.0 120.0 2.6 2.1 44.6 H 1.0 80.0
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Table 3.8Deep BeamsdifQ> 2.5 ) without transverse reinforcement (continued)

) . ® 0 o) " Q oQnd  © ]
YQi g@i YR QOQa QY GrQ arQ o - - i arQ
aa aa aa = b DLW Type (%)
g’l'_"’”(%%‘éih et B14 150.0 | 150.0 | 120.0 2.6 2.1 40.9 150.0 | 150.0 H 15 80.0
Dingetal. | SFSCCB25D 200.0 | 300.0 | 2625 2.8 2.5 52.1 | 200.0 | 300.0 H 0.3 65.0
(2011) SFSCCB56D 200.0 | 300.0 | 2625 2.8 2.5 56.2 | 200.0 | 300.0 H 0.6 65.0
Lietal. M1 635 | 127.0 | 102.0 2.4 1.9 53.0 635 | 127.0 C 1.0 28.5
(1992) M2 127.0 | 2280 | 204.0 2.2 2.0 530 | 127.0 | 2280 C 1.0 28.5
M3 635 | 127.0 | 102.0 2.4 1.9 50.2 635 | 127.0 C 2.0 28.5
M4 127.0 | 2280 | 204.0 2.2 2.0 502 | 127.0 | 2280 C 2.0 28.5
M5 635 | 127.0 | 102.0 2.4 1.9 62.6 635 | 127.0 C 1.0 28.5
M6 127.0 | 2280 | 204.0 2.2 2.0 62.6 | 127.0 | 2280 C 1.0 28.5
M7 635 | 127.0 | 102.0 2.4 1.9 57.0 635 | 127.0 C 2.0 28.5
M8 635 | 127.0 | 102.0 2.4 1.9 62.6 635 | 127.0 C 1.0 57.0
M9 127.0 | 2280 | 204.0 2.2 2.0 626 | 127.0 | 2280 C 1.0 57.0
M10 127.0 | 2280 | 204.0 2.2 2.0 570 | 127.0 | 2280 C 2.0 57.0
M17 635 | 127.0 | 102.0 2.4 1.9 62.6 635 | 127.0 C 1.0 28.5
M18 635 | 127.0 | 102.0 1.2 1.0 62.6 635 | 127.0 C 1.0 28.5
M19 635 | 1270 | 102.0 3.6 2.9 62.6 635 | 127.0 C 1.0 28.5
M20 635 | 1270 | 102.0 3.6 2.9 54.1 635 | 127.0 C 1.0 57.0
C1 127.0 | 2280 | 204.0 2.2 2.0 227 | 127.0 | 2280 H 1.0 60.0
C2 635 | 127.0 | 102.0 2.4 1.9 22.7 635 | 127.0 H 1.0 60.0
C3 635 | 127.0 | 102.0 1.2 1.0 22.7 635 | 127.0 H 1.0 60.0
Cc5 127.0 | 2280 | 204.0 2.2 2.0 260 | 127.0 | 2280 H 1.0 100.0
C6 635 | 1270 | 102.0 2.4 1.9 26.0 635 | 127.0 H 1.0 100.0
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Table 3.8Deep BeamsdifQ> 2.5 ) without transverse reinforcement (continued)

| . ® 0 Q " "0 0Nhq .
YQi @i (YR QOQa QY HQ arQ o o o . arnQ
aa aa aa p p 00 ® Type (%)
Greenough | SHE-50-0.5 200.0 300.0 265.0 1.8 1.6 47.9 200.0 300.0 H 0.5 50.0
and Nehdi S'HE-50-0.75 200.0 300.0 265.0 1.8 1.6 38.0 200.0 300.0 H 0.8 50.0
(2008) S-HE-50-1.0 200.0 300.0 265.0 1.8 1.6 422 200.0 300.0 H 1.0 50.0
SFE-50-0.5 200.0 300.0 265.0 1.8 1.6 454 200.0 300.0 F 0.5 50.0
SFE-50-0.75 200.0 300.0 265.0 1.8 1.6 44 4 200.0 300.0 F 0.8 50.0
SFE-50-1.0 200.0 300.0 265.0 1.8 1.6 40.3 200.0 300.0 F 1.0 50.0
SFE-30-0.5 200.0 300.0 265.0 1.8 1.6 53.7 200.0 300.0 F 0.5 43.0
S FE-30-0.75 200.0 300.0 265.0 1.8 1.6 46.0 200.0 300.0 F 0.8 43.0
SFE-30-1.0 200.0 300.0 265.0 1.8 1.6 422 200.0 300.0 F 1.0 43.0
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Table 39. FRC Coupling Beams with transverse reinforcement

_ _ 1) Q Q " "Q o0 | .
YQi O@i O YN 'QOQa Q¢ arQ o o o o ® (%) arn
aa aa aa =} P P 00w Type
CCB3-30-2-1FS 2.2 150.0 400.0 359.0 6.0 5.4 0.6 40.5 S 1.0 42.0
Cai et al. CCB340-2-1FS 2.2 150.0 400.0 359.0 6.0 5.4 0.6 43.1 [ 1.0 42.0
(2016) CCB350-2-1FS 2.2 150.0 400.0 359.0 6.0 5.4 0.6 52.9 [ 1.0 42.0
CCB360-2-1FS 2.2 150.0 400.0 359.0 6.0 5.4 0.6 66.7 [ 1.0 42.0
CCB370-2-1FS 2.2 150.0 400.0 359.0 6.0 5.4 0.6 70.1 [ 1.0 42.0
CCB3-80-2-1FS 2.2 150.0 400.0 359.0 6.0 5.4 0.6 80.7 [ 1.0 42.0
CCB340-1-1FS 1.1 150.0 400.0 359.0 6.0 5.4 0.6 43.1 [ 1.0 42.0
CCB340-1.51FS 1.7 150.0 400.0 359.0 6.0 5.4 0.6 43.1 [ 1.0 42.0
CCB340-2.51FF/S 2.8 150.0 400.0 359.0 6.0 5.4 0.6 43.1 [ 1.0 42.0
CCB340-3.0-1FF/S 3.3 150.0 400.0 359.0 6.0 5.4 0.6 43.1 S 1.0 42.0
CCB340-3.51FF 3.9 150.0 400.0 359.0 6.0 5.4 0.6 43.1 [ 1.0 42.0
CCB350-2-0.5FS 2.2 150.0 400.0 359.0 6.0 5.4 0.6 54.5 S 0.5 42.0
CCB3552-1FS 2.2 150.0 400.0 359.0 6.0 5.4 0.6 54.8 [ 1.0 42.0
CCB350-2-1.5FS 2.2 150.0 400.0 359.0 6.0 5.4 0.6 55.9 S 1.5 42.0
CCB350-2-2FS 2.2 150.0 400.0 359.0 6.0 5.4 0.6 55.3 S 2.0 42.0
CCB350-2.5~F/S 2.2 150.0 400.0 359.0 6.0 5.4 0.6 54.1 [ 2.5 42.0
C-10/M 1.1 100.0 400.0 360.0 1.7 1.6 0.6 33.7 H 1.0 47.6
Baczkowski C-15/M 1.7 100.0 400.0 360.0 1.7 1.6 0.6 32.8 H 1.0 47.6
(2007) C-15/S 1.7 100.0 400.0 360.0 1.7 1.6 1.1 31.9 H 1.0 47.6
C-20/M 2.2 100.0 400.0 360.0 1.7 1.6 0.6 32.2 H 1.0 47.6
C-30/M 3.1 100.0 300.0 260.0 2.4 2.1 0.6 31.4 H 1.0 47.6
P ® rlizarry | CB1 3.4 152.4 457.2 412.8 3.0 2.7 1.0 53.7 H 1.3 64.0
and CB2 3.4 152.4 457.2 412.8 2.1 1.9 1.0 59.9 H 1.3 64.0
Parra CB3 3.4 152.4 457.2 412.8 2.1 1.9 1.0 58.5 H 1.3 55.0
Montesinos CB4 3.4 152.4 457.2 412.8 1.8 1.7 1.0 63.3 H 1.0 55.0
(2016) CB5 3.4 152.4 457.2 412.8 1.8 1.7 1.0 67.5 H 1.0 79.0
CB6 2.4 152.4 457.2 393.7 1.1 1.0 1.2 57.4 H 1.5 64.0
CB7 2.4 152.4 457.2 393.7 1.1 1.0 1.2 70.4 H 15 79.0
CB8 2.4 152.4 457.2 393.7 1.1 1.0 1.2 58.7 H 15 79.0
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Table 310. FRC Coupling Beams without transverse reinforcement

_ _ ® 0 0 " Q 000l | .
YQi 'O®i O | YHQOQa Qe a rQ o o o e ® (%) arQ
aa aa aa =} P V0 W Type
FC2 2.7 150.0 610.0 559.5 2.2 2.1 54.1 H 0.8 60.0
Adebar et al. FC3 2.7 150.0 610.0 559.5 2.2 2.1 499 H 1.5 60.0
(1997) FC5 2.7 150.0 610.0 559.5 2.2 2.1 54.1 H 0.8 60.0
FC6 2.7 150.0 610.0 559.5 2.2 2.1 49.9 H 15 60.0
FC8 2.7 150.0 610.0 559.5 2.2 2.1 54.8 H 0.4 60.0
FC9 2.7 150.0 610.0 559.5 2.2 2.1 56.5 H 0.6 60.0
FC10 2.7 150.0 610.0 559.5 2.2 2.1 46.9 H 0.4 100.0
FC11 2.7 150.0 610.0 559.5 2.2 2.1 40.8 H 0.6 100.0
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Table 311. HPFRC Coupling Beams with transverse reinforcement

. . @ Q Q " " Q| oeny | ‘
YQi O@i G| YR QOQAQ{ arQ . ® (%) arnQ
aa aa aa p b p p U Type
Shin et al. 1CF2Y 4.2 250.0 | 300.0 | 250.0 3.2 2.7 1.4 0.0 49.2 | PVA 2.0 307.7
(2014) 1DF2Y 4.2 250.0 | 300.0 | 250.0 1.1 0.9 0.9 15 49.2 | PVA 2.0 307.7
Yun et al. CB2 1.1 200.0 | 600.0 | 570.0 0.5 0.4 0.2 2.0 57.0 | PE+T | 0.75+0.75 342.1+100
(2008) CB3 1.1 200.0 | 6000 | 570.0 | 05 0.4 0.2 0.0 57.0 | PE+T | 0.75+0.75 342.1+100
Setkit (2012) CB-1 2.9 152.4 | 609.6 | 571.5 1.8 1.7 0.5 3.7 49.6 H 15 80.0
CB-2 2.9 152.4 | 609.6 | 571.5 1.1 1.0 0.6 3.7 59.0 H 15 80.0
CB-3 3.6 152.4 | 508.0 | 469.9 1.5 1.4 0.6 3.1 61.0 H 15 80.0
CB-5 3.6 152.4 | 508.0 | 469.9 3.0 2.8 1.1 0.0 68.0 H 15 80.0
CB-6 2.9 152.4 | 609.6 | 571.5 2.3 2.1 1.1 0.0 67.6 H 15 80.0
Canbolat (2004) Specimen 2 1.1 150.0 600.0 570.0 0.8 0.8 0.3 0.0 57.0 PE 2.0 342.1
Specimen 3 1.1 150.0 | 600.0 | 570.0 0.6 0.6 0.3 3.7 57.0 PE 2.0 342.1
Specimen 4 1.1 150.0 | 600.0 | 565.0 0.6 0.6 0.5 1.5 63.4 T 15 100.0
Lequesnhe CB-1 1.8 150.0 | 600.0 | 570.0 1.6 15 0.6 2.9 45.0 H 15 78.9
(2011) CB-2 1.8 150.0 | 600.0 | 570.0 1.4 1.3 0.6 2.9 52.0 H 15 78.9
CB-3 1.8 150.0 | 600.0 | 570.0 1.4 1.3 0.5 2.9 34.0 H 15 78.9
Cl8 Hanetal. | FC-052,0 2.1 250.0 | 525.0 | 495.0 0.9 0.9 0.6 45 41.0 | PVA 2.0 307.7
(2015) FC-0,53,5 3.9 250.0 | 300.0 | 270.0 0.9 0.8 0.6 4.6 41.0 | PVA 2.0 307.7
Parra 1 2.4 150.0 | 475.0 | 4375 2.5 2.3 1.8 0.0 63.0 H 15 78.9
Montesinos et | 2 2.9 150.0 600.0 562.5 2.3 2.2 1.2 0.0 68.3 H 1.5 78.9
al. (2017) 3 3.6 150.0 | 500.0 | 462.5 3.1 2.9 1.2 0.0 68.3 H 1.5 78.9
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Table 312. HPFRC Coupling Beams without transverse reinforcement

T R Q Q Q oebd | ‘
YQi o@®i {"YhQdQa Qe ara o - - o o) | &
aa aa aa P 00 ® Type
(’g‘gfg)et | Fcoo0 2.2 2500 | 525.0 | 4885 4.5 41.0 PVA 2.0 307.7
g%'lg; a- | Fco3s 4.1 2500 | 3000 | 2595 4.6 41.0 PVA 2.0 307.7
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CHAPTER 4

ANALYTICAL MODELING

One of the main purposes of this analytical study is to obtain the load carrying capacity
of shear critical deep beams. Generatlhe failure mode of a deep beam is shear
failure, however, depending on the reinforcement detailing, cross sectional properties
and length of the beam, flexural failure may also be observed. Therefore, it is
important to accurately predict not only theah&trength but also the flexural strength

of a beam so that the failure mode and the load carrying capacity of the member can
be determined properly. For this purpose, a shear strength formulation and a
methodology to obtain the flexural strength are psmgl in this chapter. The two
capacities are then compared to obtain the mode of failure. Resulting member
capacities and comparison with experimental results are also presented for the beams

thatare considered in the database provided in Chapter 3.

4.1 Flexural Strength of FRC and HPFRC Beams

In structural members, internal flexural and shear forces occur as a result of external
loading. Members with shear spandepth ratios ¢¥Q) less than 2.5ASCEACI

Committee 445, 1998are considered to be e me mber s, wher e E
hypothesis oplane sections remain plane after bending does not hold true. However,

for more slender beams forwhicht#Qr at i o i s more than 2.5,
are applicable and used to obtain their flexuralacéms. The sheacapacity
corresponding to the deep beam flexural failaogi$ computed aB 7« whered is

the beam flexural capacity amdlis the shear spamf the memberFor the coupling
beamsconsidered in the database, the shear strengthspamding to flexural failure

is computed aso 0 ¥ a 7¢ , whereM is the internal moment anal is the clear

length of the member measured fromféeé ace of supports. Bern
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states that the strain distribution over the depth ofrteeber is linear. The section
reachesultimate moment capacitywhen the outermost concrete fiber under
compression reaches its maximum strain capagsnerally after the tension
reinforcement yields. Hence, the strain capacity of concrete under coropr&ssuld

be determined firslThe maximum compressive strain value for reinforced concrete is
accepted as 0.003 in tAenerican Concrete Instituuilding Code Requirementsif

Structural Concrete and Commentéwyhave a conservative design as shown in Fig.

4.1.
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Figure 41. Concrete compressive strain limit for reinforced concrete members (Mattock et al., 1961)

Moreover,Guide to Design with FibeReinforced ConcretéACI 544.4R18, 2018)
recommend®.003 aghe maximum compressive strain for fiber reinforced composite

to be conservative, as welh this analytical study, 0.003 is select&sthe limiting
compressivestrain for both fiber reinforced composite and high performance fiber
reinforced composite beams. In the tests selected for the database, the maximum
moment is observed #te midspa of the member for deep beapecimens and at

the beam ends for coupling beaobassemblies. The diagonal and dowel bars placed
64


https://www.concrete.org/Store/ProductDetail.aspx?ItemID=31814
https://www.concrete.org/Store/ProductDetail.aspx?ItemID=31814
https://www.concrete.org/Store/ProductDetail.aspx?ItemID=544418

in the coupling beams ataken into account in flexural capacity computatiortse
increase in the flexural capacity duestoainhardening of the reinforcement is not
accounted for to be conservatiectangular concrete stress block, first proposed by
Whitney (1937), is utilized in the compression zone. The equivalent rectangular stress
distributiondoes not represent thetaal stress distribution in the compressione at
nominal strength, but provides essentidlig same nominal combined flexural and
axial compressivestrengths (Mattock et al. 1961).The depih the equivalent
compressive block is considered toshe I &, where,qis the neutral axis depth and

the factof is computed from Table 4.1.

Table 41.1 Values
B (VPa) n
17.12 Q 27.6 0.85

27.6<"Q <55.2 WY ¢ W
T

Q uve 0.65

For reinforcedconcrete sections, the tensile strength of concrete is neglected in
flexural capacity computations. However, fibers trangéesile stresses across the
cracked surfaces. Thereforine postcracking tensile strengtbf fiber reinforced
composites is taken into account with a constant distribution throughout the tension
zone.The resulting stress distribution and equivalent forces are giviely.ir.2.In

this figure,0 is the concrete compression fortéjs the tensileforce resisted figers
and”Yis the force carried by the reinforcemértte formulation otompressive force,

0, and the total tensile forcéy are given below:

0 T[EHJLQ(:JQJ T p
Y 0Q , O Q ® T ¢
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Figure 42. Consideredstress distribution and equivalent forcesriestangular single reinforced

section

4.1.1 Tensile Strength of Fiber Reinforced Composites

Based on the tensile behavior, composites can be classified into two groups as fiber
reinforced composites (FRC) and high performance fiber reinforced composites
(HPFRC) (Shah et al1,999). The main difference between the two is the behavior of
the members after the formation of the first crack. FRC members exhibit- strain
softening response in which the maximum posicking strength,  is smaller than

the tensile strength of the composite at first cracking )¢ However, for HPFRC
members, the strength continues to increase after reachimgd multiple cracking

can be observed up to the pogtcking strength, which is always higher than the
crackng strength (Naaman, 2007)The postcracking tensile strength, ,

significantlyinfluences the structural performance of FRC beams (Choi et al, 2007).

Many analytical studies have been conducted to determine the cracking and post
cracking strengthef composites antbrmulations have been derivethce the early
seventies (Naaman, 1972; Naaman, 1974; Naaman, 1987; Naaman and Reinhardt,
1996).Naaman and Reinhardt (1996) proposed the following equation to calculate the

postcracking tensile strength:

. _ warQ t 1T O
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where,_ T T

 dfiber volume fraction,
a¥Q : fiber aspect ratio,
_ Dexpected pulbut length ratio,

T

Dorientation efficiency factor for cracked state,

_ Dgroup reduction factor depending on thenber of fibers in the unit area,

d efficiency factor of fiber orientation in the uncracked state of the
composite,
_ DPulley Effect,
_ DGeneral reduction in puthut response when fiber orientation angle is
oriented at greater thenr,
t Daverage interfacial bond stress.
Table 4.2 presents widely accepted values for_ h_,| factors and thenodulus

of elasticity,O, for the fiber types that are included in the database.

Table 4.2. Fiber Properties

. Modulus of Elasticity
Fiber Type ) )4 )4 )4 (GPa)
Steel 0.5 0.25 1.2 1 200
PVA 0.5 0.25 0.7 1 25
PE 0.5 0.25 0.5 1 117

4.1.1.1 Bond Strength

The behavior of fiber reinforced compositgspends also on the interfacial bond
characteristics between the fiber and the matrix. After cracking, if the bond between
the fiber and the matrix is well established, fibers prevent the extension of micro cracks

and initiate the formation of new craclksowever, as the cracks get wider, the fibers
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pull-out or fracture. Long fibers are more effective for large crack widths than short
ones due to their higher adherence. The bond strength is linearly proportional with the
fiber length, while it is inverselgroportional with the fiber diameter.

The difficulty in mixing a large volume of discontinuous fibers may result in some air
voids in the composites, which could lead to erroneous evaluation of the fiber bond
strength (Guerrero 1999).

The tensile streng of the matrix also has an effect on crack formation. The lower the
cracking strength of the matrix, the faster the crack gets wider and this will reduce the
stress transfer surface between the fiber and the matrix. Therefore, the cracking tensile
strengh of the matrix came considered to be the splitting tensile strength. There is a
range of bond strength values for different fiber types proposed by various researchers
based on the average results of single fiberquiltests (Fig. 4.3), some of whiare
tabulated in Table 4.3. However, considering a constant bond strength value based on
only the fiber type is a huge simplification. Bond strength depends not only on the
fiber type but also matriand fiber properties such as length and diameterediller

as discussed before. Taking these into account, a simple formutaporposed to
compute the interfacial bond strength based ondhsile strength of the matrix and

key fiber properties, which significantly affect the member behdagn. 45). In this
eqguation, the widely accepted formula to compute the average splitting tensile strength
of normal weight concrete (Hasson, 1961 and Ivey et al., 1§16&h in Eqn. 46 is

used to obtain theracking tensile strength of the matrix. The rangthefcalculated
interfacial bond strengths for the subassemblies in the database by using5Hgn. 4
tabulated in Table 4.4.

T o . DU ® T U

where, & 7Q Dfiber aspect ratio,
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@ Dfiber volume fraction,

,  Daverage splitting tensile strength of normal weight concrete.
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Figure 43. Single fiber pulout test setup (Guerrero, 1999)
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Table 43. Bond Strength Values Proposed in Prior Studies

Fiber Type Range ofProposed Bond StrengthgMPa)
Hookedend 4.5 (ParraMontesinos2000)- 19.2 (Li et al., 1992)
Crimped 4.1 (Batson et al., 1972)30.4 (Li et al., 1992)
Straight 9.4 (Lim and Oh, 1999)60.6(Cai et al. 2016
Flatend 45.3- 130.5 (Greenough and Nehdi, 2008)

Torex 6.15- 23.0 (Sujivorakol2003)
PVA 2.3 (Han et al., 2015)4.0 (Kwon etal., 2013)
PE 3.62(Canbolat, 2004) 11.0 (Yun et al., 2008)

Table 44. Bond Strength Values Proposeddarrent Study

Fiber Type Range of Proposed Bond Strengths (MPa)
(Obtained from Eqn. 4-5)

Hookedend 3.65-4.91
Crimped 2.77-4.55
Straight 3.68-5.18
Flatend 3.67-4.15
Torex 4.35-4.75
PVA 3.99-4.38
PE 4.39-4.72

w is the shear force resisted by vertical reinforcemant,

4.2 Shear Strength of FRC and HPFRC Beams

When a shear crack is formed in a beam, the shear resisting forces can be referred to
asw hw hw, ® andw as shown in Fig. 4.4n this figure,& is the shear carried

by concrete under compressien, is the vertical component of aggregate interlock,

by the longitudinal reinforcement due to dowattion, andw is the vertical

component of the shear carried by diagonal reinforcement
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Figure 44. Shear resisting forces in a beam after the formation of a shear crack

In design o hand are lumped together #se shear carried by concrete,

Thus, the nominal shear strength, can be defineds:

W W W W Ty
where, 0= T X QO Q T W
w — T pT
W ¢O0 Qi at T pp

Then, the equation becomes,

W ™MX Qw ' Q — ¢0 Qi @t T pg¢
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where,’Q Dconcrete compressive strength,
o Dsection width,
Q Deffective depth,
0 Dcross sectional area of the transverse reinforcement,
"Q Dyield strength of the transverse reinforcement,
i Dtransverse reinforcement spacing,
¢ 6 Diotal area of diagonal reinforcemeéntcouplingbeam,
"Q Dyield strength of the diagonal reinforcement.
a Dangle of inclination of the diagonal reinforcement with respect to the beam

longitudinal axis.

Prior research studies have shown that decreasing thesglagdio-depth ratio leads

to an increase in shear resistance because of the anchoring action in between loading
points and supports (Shahnewaz and Alam, 2014). Moreover, Ashour et al. (1992)
stated that the failure mode depended on the sheatcp@pthratio; when this ratio

was higher than 2.5, flexural failure was expected, whereas a thear spaito-

depth ratio commonly resulted in shear failure.
4.2.1 Proposed Shear Strength Prediction Equation

Based on the constructed database of 446 shitiaalcdeep beams, a shear strength
prediction equation is proposed that can be used for both FRC and HPFRC beams with
or without transverse and diagonal reinforcement. The key parameter of this equation
is selected to be the effective depth to clear dpagth ratio,Qft , since the shear

span depends on the loading conditions. The proposed equation is based ehZqgn. 4
however the contribution of concrete, transverse and diagonal reinforcement to shear

are modified to take into account the contribatof fibers.

O O™ QOQ O—— T Qi Q@ T po
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where,
p&8 Oy 8 EMra  plo
P8 TV E MBIdx  plo

™ EE Tm8rmu
PBEE T8ITU

where,’Q Dconcrete compressive strength,
o Dsection width,
Q Deffective depth,
a Cxlear length,
6 Dcross sectional area of the transverse reinforcement,
"Q Dyield strength of the transverse reinforcement,
i Dtransverse reinforcement spacing,
¢ 0 Diotal area ofliagonal reinforcement in the cressction,
"Q Dyield strength of the diagonal reinforcement,
a Dangle of inclination of the diagonal reinforcement with respect td#zen

longitudinal axis.

4.2.1.1 Concrete Contribution

Normally, the tensile strength of concrete increases with increasing compressive
strength, however, the ratio of the tensile to compressive strength decreases. The

tensile strength of concrete is generally considered as proportional to the square root

of its compressive strength. The distribution 68 vs experimental shear strength for

the subassemblies included in the database is given in Fig. 4.5.
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Figure 45. Influence of ZEon shear strength of FRC beams

The sheacapacity of reinforced concrete members without transverse reinforcement
is given as Eqn.-46 (ACI 31814).

W T@xﬁ&)'ﬂ 0 T pO

This formula provides reasonable accuracy for reinforced concrete memhbenger,
for FRC and HPFRC beams due to the stress transfer across inclined cracks, a higher
contribution of the composite to shear carrying capacity is considered in the proposed

equation.

4.2.1.2 Contribution of the Transverse Reinforcement

Transverseeinforcement increases the shear strength of a member and with proper
detailing a more ductile mode of failure, namely flexural failure, will be observed in

the members with transverse reinforcement. Before the formation of the inclined
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cracks, the straivalue on the legs of a stirrup is equal to the strain value of concrete
andthe stresses on the transverse reinforcement are very low. When thevicithek
increase, the stress on stirrup legs will also increase and they will eventually yield.
After yielding of the stirrups, crack widths increase rapidiyber reinforced
composite deep beams have multiple cracking before failure with a much higher
number of cracks when compared to reinforced concrete beams (Fig. 4.6). Since the
crack widths are narveer, the strains on the legs of the stirrups are reduced when
fibers are added to the composite; furthermore, fibers also withgtarwidening of

the diagonal cracks (Ding et al. 2011). Therefore, in the proposed equation, the
contribution of the transvse reinforcement to shear carrying capacity is reduced,
when the shear reinforcement ratio, computed a$ 7 & i , is higher than 0.5%.

The influence of the transverse reinforcement ratio on the sheagttris presented

in Fig. 4.7.

a) Reinforced concrete bear

b) FRC beam

Figure 46. Cracking pattern for RC and FRC beams (Dinh et al. 2010)
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Figure 47. Influence of the stirrup ratio on shear strength of FRC beams

4.2.1.3 Contribution of the Diagonal Reinforcement

The vertical component of the force on the diagonal reinforcement contributes to the
shearcapacity.The stress on the diagonal reinforcement depends on the crack width,
as in the case for thigansverse reinforcement. Therefore, the contribution of the
diagonal reinforcement iglso reduced with a constant factor of 0.8 in the proposed

equation.

4.2 .4 Effect of Shear Spanto-Depth Ratio

In prior research studies, the shear sfpadepth rat is considered to be one of the
most important parameters that affects the shear strength of members. The failure
mode also depends on the shear gpatepth ratio (F<Q). When this ratio is higher

than 2.5, flexural failure is expected and when itowdr, shear becomes more
dominant. Ashour et al. (1992) mentioned that the shear capacity was much higher for

smallerci¥Qratios In the proposed procedure the flexural and shear capacities of the
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beams are compared for beams that Rgk@ratiosmorethan 2.5 to determine the
failure mode and accurately predict the shear strength. For beamgfQitatios less

than 2.5, the strain distribution due to flexural loading does not remain linear because
of the increased shear strains. Therefore, onlptbposed shear capacity equation is
used to determine the capacity of beams that G atios less than 2.Fhe effect

of shear spato-effective depth ratiodfQ on the shear strength for fiber reinforced

composite shear critical beams is showfrig. 4.8.
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Figure 48. Influence of the shear spamrdepth ratio on shear strength of FRC beams

The shear span depends on the clear length of the member and the loading conditions.
In this study, it is observed that theesr strength is more prone to variatior{3t

ratio especially for the coupling beams, as in the case of reinforced concrete walls
(ACI 318-14). Therefore,Ofa ratio is considered in the proposed equation. Another
advantage of using this ratio tee fact that it remains constant for all loading

conditions, which will make it more suitable to be used in design recommendations.
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4.3 Comparison of Existing Prediction Equations with the Proposed One

Numerous equations were proposed by differergarehers to predict the ultimate

shear strength of fiber reinforced composite beams. Most of these equations only
consider shear failure, without taking into account the flexural capacity. Moreover,
most of them are only applicable to steel fiber reinfo@@mposites, while other fiber

types were not considered. These formulations are presented in this section and the
predictions from these equations, as well as the proposed equation are compared with
the experimental results.

Statistical parameters aread in the comparison such as the ratio of predicted shear
strength to experimental shear strength, mean, standard deviation and average absolute
error calculated by the equations given beldivthe shear prediction equations given

in Table 4.5 are disssed in detail in Chapter 2.

DQWew — T pX
Yo G O UG O Gé—t T ooy
50Q BN WooO® - — pTm T pw

where, ¢ Dnumber of specimens &ach group,
w Dexperimental shear strength (MPa)
w Dpredicted shear strength (MPaptained byusing the proposed

equations
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Table 45. Shear Strength Prediction Equations

Equation )
Reference Shear StrengthFormulation
Number
M ACI 31814 6 T T 0 "QQ Q) for deep beams
1
(2014) ® ¢d Qi "0t Mo Qe Qfor coupling beams
@) Sharma (1986) o 9929 02 10
i @
@) Mansur et al. _ 0 " 0 .
® Q T T8 W= wQ
(1986) T@e R PR g pTwg
) 0 'Q ’Q Q "Q o
@ Narayanan and w Ca’& T® T L o Vv w €h @
Darwish (1987) ’ 0 - )
w ™ 1Q Yt 5 U w Q "Q¢ 5 <]
® ¢®pQ xO 27 0 ¢® & & Q"Qéi@ ®
5) Ashour et al. @ @0 Q Q
(1992) _ Q 8 ®
w BpQ xO 7 w Q "Q¢ 5 ®
, Q )
© Khuntia et al. ® T PXCBy TR U0 Qw Q0L B
(1999) O T QXT® U0 QO Q Q¢ g ®
, Qe ., 9 o, O
w o od o Q "= Tdpu wQQeEGEB)
Kwak et al. w w
7
(2002) J. Q | . o
w oy Q T = ™ w Q Q¢ od
w Q
- W e wms, 07QQ
(8) Canbolat(2004) w , ®Q ¢o Qi Qg|
= 0w v Q Q
9) Lequesne(2011 w ™ Qw Q ¢o Qi Qg
: , — T 0 QM T
(10) Caietal. (2016) w T WQ TP Q i mroupg” Q w Q
Dinh et al. , . s .o
(11) W T™OQ WwQ wweowe fo- ¢
(2011)
) . — . 670 0w e
w O ™ Qw Q ® i ) ¢o0 Qi "Qt
ShearStrength
P 8 P
Equation for the| g Q. E A2, 70
aw | o 0 oa o P
Proposed 08 TE L E @d oTo
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Considering the limitations of the prediction equations, the shear capacities of all
specimens belonging to each different group of the database are compared with the
experimental values. The following tables include all applicable equations for
differentgroups of specimens and their comparisons with experimental shear strengths
for the proposed method and the methods recommende&Cby318-14 (2014),
Sharma (1986), Mansur et al. (1986), Narayanan and Darwish (1987), Ashour et al.
(1992), Khuntia et al. @99), Kwak et al. (2002), Canbolat et al. (2005), Lequesne
(2011), Cai et al. (2016Pinh et al(2017). Only the proposed method and the method
recommended by Dingt. al. (2011ronsidered flexural failure as well as shear fajlure
therefore, in additio to the values obtained from the shear prediction equations, the
shear capacities corresponding to the flexural failure are also computed for members
with ¢c¥Qratios more tha 2.5 for these two methods. Although ACI 3148 (2014)
eqguations are valid for reinforced concrete members, they are included in these tables,
since the values obtained from these equations could be considered as a lower bound

for the shear strength.

4.3.1 Comparison of Shear Prediction Equationsfor Deep Beams(=|=7- O 2.5)

with Transverse Reinforcement

From Fig.4.9 (1), it can be observed that the shear formulation of AGI131®014)

is conservative in shear strength estimation. The shear stnaaigés obtained from

Eqgn. (2) by Sharma (1986) overpredict the experimental shear strength for nearly half
of the specimens. Moreover, the mean (1.35), standard deviation (0.35) and AAE
(44.25%) are higher than thesaues for the other predictions. Té@mparison of the
proposed method is given in Fig. 4.9 (12). For the majority of the members, the
experimental results are underestimated, which makes the equation conservative for
design purposes (Table 4.6). Furthermore, nf@af8), standard deviatiof.(2), and

AAE (27.54%) of the proposed equation are lowen those of the other models.
Standard deviation ia significant parameter that indicates the scatter of the data
Therefore, it can be concluded that when compared with the other prediction

equations, the proposed method entesithe accuracy of the predicted shear strength.
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Table 4.6. Statistical Parameters fdbeep BeamsifQO 2. 5) wi t h
Equation AVQ.
Sheqr Mean| Range Stapdgrd Absolute
Number Equation Deviation| Error
(%)
(1) ACl 31814 (2014)| 0.73 | 0.35-1.08 0.22 28.31
(2) Sharma (1986) | 1.35 | 0.65-2.39 0.35 44.25
(12) Proposed Method| 0.73 | 0.56- 1.03 0.12 27.54
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Table 47. Comparison of Predicted versus Experimental Strengths for Deep Bedi@) 2.5 ) with transverse
N . " 00O Q &) . &) ® 7o

YQi I o YR QwQa Qg I By () . a/Q .
(%) Type (%) VLW p S P Gq
Cuchiara et al.| B11 2.0 10.5 0.2 H 1.0 60.0 121.0 0.86 1.03 1.03
(2004) B21 2.0 10.5 0.2 H 2.0 60.0 173.0 0.62 0.74 0.73
B12 2.0 10.5 0.6 H 1.0 60.0 156.6 0.67 1.27 0.92
Choand Kim | F60-0.513S 14 4.3 0.5 H 0.5 60.0 97.3 0.78 1.36 0.78
(2003) F60-1.0-13S 1.4 4.3 0.5 H 1.0 60.0 97.3 0.81 1.39 0.82
F60-1.513S 14 4.3 0.5 H 15 60.0 96.2 0.81 1.40 0.84
F60-2.0-13S 14 4.3 0.5 H 2.0 60.0 109.0 0.72 1.24 0.77
K1 2.2 14.4 3.0 S 1.8 101.6 84.9 0.48 1.71 0.58
Batson et al. | K2 2.4 14.4 3.0 S 1.8 101.6 76.3 0.53 1.89 0.59
(1972) U2 2.2 14.4 3.0 C 1.8 46.2 60.8 0.67 2.39 0.77
V1 1.8 14.4 3.0 C 1.8 46.2 90.2 0.45 1.63 0.64
V2 1.8 14.4 3.0 C 1.8 46.2 76.9 0.53 1.91 0.74
V3 2.0 14.4 3.0 C 1.8 46.2 86.2 0.47 1.69 0.60
W1 1.2 14.4 3.0 C 1.8 46.2 145.0 0.28 1.04 0.59
W2 1.2 14.4 3.0 C 1.8 46.2 139.3 0.29 1.08 0.62
W3 1.4 14.4 3.0 C 1.8 46.2 131.8 0.31 1.13 0.56
Ar a¥j o | V-1-0.21 2.5 6.5 0.2 H 1.0 65.0 275.5 0.67 0.82 0.84
(2014) V-2-0.21 2.5 6.5 0.2 H 2.0 65.0 360.0 0.54 0.65 0.67

r

ei

nf orci



4.3.2 Comparison of Shear Prediction Equations for Deep BeamgE™®  2.5)

without Transverse Reinforcement

In Fig. 4.10, (3) and (6), the shesirength formulations of Mansur et al. (1986) and
Khuntia et al. (1999) are shown, respectively. From Table 4.8, it can be observed that
the mean values of these equations are very low. Underestimation is more
conservative; however the majority of thessutes are below half of the actual
experimental shear strengths. Moreover, AAE values are 52.47% and 57.63%,
respectively, which correspond to the two highest errors in Table 4.8. Eqn. (1) has the
highest mean and overestimates the shear strength foofitbstsubassemblies. The
mean values of Eqns. (2), (7), and (12) are similar. However, the standard deviation
(0.21) and AAE (26.31%) for Eqgn. (7) by Kwak et al. (2002) are the lowest and this
prediction gives the most uniform distribution within thege¢hequations. The mean

of Egns. (4), and (5), are 0.92, 0.94; standard deviations are 0.33, 0.32; and AAE values
are 28.38, 27.67, respectively. Standard deviations are very close to one another,
however, these two equations have the most uncorservasudts. It should be
remembered that some of these equations are not applicable to all the specimens
considered in the database, therefore, only the equations applicable for these types of

specimens are used in the comparisons.
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Figure 410. Shear strength predictions for Deep Bead#®YO 2 . 5)
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Figure 4.10.Shear strength predictions for Deep Beadi®YO 2 . 5)

(continued):
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(5) Ashour et al. (1992); (6) Khuntia et al. (1999); (7) Kwak et al. (2002); (12) Proposed
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Table 48. Statistical Parameters for Deep Beand#QO 2 . 5)

without

transverse

e | o e Range | SO poug

Error (%)
(1) AC| 31814 (2014) | 1.39 | 0.44-3.55 0.38 39.81
(2) Sharma (1986) | 0.78 | 0.37-2.53 0.33 33.92
3) Mansur et al. (1986) 0.49 | 0.23-1.89 0.24 52.47
4) S::Z@”?l“gg;? 0.02 | 049-1.83 | (.33 28.38
(5) Ashour et al. (1992) 0.94 | 0.18-1.81 0.32 27.67
(6) Khuntia et al. (1999) 0.44 | 0.48-2.11 0.23 57.63
(7) Kwak etal. (2002) | 0.78 | 0.39-1.58 0.21 26.31
(12) Proposed Method | 0.72 | 0.32-1.40 0.23 31.80
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Table 49. Comparison of Predicted versus Experimental Strengths for Deep Bé@ii 2. 5 ) wi t hout transverse
5 . ound (&) 0 fo
YQi Q®i| YR QOQaY fQ arQ arnQ _
Type (%) DLW p C o] T V) () X pPCq
Mansur et Bl 2.0 10.2 H 0.5 60.0 75.0 1.3 0.9 0.5 0.8 0.4 0.8 0.6 1.0
al. (1986) C1l 2.0 10.2 H 0.8 60.0 85.0 1.2 0.8 0.5 0.8 0.4 0.8 0.6 0.9
D1 2.0 10.2 H 1.0 60.0 93.0 1.1 0.8 0.5 0.9 0.4 0.8 0.6 0.8
Lim et al. 2/1,0/1,5 1.5 7.2 H 1.0 60.0 106.5 1.1 0.9 0.5 1.3 0.4 1.0 0.9 0.8
(1987) 2/1,0/2,5 2.5 9.5 H 1.0 60.0 60.2 2.0 1.4 0.8 0.9 0.8 1.1 0.9 1.0
2/0.5/1.5 1.5 7.2 H 0.5 60.0 106.8 1.1 0.9 0.4 1.0 0.4 0.9 0.8 0.8
2/0,5/2,5 2.5 9.5 H 0.5 60.0 58.0 2.1 1.4 0.7 0.8 0.7 0.9 0.8 1.0
4/1/1.5 1.5 7.2 H 1.0 60.0 147.5 0.8 0.6 0.4 1.1 0.3 1.0 0.7 0.6
4/1,0/2,5 2.5 9.5 H 1.0 60.0 82.6 1.5 1.0 0.6 0.9 0.6 1.0 0.8 1.1
4/0.5/1.5 1.5 7.2 H 0.5 60.0 135.0 0.9 0.7 0.4 1.0 0.3 1.0 0.7 0.7
4/0,5/2,5 2.5 9.5 H 0.5 60.0 63.7 1.9 1.3 0.7 0.9 0.6 1.0 0.9 1.4
Cuchiara et | B10 2.0 10.5 H 1.0 60.0 115.0 1.1 0.8 0.5 0.9 0.4 0.8 0.7 0.8
al. (2004) B20 2.0 10.5 H 2.0 60.0 115.5 1.2 0.8 0.7 1.3 0.6 1.1 0.9 0.9
ken ( 2/ BEAM-03 2.0 9.3 H 0.5 65.0 73.4 1.8 1.3 0.6 1.0 0.6 0.9 0.9 1.1
BEAM-05 2.0 9.3 H 0.8 65.0 79.0 1.7 1.2 0.7 1.0 0.6 0.9 0.9 1.1
BEAM-07 2.0 9.3 H 0.5 80.0 79.0 1.7 1.2 0.7 1.0 0.6 0.9 0.9 1.1
BEAM-09 2.0 9.3 H 0.8 80.0 90.8 1.5 1.0 0.7 1.0 0.7 0.9 0.9 0.9
Kwak et al. | FHB2-2 2.0 5.9 H 0.5 62.5 135.0 1.0 0.7 0.4 0.5 0.4 0.5 0.5 0.6
(2002) FHB3-2 2.0 5.9 H 0.8 62.5 144.0 0.9 0.7 0.4 0.6 0.4 0.5 0.5 0.6
FNB2-2 2.0 5.9 H 0.5 62.5 107.1 0.9 0.6 0.3 0.6 0.3 0.5 0.4 0.6
Rosenbusch| 2.2/2 1.5 8.8 H 0.3 65.0 280.0 0.7 0.6 0.3 0.6 0.3 0.6 0.5 0.5
andTeutsch | 2.2/3 1.5 8.8 H 0.8 65.0 300.0 0.7 0.5 0.4 0.8 0.3 0.7 0.6 0.5
(2003) 2.3/2 2.5 8.8 H 0.3 65.0 82.5 2.5 1.7 0.9 0.9 0.8 0.8 0.8 1.2
2.3/3 2.5 8.8 H 0.8 65.0 108.0 1.9 1.3 1.0 0.8 0.9 0.9 0.8 1.0
2.4/2 2.5 8.8 H 0.3 65.0 108.0 1.9 1.3 0.7 0.8 0.6 0.8 0.7 1.3
2.4/3 2.5 8.8 H 0.8 65.0 144.0 1.4 0.9 0.7 0.7 0.7 0.7 0.7 1.0
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Table 4.9 Comparison of Predicted versus Experimental Strengths for Deep Bedi@€) 2.5 ) wi t hout transverse
. ., 0ehd  ® ‘ w w Tw
YQi @i YR QoQaY ofQ arQ arQ o
Type (%) (VU] p C (o) T V] () X pq
Dupontand | 14 1.5 8.8 H 0.3 65.0 280.0 0.7 0.6 0.3 0.6 0.3 0.6 0.5 0.5
Vandewalle | 15 1.5 8.8 H 0.8 65.0 300.0 0.7 0.5 0.4 0.8 0.3 0.7 0.6 0.5
(2003) 17 2.5 8.8 H 0.3 65.0 82.5 2.5 1.7 0.9 0.9 0.8 0.9 0.8 1.2
18 2.5 8.8 H 0.8 65.0 108.0 1.9 1.3 1.0 0.8 0.9 0.9 0.8 1.0
20 2.5 8.8 H 0.3 65.0 108.0 1.9 1.3 0.7 0.7 0.6 0.8 0.7 1.3
21 2.5 8.8 H 0.8 65.0 144.0 1.4 0.9 0.7 0.7 0.7 0.7 0.7 1.0
26 2.5 8.8 H 0.3 45.0 100.0 1.7 1.1 0.5 0.6 0.5 0.6 0.5 1.0
27 2.5 8.8 H 0.8 45.0 120.0 1.4 1.0 0.6 0.6 0.6 0.6 0.5 0.8
29 2.5 8.8 H 0.3 45.0 100.0 1.7 1.1 0.6 0.7 0.5 0.7 0.6 1.2
30 2.5 8.8 H 0.8 45.0 120.0 1.4 0.9 0.6 0.7 0.5 0.7 0.6 1.0
31 2.5 8.8 H 0.5 65.0 130.0 1.7 1.2 0.8 0.6 0.7 0.7 0.7 0.8
32 2.5 8.8 H 0.5 65.0 157.5 1.4 0.9 0.6 0.6 0.6 0.6 0.6 0.9
33 2.5 8.8 H 0.5 80.0 147.5 1.5 1.0 0.8 0.6 0.8 0.6 0.6 0.7
34 2.5 8.8 H 0.8 80.0 158.0 1.5 1.0 1.0 0.6 1.0 0.7 0.7 0.7
41 2.5 10.7 H 0.6 80.0 162.0 1.4 0.9 0.7 0.6 0.7 0.6 0.6 0.6
42 2.5 10.7 H 0.9 80.0 162.0 1.3 0.9 0.9 0.6 0.8 0.8 0.6 0.6
43 2.5 10.7 H 0.4 80.0 162.0 1.3 0.9 0.6 0.5 0.6 0.5 0.5 0.6
Imam et al. | B15 1.8 10.8 H 0.8 75.0 404.0 1.0 0.7 0.5 0.7 0.4 0.6 0.7 0.7
(1994) B5 2.5 10.8 H 0.8 75.0 269.0 1.5 1.0 0.7 0.6 0.7 0.7 0.7 0.9
B16 1.8 10.8 H 0.8 75.0 528.0 0.7 0.5 0.4 0.6 0.3 0.6 0.6 0.5
B6 2.5 10.8 H 0.8 75.0 284.0 1.4 0.9 0.7 0.6 0.6 0.7 0.8 1.0
Tan et al. 2 2.0 5.0 H 0.5 60.0 218.0 0.8 0.6 0.3 0.5 0.3 0.5 0.4 0.6
(1993) 3 2.0 5.0 H 0.8 60.0 180.9 0.9 0.7 0.4 0.7 0.3 0.6 0.5 0.7
4 2.0 5.0 H 1.0 60.0 210.3 0.8 0.6 0.4 0.7 0.3 0.6 0.5 0.6
5 2.5 5.0 H 1.0 60.0 154.2 1.2 0.8 0.5 0.6 0.4 0.7 0.6 0.8
6 1.5 5.0 H 1.0 60.0 307.0 0.6 0.4 0.3 0.7 0.2 0.6 0.5 0.4
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Table 4.9 Comparison of Predicted versiEsperimental Strengths f@eep Beams¢#QO 2.5 ) wi t hout transverse
, oabqd @ @ o 7o
YQi Q®i| YR QOQEY OIQ arQ arQ _
Type (%) Dbow|l p C o T v ® X P C
Ashour et al.| B-2-.0-L 2.0 6.3 H 1.0 75.0 45.2 3.6 2.5 1.9 15 1.8 1.7 1.6 0.8
(1992) B-1-0.5A 1.0 4.3 H 0.5 75.0 244.3 0.7 0.6 0.3 1.1 0.3 1.1 1.1 0.5
B-2-0.5A 2.0 6.3 H 0.5 75.0 129.5 1.3 0.9 0.6 0.8 0.5 0.8 0.9 0.9
B-1-1.0-A 1.0 4.3 H 1.0 75.0 342.4 0.5 0.4 0.3 0.9 0.2 0.9 0.8 0.3
B-2-1.0-A 2.0 6.3 H 1.0 75.0 162.9 1.0 0.7 0.6 0.8 0.5 0.7 0.8 0.7
B-1-1.5A 1.0 4.3 H 15 75.0 374.9 0.4 0.4 0.3 1.0 0.3 0.8 0.8 0.3
B-2-1.5A 2.0 6.3 H 1.5 75.0 193.8 0.8 0.6 0.6 0.8 0.5 0.7 0.7 0.6
B-2-1.0-M 2.0 6.3 H 1.0 75.0 180.9 0.9 0.6 0.5 0.8 0.5 0.8 0.8 0.7
Choand Kim| F30-0.513 1.4 4.3 H 0.5 60.0 60.9 1.0 0.8 0.4 1.2 0.4 1.2 0.8 0.8
(2003) F30-1.0-13 1.4 4.3 H 1.0 60.0 79.4 0.8 0.6 0.4 1.2 0.3 1.1 0.7 0.6
F30-1.513 1.4 4.3 H 1.5 60.0 84.3 0.7 0.6 0.4 1.4 0.4 1.1 0.7 0.5
F30-2.0-13 1.4 4.3 H 2.0 60.0 91.4 0.7 0.6 0.5 1.6 0.4 1.1 0.8 0.5
F60-0.513 1.4 4.3 H 0.5 60.0 95.2 1.0 0.8 0.4 1.0 0.3 0.9 0.9 0.7
F60-1.0-13 1.4 4.3 H 1.0 60.0 103.0 1.0 0.7 0.4 1.1 0.4 1.0 0.9 0.7
F60-1.513 1.4 4.3 H 1.5 60.0 102.8 0.9 0.7 0.5 1.3 0.5 1.0 1.0 0.7
F60-2.0-13 1.4 4.3 H 2.0 60.0 114.9 0.9 0.7 0.5 1.4 0.5 1.0 0.9 0.6
F700.519 1.4 4.3 H 0.5 60.0 178.8 0.6 0.5 0.2 0.6 0.2 0.7 0.6 0.4
F701.0-19 1.4 4.3 H 1.0 60.0 169.5 0.6 0.5 0.3 0.8 0.3 0.8 0.7 0.4
F701.519 1.4 4.3 H 1.5 60.0 186.7 0.5 0.4 0.3 0.9 0.3 0.8 0.7 0.4
F70-2.0-19 1.4 4.3 H 2.0 60.0 198.5 0.5 0.4 0.3 0.9 0.3 0.8 0.7 0.4
F80-0.5-16 1.4 4.3 H 0.5 60.0 157.9 0.7 0.6 0.3 0.7 0.2 0.7 0.7 0.5
F80-1.0-16 1.4 4.3 H 1.0 60.0 162.8 0.7 0.5 0.3 0.8 0.3 0.7 0.7 0.5
F80-1.5-16 1.4 4.3 H 1.5 60.0 158.4 0.7 0.6 0.4 1.0 0.3 0.8 0.8 0.5
F80-2.0-16 1.4 4.3 H 2.0 60.0 179.5 0.6 0.5 0.4 1.0 0.4 0.8 0.7 0.5
F80-0.519 1.4 4.3 H 0.5 60.0 153.5 0.8 0.6 0.3 0.8 0.3 0.9 0.8 0.6
F80-1.0-19 1.4 4.3 H 1.0 60.0 170.6 0.7 0.5 0.3 0.9 0.3 0.8 0.8 0.5
F80-1.519 1.4 4.3 H 1.5 60.0 170.2 0.7 0.5 0.4 1.0 0.3 0.9 0.8 0.5
F80-2.0-19 1.4 4.3 H 2.0 60.0 176.0 0.7 0.5 0.4 1.1 0.4 0.9 0.9 0.5
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Table 4.9 Comparison of Predicted versus Experimental Strengths for Deep Bedi@€ 2.5 ) wi t hout transverse
. ) 0eeq  ® ‘ w 0 Tw
YQi Q@di| "Yn QoQa'l Q arQ arQ -
Type (%) LL® p q o T V] (0] X PG
Li et al. M11 63.5 127.0 C 1.0 57.0 50.7 0.6 0.5 0.3 1.2 0.3 1.1 0.9 0.8
(1992) M12 63.5 127.0 C 1.0 57.0 334 0.9 0.7 0.5 1.0 0.4 0.9 0.8 0.7
M13 63.5 127.0 C 1.0 57.0 30.1 1.0 0.7 0.5 0.9 0.5 0.8 0.8 0.5
M14 63.5 127.0 C 1.0 57.0 25.8 1.1 0.8 0.6 0.9 0.5 0.8 0.8 0.6
M15 63.5 127.0 C 1.0 28.5 234 1.4 0.9 0.6 0.7 0.5 0.7 0.7 0.6
M16 63.5 127.0 C 1.0 28.5 20.5 1.6 1.0 0.6 0.7 0.6 0.7 0.7 0.5
C4 63.5 127.0 H 1.0 60.0 36.5 0.5 0.4 0.2 0.7 0.2 0.5 0.4 0.8
Khalooand | LC-0.516 125.0 220.0 H 0.5 29.0 102.9 0.8 0.7 0.3 1.7 0.2 2.1 1.3 0.6
Kim (1997) | LC-1.0-16 125.0 220.0 H 0.5 58.0 125.1 0.7 0.6 0.3 1.5 0.2 1.8 1.1 0.6
LC-1.516 125.0 220.0 H 1.0 29.0 146.3 0.6 0.5 0.3 1.3 0.2 1.5 0.9 0.6
LC-0.532 125.0 220.0 H 1.0 58.0 134.5 0.7 0.6 0.3 1.8 0.3 1.8 1.2 0.6
LC-1.0-32 125.0 220.0 H 1.5 29.0 145.5 0.6 0.5 0.3 1.5 0.2 1.6 1.0 0.5
LC-1.532 125.0 220.0 H 1.5 58.0 164.2 0.5 0.4 0.3 1.7 0.2 1.5 0.9 0.7
NC-0.516 125.0 220.0 H 0.5 29.0 123.5 0.8 0.7 0.3 1.5 0.2 1.8 1.4 0.7
NC-1.0-16 125.0 220.0 H 0.5 58.0 154.6 0.6 0.6 0.3 1.4 0.2 1.5 1.1 0.5
NC-1.516 125.0 220.0 H 1.0 29.0 170.0 0.6 0.5 0.3 1.3 0.2 1.4 1.1 0.6
NC-0.5-32 125.0 220.0 H 1.0 58.0 152.1 0.7 0.6 0.3 1.7 0.3 1.6 1.2 0.5
NC-1.0-32 125.0 220.0 H 1.5 29.0 176.8 0.6 0.5 0.3 1.3 0.2 1.4 1.0 0.5
NC-1.5-32 125.0 220.0 H 1.5 58.0 192.5 0.5 0.4 0.3 1.6 0.2 1.3 0.9 0.6
MC-0.516 125.0 220.0 H 0.5 29.0 153.2 0.7 0.6 0.3 1.3 0.2 1.5 1.3 0.5
MC-1.0-16 125.0 220.0 H 0.5 58.0 170.2 0.7 0.6 0.3 1.3 0.2 1.4 1.2 0.8
MC-1.516 125.0 220.0 H 1.0 29.0 199.1 0.6 0.5 0.2 1.1 0.2 1.2 1.0 0.7
MC-0.5-32 125.0 220.0 H 1.0 58.0 184.5 0.6 0.5 0.3 1.5 0.2 1.4 1.1 0.5
MC-1.0-32 125.0 220.0 H 1.5 29.0 222.8 0.5 0.5 0.2 1.1 0.2 1.1 0.9 0.6
MC-1.532 125.0 220.0 H 1.5 58.0 236.2 0.5 0.4 0.3 1.3 0.2 1.1 0.9 0.6
Shin et al. 1 100.0 200.0 S 0.5 100.0 119.7 0.8 0.6 0.3 0.6 0.3 0.6 0.6 0.5
(1994) 2 100.0 200.0 S 1.0 100.0 129.5 0.8 0.5 0.4 0.7 0.3 0.7 0.6 0.8
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4.3.3 Comparison of Shear Prediction Equations for Deep BeamgE> 2.5)

with Transverse Reinforcement

The shear formulation of ACI 3184 (2014) shown in Fig. 4.11 (1), has a high scatter

of data, therefore, the mean (1.53), standard deviation (0.18) ABA%6.67%) are
relatively high, which raises a question on the validity of this equation for these
members. The shear strength values obtained from Eqgn. (2) by Sharma (1986)
overpredict most of the experimental shear strength values (Table 4.10). Moite®ver
mean (3.27), standard deviation (1.57) and AAE (231.18%) are higher than those of
the other predictions. The error for this equation is especially high for the specimens
of Batson et al. (1972), which are small scale specimens. This indicatesehat th
equation does not provide accurate results for small scale members. The comparison
of the proposed method with the experimental shear is given in Fig.4.11 (12). For the
majority of the members, the experimental results are again underestimated (Table
4.9). Moreover, mean (0.78), standard deviation (0.12) and, AAE (25.13%) are much
lower than that of other equations. Consequently, the proposed method leads to

improved predictions, when compared with the others.
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Figure 411. Shear strength predictions for Deep Bead#> 2.5) with transverse reinforcement:
(1) ACI 31814 (2014); (2) Sharma (1986); (12) Proposed method

Table 410. Statistical Parameters for Deep Beand¥Q> 2.5) with transverse reinforcement

Avg.
Equation Shear Standard| Absolute
N?meer Equation Mean Range Deviation| Error
(%)
(1) ACIl 31814 (2014)| 1.53 | 0.55-3.86 0.18 56.67
(2) Sharma (1986) | 3.27 | 0.56-5.84 1.57 231.18
(12) Proposed Method| 0.78 | 0.52-1.19 0.12 25.13
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Table 411. Comparison of Predicted versus Experimental Strengths for Deep Beédfifis>(2.5 ) with transverse reinforcement

. . " 0Qhe R O 1o
YQi Odi ¢ YR Qh'QaQf  rQ aTQ arQ )
(%) Type (%) 00 p C PC
SwamyandBa | B52 45 9.0 0.2 C 0.4 100.0 79.5 1.7 1.4 1.2
hia (1985) B53 4.5 9.0 0.2 C 0.8 100.0 114.0 1.2 1.0 0.8
B54 45 9.0 0.2 C 1.2 100.0 115.0 1.3 1.0 0.9
B55 45 9.0 0.2 C 0.8 100.0 118.2 1.2 0.9 0.8
B56 4.5 9.0 0.2 C 0.8 100.0 96.4 1.5 1.2 0.7
B63R 45 9.0 0.2 C 0.8 100.0 75.5 1.8 1.4 0.8
Batson et al. Al 4.8 14.4 3.0 S 0.2 101.6 31.4 1.5 4.3 0.6
(1972) A2 4.8 14.4 3.0 S 0.2 101.6 26.7 1.7 51 0.8
A3 4.8 14.4 3.0 S 0.2 101.6 29.5 1.6 4.6 0.7
Bl 4.4 14.4 3.0 S 0.2 101.6 32.7 1.4 4.2 0.7
B2 4.4 14.4 3.0 S 0.2 101.6 31.0 1.5 4.4 0.7
B3 4.4 14.4 3.0 S 0.2 101.6 31.6 1.5 4.3 0.7
Cl 4.2 14.4 3.0 S 0.2 101.6 315 1.5 4.4 0.7
C2 4.2 14.4 3.0 S 0.2 101.6 27.9 1.7 4.9 0.8
C3 4.2 14.4 3.0 S 0.2 101.6 25.1 1.8 55 0.9
D1 4.3 14.4 3.0 S 0.2 101.6 325 1.4 4.2 0.7
D2 4.3 14.4 3.0 S 0.2 101.6 29.5 1.6 4.6 0.8
D3 4.3 14.4 3.0 S 0.2 101.6 27.9 1.7 4.9 0.8
E1l 4.2 14.4 3.0 S 0.4 101.6 32.7 1.6 4.3 0.7
E2 4.2 14.4 3.0 S 0.4 101.6 329 1.5 4.3 0.7
E3 4.2 14.4 3.0 S 0.4 101.6 32.9 1.5 4.3 0.7
F1 4.0 14.4 3.0 S 0.4 101.6 33.1 1.5 4.2 0.8
F2 4.0 14.4 3.0 S 0.4 101.6 31.1 1.6 45 0.8
F3 4.0 14.4 3.0 S 0.4 101.6 33.1 1.5 4.2 0.8
G1 4.4 14.4 3.0 S 0.2 101.6 28.3 1.6 4.8 0.8
G2 4.4 14.4 3.0 S 0.2 101.6 28.8 1.6 4.8 0.8
G3 4.4 14.4 3.0 S 0.2 101.6 26.9 1.7 5.1 0.8
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Table 4.11Comparison of Predicted versus Experimental Strengths for Deep Bédlifds>(2.5 ) with transverse reinforcement (continued)

. . , oRbal o R G 7o
YQi Ui w|YH QuwQda Q¢ wrQ arQ (%) a/Q e
Type (%) LU W p G pC
Batson et al. H1 3.8 14.4 3.0 S 0.9 101.6 38.0 1.3 3.7 0.7
(1972) H2 3.8 14.4 3.0 S 0.9 101.6 41.3 1.2 34 0.7
H3 3.8 14.4 3.0 S 0.9 101.6 37.9 1.3 3.7 0.7
11 3.6 14.4 3.0 S 0.9 101.6 40.8 1.2 35 0.7
12 3.6 14.4 3.0 S 0.9 101.6 38.2 1.3 3.7 0.8
13 3.6 14.4 3.0 S 0.9 101.6 38.8 1.3 3.6 0.7
J1 2.8 14.4 3.0 S 1.8 101.6 51.8 1.0 2.8 0.8
J2 2.8 14.4 3.0 S 1.8 101.6 47.3 1.1 3.0 0.8
J3 2.8 14.4 3.0 S 1.8 101.6 46.9 1.1 3.1 0.8
K3 2.6 14.4 3.0 S 1.8 101.6 63.2 0.8 2.3 0.7
Ul 4.0 14.4 3.0 C 0.2 101.6 30.1 15 4.6 0.8
U3 4.0 14.4 3.0 C 0.2 101.6 30.2 15 4.6 0.8
L1 4.0 14.4 3.0 S 0.2 101.6 33.1 14 4.2 0.7
L2 4.6 14.4 3.0 S 0.2 46.2 25.8 1.8 5.3 0.8
L3 4.4 14.4 3.0 S 0.2 46.2 27.1 1.7 5.1 0.8
M1 4.4 14.4 3.0 C 0.2 46.2 25.6 1.8 5.3 0.8
M2 5.0 14.4 3.0 C 0.2 46.2 24.3 1.9 5.6 0.8
M3 4.8 14.4 3.0 C 0.2 46.2 26.9 1.7 5.1 0.7
N1 5.0 14.4 3.0 C 0.2 46.2 26.0 1.8 5.2 0.7
N2 4.0 14.4 3.0 C 0.4 46.2 314 1.6 4.5 0.8
N3 4.4 14.4 3.0 C 0.4 46.2 31.1 1.6 4.5 0.7
0O1 4.8 14.4 3.0 C 0.4 46.2 27.9 1.8 5.0 0.7
02 4.2 14.4 3.0 C 0.4 46.2 33.7 15 4.2 0.7
03 4.2 14.4 3.0 C 0.4 46.2 30.1 1.7 4.7 0.8
P1 4.2 14.4 3.0 C 0.4 46.2 32.5 1.6 4.3 0.7
P2 3.8 14.4 3.0 C 0.4 46.2 56.2 0.9 25 0.7
P3 3.8 14.4 3.0 C 0.4 46.2 60.6 0.8 2.4 0.7
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Table 4.11Comparison of Predicted versus Experimental Strengths for Deep Bédlifds>(2.5 ) with transverse reinforcement (continued)

. . . 006 QI R ® w Tw
YQi o@i 6| YA Qdea:| @Q a4 70 %) a0 o
Type (%) 00 ® P G PG
Batson et al. Q1 4.4 144 3.0 C 0.4 46.2 29.7 1.7 4.7 0.8
(1972) Q2 4.4 14.4 3.0 C 0.4 46.2 30.1 1.7 4.6 0.8
Q3 4.4 14.4 3.0 C 0.4 46.2 304 1.7 4.6 0.7
R1 3.2 14.4 3.0 C 0.9 46.2 36.6 1.4 3.9 0.9
R2 34 14.4 3.0 C 0.9 46.2 34.2 15 4.1 0.9
R3 3.6 14.4 3.0 C 0.9 46.2 44.5 1.1 3.2 0.6
S1 34 14.4 3.0 C 0.9 46.2 33.1 1.5 4.3 0.9
S2 34 14.4 3.0 C 0.9 46.2 41.8 1.2 3.4 0.7
S3 34 14.4 3.0 C 0.9 46.2 39.4 1.3 3.6 0.7
T1 3.6 144 3.0 C 0.9 46.2 41.2 1.2 3.4 0.7
T2 3.6 14.4 3.0 C 0.9 46.2 40.6 1.2 3.5 0.7
T3 3.6 14.4 3.0 C 0.9 46.2 40.7 1.2 3.5 0.7
X1 4.8 14.4 3.0 C 0.2 46.2 24.2 1.9 5.6 0.8
X2 4.8 144 3.0 C 0.2 46.2 23.3 2.0 5.8 0.9
X3 4.8 144 3.0 C 0.2 46.2 26.0 1.8 5.2 0.8
El-Niema 2 3.9 10.3 0.5 C 0.4 127.7 45.0 1.2 1.2 0.6
(1991) 3 3.9 10.3 0.5 C 0.7 127.7 46.5 1.3 1.2 0.6
4 3.9 10.3 0.5 C 1.0 127.7 49.0 1.2 1.2 0.6
5 3.9 10.3 0.5 C 0.4 95.8 40.5 1.3 1.4 0.7
6 3.9 10.3 0.5 C 0.7 95.8 44.0 1.2 1.2 0.6
7 3.9 10.3 0.5 C 1.0 95.8 45.5 1.2 1.2 0.6
8 3.9 10.3 0.5 C 0.4 63.8 40.0 1.3 1.4 0.7
9 3.9 10.3 0.5 C 0.7 63.8 41.5 1.3 1.3 0.6
10 3.9 10.3 0.5 C 1.0 63.8 45.0 1.2 1.2 0.6
SwamyandAlta' | DR11 6.5 12.9 0.3 C 0.5 100.0 20.5 3.9 4.4 1.0
an(1981) DR12 6.5 12.9 0.3 C 1.0 100.0 21.0 3.8 4.3 1.0
DR21 6.5 12.9 0.3 C 0.5 100.0 29.7 2.6 3.0 0.9
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Table 4.11Comparison of Predicted versus Experimental Strengths for Deep Bédlifds>(2.5 ) with transverse reinforcement (continued)

. . ) " 0RO Q| ) ® w T

YQi O®Ri | YN QwQa Q¢ wrQ arQ (%) arQ Y
Type (%) 00 ® P C PG
SwamyandAlta' | DR22 6.5 12.9 0.3 C 0.5 100.0 31.0 2.6 2.9 0.9
an(1981) DR31 6.5 12.9 0.3 C 1.0 100.0 25.3 3.1 3.6 0.8
DR32 3.8 10.6 0.2 C 1.0 33.4 27.2 3.0 3.4 0.8
FurlanandHanai| P3A 3.8 10.6 0.2 C 2.0 33.4 23.5 1.7 1.2 0.5
(1997) P4A 3.8 10.6 0.2 C 1.0 50.1 20.0 1.9 1.4 0.7
P5A 3.8 10.6 0.2 C 2.0 50.1 23.0 1.6 1.2 0.6
P6A 3.8 10.6 0.2 C 0.5 50.1 22.0 1.8 1.3 0.6
P7A 2.8 10.5 0.2 C 1.0 60.0 215 1.8 1.3 0.6
Cuchiaraetal. | A1l 2.8 10.5 0.2 H 2.0 60.0 100.0 1.3 1.2 1.2
(2004) A21 2.8 10.5 0.6 H 1.0 60.0 123.0 1.1 1.0 1.0
Al2 3.0 8.0 0.1 H 0.3 65.0 116.0 1.1 1.6 1.0
Ding et al. SFSCCB25250 3.0 8.0 0.1 H 0.5 65.0 182.7 1.3 1.0 1.1
(2011) SFSCCB56250 3.0 8.0 0.2 H 0.3 65.0 223.1 1.1 0.8 0.9
SFSCCB25150 3.0 8.0 0.2 H 0.5 65.0 189.5 1.2 1.0 1.0
SFSCCB56150 2.7 8.7 0.3 H 1.0 60.0 235.2 1.0 0.8 0.9
Limand Oh S0.50V1 2.7 8.7 0.4 S 1.0 60.0 86.0 0.7 0.6 0.6
(1999) S0.75V1 2.7 8.7 0.4 S 2.0 60.0 105.0 0.6 0.6 0.5
S0.50Vv2 6.5 12.9 0.3 S 0.5 100.0 102.0 0.6 0.6 0.6




4.3.4 Comparison of Shear Prediction Equations for Deep BeamiE > 2.5)

without Transverse Reinforcement

As can be observed from Table 4.12 and Figs. 4.12 (1), (2) and (11); A€l4318
Sharma (1986) an@®inh et al. (2011)overpredict most of the experimental shear
strengths. Although the standard deviation of the Eqn. (1) is lower than others, it has
the hidhest AAE (88.4%). Eqn. (8)as a lowmmean (0.62) and high AAE (43.93%).
Resultsobtained fromEgns. (3), (4), (5), and (7) are comparable, however, they
underestimate the shear strength for most of the specimens. When all the proposed
equations in Table 42 are considered, the proposed method has the highest accuracy

with lowest scatter of data.
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Figure 412. Shear strength predictions for Deep Bead¥#Q> 2.5) without transverse reinforcement:

(1) ACI 31814 (2014); (2) Sharma (1986); (3) Mansur et al. (1986)Ndrayanan and Darwish
(1987)
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Figure 4.12.Shear strength predictions for Deep Bead¥)> 2.5) without transverse reinforcement
(continued):

(5) Ashour et al. (1992]6) Khuntia et al. (1999); (7) Kwak et al. (2002); (11) Dinh e{2011);
(12) Proposed method
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Table 412. Statistical Parameters for Deep BeamdigQ> 2.5) without transverse reinforcement

Avg.
Equation Shear Standard | Absolute
NCLImeer Equation Mean Range Deviation Error
(%)
Q) ACI| 31814 (2014) | 1.31 | 0.77-10.76 0.16 88.4
2 Sharma (1986) 1.15 | 0.48-5.82 0.53 31.17
3) Mansur et al. (1986] 0.82 | 0.35-5.68 0.49 31.85
Narayanan and
4) Darwish (1987) 0.85 | 0.40-2.07 0.34 24.66
(5) Ashour et al. (1992) 0.80 | 0.26-3.80 0.19 23.43
(6) Khuntia et al. (1999) 0.62 | 0.41-4.09 0.34 43.93
@) Kwak et al. (2002) | 0.71 | 0.36-2.76 0.24 33.14
(11) Dinh etal. (2011) | 1.70 | 0.54-7.83 0.73 71.73
(12) Proposed Method | 0.98 | 0.56-1.64 0.22 18.11
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Table 413. Comparison of Predicted versus Experimental Strengths for Deep Bedifds>(2.5 ) without transverse reinforcement

. ) NoJoTXN (A W w Tw
YQi Q@i Yn Qo e | are arQ ..
Type | (%) 00l p [ ¢ [ o[t v | o] x [err]erc
B181a 34 8.2 H 08 | 550 | 1679 | 14 | 09 | 06 | 06 | 04 | 06 | 05 | 13 | 09
Dinh etal. | B1&1b 3.4 8.2 H 08 | 550 | 1622 | 15 | 09 | 06 | 07 | 04 | 07 | 05 | 13 | 09
(2010) B182a 35 5.9 H 10 | 550 | 1737 | 1.3 | 08 | 05 | 06 | 04 | 07 | 05 | 13 | 0.8
B18-2b 35 5.9 H 1.0 | 550 | 1795 | 12 | 08 | 05 | 06 | 04 | 06 | 05 | 13 | 0.8
B18-2c 35 5.9 H 1.0 | 550 | 2027 | 11 | 07 | 05 | 06 | 03 | 06 | 05 | 11 | 0.8
B18-2d 35 5.9 H 10 | 550 | 1506 | 1.5 | 09 | 06 | 08 | 05 | 08 | 06 | 15 | 11
B183a 3.4 8.2 H 15 | 550 | 1506 | 1.3 | 0.8 | 0.7 | 09 | 05 | 09 | 07 | 17 | 10
B183b 3.4 8.2 H 15 | 550 | 1969 | 1.0 | 06 | 05 | 07 | 04 | 07 | 05 | 13 | 07
B183c 34 8.2 H 15 | 550 | 1911 | 13 | 0.8 | 06 | 07 | 05 | 08 | 06 | 13 | 09
B183d 34 8.2 H 15 | 550 | 1911 | 13 | 0.8 | 06 | 07 | 05 | 08 | 06 | 13 | 09
B185a 3.4 8.2 H 10 | 800 | 1737 | 15 | 09 | 08 | 08 | 06 | 09 | 07 | 13 | 11
B185b 3.4 8.2 H 10 | 800 | 2201 | 11 | 07 | 06 | 07 | 05 | 07 | 05 | 11 | 0.8
B187a 3.4 8.2 H 08 | 800 | 1911 | 12 | 08 | 05 | 06 | 04 | 06 | 05 | 11 | 0.8
B187b 34 8.2 H 08 | 800 | 1911 | 1.2 | 08 | 05 | 06 | 04 | 06 | 05 | 11 | 08
B27-1a 34 5.8 H 08 | 550 | 3501 | 15 | 10 | 06 | 06 | 04 | 06 | 05 | 13 | 0.8
B27-1b 3.4 5.8 H 08 | 550 | 3343 | 16 | 10 | 06 | 07 | 05 | 07 | 06 | 1.4 | 09
B27-2a 3.4 5.8 H 08 | 800 | 346.7 | 12 | 07 | 06 | 06 | 04 | 07 | 05 | 13 | 0.8
B27-2b 3.4 5.8 H 08 | 800 | 346.7 | 12 | 07 | 06 | 06 | 04 | 07 | 05 | 13 | 0.8
B27-3a 35 5.8 A 08 | 550 | 3343 | 15 | 09 | 06 | 06 | 04 | 06 | 05 | 14 | 07
B27-3b 35 5.8 A 08 | 550 | 346.7 | 14 | 09 | 05 | 06 | 04 | 06 | 05 | 13 | 07
B27-4a 35 5.8 H 08 | 800 | 260.0 | 16 | 10 | 08 | 08 | 06 | 09 | 06 | 1.7 | 09
B27-4b 35 5.8 H 08 | 800 | 2229 | 19 | 12 | 09 | 09 | 07 | 1.0 | 07 | 20 | 10
B27-5 35 5.8 H 15 | 550 | 4334 | 12 | 0.7 | 06 | 06 | 04 | 07 | 05 | 13 | 07
B27-6 35 5.8 H 15 | 800 | 4210 | 12 | 07 | 08 | 07 | 07 | 08 | 07 | 13 | 07
Limetal. | 2/1,0/3,5 35 9.5 A 10 | 600 | 465 | 26 | 16 | 11 | 11 | 08 | 12 | 09 | 29 | 09
(1987) 2/0,53,5 35 9.5 H 05 | 600 | 452 | 27 | 1.7 | 09 | 09 | 07 | 09 | 07 | 25 | 09
4/1,013,5 35 9.5 H 10 | 600 | 674 | 18 | 11 | 08 | 09 | 06 | 1.0 | 07 | 20 | 11
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Table 4.13Comparison of Predicted versus Experimental Strengths for Deep Beédifis(2.5 ) without transverse reinforcement (continued)

. . RO XOTX X (A &) w o
YQi O@il YR QhQad G | arQ arQ B
Type (%) 00wl p C o T v )] X Pp| PG
Lim et al.
(1987) 4/0,5/3,5 254.0 221.0 H 0.5 60.0 49.4 25 1.5 0.9 1.1 0.6 1.1 0.8 2.3 1.4
Cuchiara et| A10 240.0 219.0 H 1.0 60.0 96.4 1.4 0.9 0.6 0.7 0.5 0.7 0.6 1.4 1.0
al. (2004) A20 240.0 219.0 H 2.0 60.0 103.3 1.3 0.9 0.7 0.8 0.6 0.9 0.8 1.5 1.0
Cohen M15-0.5% 250.0 212.5 H 0.5 55.0 43.3 2.9 1.8 1.0 0.9 0.7 0.9 0.8 2.2 1.0
(2012) M15-1.0% 250.0 212.5 H 1.0 55.0 48.0 2.5 1.5 1.0 0.9 0.7 1.0 0.8 2.2 0.9
M15-1.5% 250.0 212.5 H 1.5 55.0 46.1 2.7 1.6 1.3 1.1 1.0 1.3 1.1 2.6 1.0
M15-0.5%H 250.0 212.5 H 0.5 80.0 45.2 2.6 1.6 0.9 0.9 0.6 0.9 0.8 2.0 0.9
M15-0.75%H 250.0 2125 H 0.8 80.0 46.6 2.4 1.5 0.9 0.9 0.6 1.0 0.8 2.1 0.9
M20-0.75% 250.0 210.0 H 0.8 55.0 44.0 25 1.5 1.0 1.1 0.7 1.1 0.9 2.2 1.5
M20-1.0% 250.0 210.0 H 1.0 55.0 575 1.9 1.2 0.8 0.9 0.6 0.9 0.7 1.8 1.1
M20-1.0%A 250.0 210.0 H 1.0 55.0 59.0 2.0 1.2 0.9 0.9 0.6 0.9 0.8 1.8 1.1
M20-1.5%A 250.0 210.0 H 1.5 55.0 61.9 1.9 1.2 0.9 1.0 0.7 1.0 0.8 1.9 1.1
M20-1.0%B 250.0 210.0 H 1.0 55.0 515 2.3 1.4 0.9 1.0 0.7 1.0 0.9 2.1 1.3
M20-1.5%B 250.0 210.0 H 1.5 55.0 59.7 2.0 1.2 1.0 1.0 0.7 1.1 0.9 1.9 1.1
ken (242 BEAM-04 250.0 215.0 H 0.5 65.0 41.9 3.1 1.9 1.1 1.0 0.8 1.0 0.9 2.3 1.0
BEAM-06 250.0 215.0 H 0.8 65.0 46.8 2.8 1.7 1.1 1.0 0.8 1.1 0.9 2.2 1.0
BEAM-08 250.0 215.0 H 0.5 80.0 37.4 3.5 2.1 1.4 1.2 1.0 1.2 1.1 2.5 1.2
BEAM-10 250.0 215.0 H 0.8 80.0 48.4 2.8 1.7 1.3 1.0 1.0 1.1 1.0 2.2 0.9
Kwak et al. | FHB2-3 250.0 212.0 H 0.5 62.5 81.9 1.6 1.0 0.6 0.6 0.5 0.6 0.5 1.2 0.7
(2002) FHB3-3 250.0 212.0 H 0.8 62.5 90.1 1.5 1.0 0.7 0.6 0.6 0.6 0.6 1.2 0.7
FNB2-3 250.0 212.0 H 0.5 62.5 67.6 1.4 0.9 0.5 0.6 0.4 0.5 0.5 1.3 0.8
FHB2-4 250.0 212.0 H 0.5 62.5 63.9 2.1 1.2 0.8 0.7 0.6 0.7 0.6 1.5 0.7
FHB3-4 250.0 212.0 H 0.8 62.5 72.6 1.9 1.1 0.8 0.6 0.6 0.7 0.6 1.4 0.6
FNB2-4 250.0 212.0 H 0.5 62.5 53.0 1.7 1.0 0.7 0.6 0.5 0.6 0.5 1.7 0.7
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Table 4.13Comparison of Predicted versus Experimental Strengths for Deep Beédifis(2.5 ) without transverse reinforcement (continued)

. ) 006 6 ® © 76

YQi g@i "ynedoal orQ | are arQ | .
Type | (%) 00d p | ¢ | o | T v | @ | X | pP|PS
Rosenbusc | 1.2/2 300.0 260.0 H 0.3 65.0 110.0 2.0 1.3 0.7 0.9 0.5 0.8 0.7 14 15
handTeutsc| 1.2/3 300.0 260.0 H 0.5 65.0 120.0 1.8 11 0.8 0.9 0.6 0.8 0.7 15 13
h (2003) 1.2/4 300.0 260.0 H 0.8 65.0 155.0 15 0.9 0.7 0.7 0.5 0.7 0.6 1.3 1.1
2.6/2 300.0 260.0 H 0.3 65.0 82.5 2.5 15 0.9 0.8 0.6 0.8 0.6 1.9 1.8
2.6/3 300.0 260.0 H 0.8 65.0 117.0 1.8 1.0 0.8 0.7 0.6 0.8 0.6 1.7 13
3.1/1 300.0 260.0 H 0.5 65.0 94.5 2.1 1.3 0.9 1.0 0.7 0.9 0.7 1.9 15
3.1/1F2 300.0 260.0 H 0.5 65.0 1125 1.8 11 0.8 0.8 0.6 0.8 0.6 1.6 13
Dupontand | 2 300.0 260.0 H 0.3 65.0 110.0 2.0 1.2 0.7 0.9 0.5 0.8 0.7 1.4 15
Vandewalle| 3 300.0 260.0 H 0.5 65.0 120.0 1.8 1.1 0.8 0.9 0.6 0.8 0.7 15 13
(2003) 4 300.0 260.0 H 0.8 65.0 155.0 1.4 0.9 0.7 0.7 0.5 0.7 0.6 13 11
23 300.0 260.0 H 0.3 65.0 82.5 2.5 15 0.9 0.8 0.6 0.8 0.6 1.9 1.8
24 300.0 260.0 H 0.8 65.0 117.0 1.8 11 0.9 0.7 0.6 0.8 0.6 17 13
Imam et al. | B4 350.0 300.0 H 0.8 75.0 197.5 2.0 1.2 0.9 0.7 0.7 0.8 0.7 13 1.4
(1994) Bll 350.0 300.0 H 0.8 75.0 151.0 2.6 15 1.2 0.8 0.9 1.0 0.9 1.7 1.9
B7 350.0 300.0 H 0.8 75.0 209.0 1.9 1.2 0.9 0.8 0.7 0.8 0.8 1.2 1.4
B12 350.0 300.0 H 0.8 75.0 212.0 1.9 1.1 0.9 0.7 0.6 0.8 0.7 1.2 1.4
Aoudeet A0.5 250.0 202.0 H 0.5 55.0 48.0 1.8 1.2 0.6 0.7 0.5 0.7 0.6 2.1 1.3
al. (2012) | A1 250.0 202.0 H 1.0 55.0 57.0 15 0.9 0.6 0.7 0.5 0.8 0.6 2.0 11
B0.5 500.0 437.0 H 0.5 55.0 154.0 2.4 1.6 0.9 1.2 0.7 1.1 0.8 2.8 1.8
Bl 500.0 437.0 H 1.0 55.0 198.0 1.8 1.2 0.8 11 0.6 1.1 0.8 2.5 13
Ashour et B-4-1 .0L 250.0 215.0 H 1.0 75.0 24.0 6.7 4.0 3.5 1.5 2.7 2.6 1.9 4.9 4.9
al. (1992) B-6-1.0-L 250.0 215.0 H 1.0 75.0 15.1 10.8 5.8 5.7 2.1 3.8 4.1 2.8 7.8 7.9
B-4-0.5A 250.0 215.0 H 0.5 75.0 61.0 2.7 1.6 1.1 1.0 0.8 1.0 0.9 1.7 2.0
B-6-0.5A 250.0 215.0 H 0.5 75.0 52.4 3.1 1.7 1.3 1.0 0.7 1.1 1.0 2.0 2.3
B-4-1.0-A 250.0 215.0 H 1.0 75.0 85.2 1.9 1.2 1.1 0.8 0.8 0.9 0.8 1.4 1.4
B-6-1.0-A 250.0 215.0 H 1.0 75.0 52.7 3.2 1.7 1.7 1.2 1.1 1.4 1.2 2.3 2.3
B-4-1.5A 250.0 215.0 H 1.5 75.0 94.3 1.7 1.0 1.2 0.9 0.9 1.0 0.8 1.4 1.3
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Table 4.13Comparison of Predicted versus Experimental Strengths for Deep Beédifis(2.5 ) without transverse reinforcement (continued)

. 00d] @ R G T

YQI O@i "YH QoQa| OrQ arQ a/Q -
Type (%) 00 Q| p C o T v ¢ X pPp| PG
Ashour et | B-6-1.5-A 6.0 14.3 H 1.5 75.0 53.2 3.2 1.7 2.1 1.3 1.5 1.6 1.6 2.4 2.3
al. (1992) | B-4-1.O-M 4.0 10.3 H 1.0 75.0 1043 | 16 0.9 0.9 0.8 0.6 0.8 0.8 1.1 1.1
B-6-1.0-M 6.0 14.3 H 1.0 75.0 78.7 2.1 1.1 1.1 0.9 0.7 1.0 1.0 1.5 1.5
Dingetal. | SF20 4.0 9.3 H 0.3 80.0 24.0 1.9 1.1 0.7 0.9 0.4 0.9 0.9 1.5 1.4
(2012) SF40 4.0 9.3 H 0.5 80.0 36.1 1.2 0.7 0.5 0.7 0.3 0.7 0.7 1.1 0.9
SF66 4.0 9.3 H 0.8 80.0 37.3 1.3 0.8 0.7 0.7 0.5 0.8 0.8 1.2 1.0
FurlanandH| P3B 3.8 10.6 C 1.0 33.0 18.5 2.1 1.3 0.8 0.7 0.6 0.7 0.7 1.9 1.5
anai (1997) | P4B 3.8 10.6 C 2.0 33.0 23.5 1.6 1.0 0.8 0.7 0.6 0.7 0.7 1.7 1.2
P5B 3.8 10.6 C 1.0 50.0 20.0 1.9 1.1 0.8 0.7 0.6 0.8 0.8 1.7 1.4
P6B 3.8 10.6 [ 2.0 50.0 22.5 1.7 1.0 1.1 0.8 0.8 1.0 1.0 1.8 1.3
P7B 3.8 10.6 C 0.5 50.0 17.5 2.2 1.3 0.8 0.7 0.6 0.7 0.7 1.7 1.6
Shinetal. |3 3.0 6.0 S 0.5 100.0 55.8 1.7 1.1 0.7 0.8 0.5 0.8 0.8 1.2 1.3
(1994) 4 3.0 6.0 S 1.0 100.0 71.8 1.4 0.9 0.6 0.8 0.5 0.8 0.8 1.0 1.0
5 4.5 9.0 S 0.5 100.0 48.7 2.0 1.2 0.7 0.8 0.5 0.9 0.9 1.3 1.5
6 4.5 9.0 S 1.0 100.0 60.2 1.6 0.9 0.7 0.8 0.5 0.9 0.9 1.2 1.2
Mansur et | B2 2.8 10.2 H 0.5 60.0 52.5 1.9 1.2 0.7 0.8 0.6 0.8 0.8 1.9 1.4
al. (1986) | B3 3.6 10.2 H 0.5 60.0 45.0 2.2 1.4 0.8 0.8 0.5 0.8 0.8 2.2 1.6
B4 4.4 10.2 H 0.5 60.0 38.0 2.6 1.5 0.9 0.9 0.6 0.9 0.9 2.6 1.9
C2 2.8 10.2 H 0.8 60.0 60.0 1.7 1.1 0.6 0.7 0.6 0.8 0.8 1.8 1.2
C3 3.6 10.2 H 0.8 60.0 475 2.1 1.3 0.8 0.9 0.6 0.9 0.9 2.3 1.5
C4 4.4 10.2 H 0.8 60.0 41.0 25 1.4 0.9 0.9 0.6 1.0 1.0 2.6 1.8
C5 2.8 12.5 H 0.8 60.0 375 2.7 1.8 1.0 1.0 0.9 1.1 1.1 2.9 2.0
C6 2.8 10.2 H 0.8 60.0 65.0 1.5 1.0 0.6 0.8 0.5 0.8 0.8 1.7 1.1
D2 2.8 10.2 H 1.0 60.0 65.0 1.6 1.0 0.6 0.7 0.6 0.8 0.8 1.8 1.1
D3 3.6 10.2 H 1.0 60.0 50.5 2.0 1.2 0.8 0.9 0.6 1.0 1.0 2.3 1.5
D4 4.4 10.2 H 1.0 60.0 44.0 2.3 1.3 0.9 1.0 0.6 1.1 1.1 2.6 1.7
E1l 2.8 12.5 H 0.8 60.0 35.0 2.4 1.6 0.9 1.0 0.8 1.1 1.1 3.1 1.8
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Table 4.13Comparison of Predicted versus Experimental Strengths for Deep Beédifis(2.5 ) without transverse reinforcement (continued)

. . 0y ® ‘ w ® To
YQi O@il Y QuQa| fQ axQ arQ e
Type (%) DoWl p C o T V 0} X PpPp| PGC
Mansuret | E2 2.8 10.2 H 0.8 60.0 45.0 1.9 1.2 0.7 0.9 0.6 1.0 0.7 2.4 1.4
al. (1986) E3 2.8 10.2 H 0.8 60.0 60.0 1.4 0.9 0.6 0.8 0.5 0.8 0.6 1.8 1.0
F1 2.8 12.5 H 0.8 60.0 46.8 2.3 1.5 0.9 0.8 0.8 0.9 0.8 2.4 1.7
F2 2.8 10.2 H 0.8 60.0 75.0 1.4 0.9 0.5 0.6 0.5 0.6 0.6 15 1.0
F3 2.8 10.2 H 0.8 60.0 86.0 1.2 0.8 0.5 0.6 0.4 0.6 0.5 1.3 0.9
Shoaib et N31 3.0 6.0 H 1.0 55.0 211.0 1.1 0.7 0.5 0.7 0.4 0.7 0.5 1.6 0.8
al. (2014) N32 3.0 6.0 H 1.0 55.0 281.0 1.1 0.7 0.5 0.6 0.4 0.7 0.5 1.1 0.8
H31 3.0 6.0 H 1.0 55.0 278.0 1.1 0.7 0.5 0.6 0.4 0.6 0.5 1.1 0.8
H32 3.0 6.0 H 1.0 55.0 458.0 0.9 0.6 0.4 0.5 0.3 0.5 0.4 0.7 0.7
N61 3.0 6.0 H 1.0 55.0 252.0 1.9 1.2 0.8 1.0 0.7 1.1 0.8 2.4 1.4
N62 3.0 6.0 H 1.0 55.0 242.0 1.9 1.2 0.9 1.2 0.7 1.2 0.9 2.5 1.4
E2 3.0 6.0 H 1.0 55.0 423.0 1.5 1.0 0.6 0.7 0.5 0.7 0.6 1.5 1.1
E3 3.0 6.0 H 1.0 55.0 444.0 1.4 0.9 0.6 0.7 0.5 0.7 0.6 1.4 1.0
F1 3.0 6.0 H 1.0 55.0 492.0 2.2 1.4 0.9 1.0 0.8 1.0 0.9 2.3 1.6
F2 3.0 6.0 H 1.0 55.0 497.0 2.2 1.4 0.9 1.1 0.8 1.1 0.9 2.2 1.6
F3 3.0 6.0 H 1.0 55.0 646.0 2.4 1.5 1.0 0.9 0.8 0.9 0.9 1.8 1.7
N31 3.0 6.0 H 1.0 55.0 644.0 2.4 1.5 1.0 1.0 0.8 1.0 1.0 1.8 1.7
Noghabai 3typeB 2.8 5.5 H 1.0 50.0 310.0 0.9 0.6 0.4 0.5 0.3 0.5 0.5 0.7 0.7
(2000) 5 type A 3.3 6.7 H 0.5 86.0 252.0 0.8 0.5 0.3 0.4 0.3 0.4 0.4 0.5 0.6
6 type A 3.3 6.7 H 0.8 86.0 262.0 0.8 0.5 0.4 0.4 0.3 0.4 0.4 0.6 0.6
7 type C 2.9 7.3 H 0.5 86.0 264.0 1.6 1.0 0.7 0.7 0.6 0.7 0.7 1.1 1.2
8 type C 2.9 7.3 H 0.5 86.0 312.0 1.4 0.9 0.6 0.7 0.5 0.7 0.6 1.0 1.0
9type C 2.9 7.3 H 0.8 86.0 339.0 1.2 0.8 0.6 0.7 0.5 0.7 0.6 0.9 0.9
10 type C 2.9 7.3 H 0.8 86.0 292.0 1.5 1.0 0.8 0.8 0.6 0.8 0.8 1.1 1.1
4 type D 3.0 8.8 H 0.8 86.0 509.0 1.6 1.0 0.8 0.9 0.7 0.9 0.8 1.3 1.2
Majdzadeh | B12 3.0 6.7 H 0.5 80.0 51.0 1.5 1.0 0.7 0.8 0.5 0.8 0.7 1.2 1.1
etal.
(2006) B13 3.0 6.7 H 1.0 80.0 62.5 1.2 0.8 0.7 0.8 0.6 0.8 0.6 1.2 0.9
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Table 4.13Comparison of Predicted versus Experimental Strengths for Deep Beédifis(2.5 ) without transverse reinforcement (continued)

. | oedy @ w 7o
YQi O@i| "YR'QOQA'Q Q| arQ _ a/Q _
00 ®| Type (%) bod p C o T v (0] X pPp| PG
g/ltagfz(%%g) B14 150.0 | 150.0 | 150.0 | H 15 | 800 | 595 | 1.2 | 08| 09 | 09 | 07 | 1.0 | 08 | 1.3 | 09
Ding etal. | SFSCCB25D | 200.0 | 300.0 | 300.0 | H 03 | 650 | 1050 | 2.2 | 14 | 0.8 | 09 | 06 | 09 | 08 | 1.6 | 16
(2011) SFSCCB56® | 200.0 | 300.0 | 300.0 | H 06 | 650 | 1420 ] 1.7 | 11 | 07 | 08 | 05 | 08 | 07 | 15 | 13
Lietal. M1 635 | 127.0 | 127.0 | C 10 | 285 | 165 | 1.8 | 1.1 | 07 | 0.7 | 06 | 0.7 | 0.7 | 1.6 | 1.3
(1992) M2 127.0 | 228.0 | 2280 | C 10 | 285 | 505 | 23 | 15 | 09 | 09 | 08 | 09 | 0.8 | 21 | 1.7
M3 635 | 127.0 | 127.0 | C 20 | 285 | 208 | 1.4 | 09 | 07 | 07 | 06 | 0.7 | 06 | 1.5 | 1.0
M4 127.0 | 228.0 | 2280 | C 20 | 285 | 663 | 1.7 | 1.1 | 09 | 08 | 07 | 0.8 | 0.7 | 1.8 | 1.3
M5 635 | 127.0 | 127.0 | C 10 | 285 | 177 | 18 | 1.2 | 07 | 07 | 06 | 07 | 0.7 | 15 | 1.3
M6 127.0 | 228.0 | 2280 | C 10 | 285 | 614 | 21 | 1.3 | 08 | 08 | 07 | 08 | 08 | 1.7 | 15
M7 635 | 127.0 | 127.0 | C 20 | 285 | 245 | 1.2 | 08 | 06 | 06 | 05 | 0.6 | 05 | 1.3 | 0.9
M8 635 | 127.0 | 127.0 | C 10 | 570 | 230 | 1.4 | 09 | 07 | 06 | 06 | 07 | 06 | 1.2 | 1.0
M9 127.0 | 228.0 | 2280 | C 10 | 570 | 894 | 1.4 | 09 | 07 | 06 | 06 | 0.7 | 06 | 1.2 | 1.0
M10 127.0 | 2280 | 2280 | C 20 | 570 | 940 | 1.3 | 08 | 09 | 08 | 08 | 0.8 | 0.7 | 1.3 | 0.9
M17 635 | 127.0 | 127.0 | C 10 | 285 | 178 | 18 | 1.2 | 07 | 0.7 | 06 | 0.7 | 0.7 | 1.5 | 1.3
M18 635 | 127.0 | 127.0 | C 10 | 285 | 128 | 25 | 16 | 1.0 | 08 | 0.8 | 08 | 08 | 21 | 18
M19 635 | 127.0 | 127.0 | C 10 | 285 | 178 | 18 | 1.2 | 07 | 0.8 | 06 | 0.8 | 0.8 | 1.5 | 1.3
M20 635 | 127.0 | 127.0 | C 10 | 570 | 253 | 1.2 | 08 | 06 | 0.6 | 05 | 0.7 | 0.6 | 1.0 | 0.9
[ 127.0 | 228.0 | 2280 | H 10 | 600 | 790 | 1.0 | 06 | 04 | 06 | 03 | 06 | 05 | 1.3 | 0.7
c2 635 | 127.0 | 1270 | H 10 | 600 | 205 | 09 | 06 | 04 | 06 | 03 | 06 | 04 | 1.2 | 07
C3 635 | 127.0 | 1270 | H 10 | 600 | 157 | 1.2 | 08 | 05 | 06 | 04 | 0.7 | 05 | 1.6 | 0.9
C5 127.0 | 228.0 | 2280 | H 1.0 | 1000 | 790 | 1.0 | 0.7 | 05 | 0.7 | 0.4 | 0.8 | 06 | 1.3 | 0.8
C6 635 | 127.0 | 1270 | H 1.0 | 1000 | 230 | 09 | 06 | 05 | 0.7 | 04 | 07 | 05 | 1.1 | 0.7
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Table 4.13Comparison of Predicted versus Experimental Strengths for Deep Beédifis(2.5 ) without transverse reinforcement (continued)

. . | 0edY © ‘ @ ® T

YQi 0@l YR ehesa] G | are | . . arn .
Dol Type | (%) 00 p C o T v 0] X ppl pPg
Greenough | SHE-50-0.5 200.0 | 300.0 | 300.0 H 0.5 50.0 91.0 2.5 1.6 1.0 0.9 0.8 0.9 0.8 2.0 1.8
andNehdi | SHE-50-0.75 | 200.0 | 300.0 | 300.0 H 0.8 50.0 105.0 1.9 1.2 0.9 0.8 0.7 0.8 0.7 1.9 1.4
(2008) S-HE-50-1.0 200.0 | 300.0 | 300.0 H 1.0 50.0 149.0 1.4 0.9 0.7 0.6 0.6 0.7 0.6 1.4 1.1
S-FE-50-0.5 200.0 | 300.0 | 300.0 F 0.5 50.0 115.0 1.9 1.2 0.8 0.7 0.6 0.7 0.6 1.6 1.4
S-FE-50-0.75 200.0 | 300.0 | 300.0 F 0.8 50.0 144.0 1.5 1.0 0.7 0.6 0.6 0.6 0.6 1.4 1.1
S-FE-50-1.0 200.0 | 300.0 | 300.0 F 1.0 50.0 147.0 1.4 0.9 0.7 0.6 0.6 0.7 0.6 1.4 1.0
S-FE-30-0.5 200.0 | 300.0 | 300.0 F 0.5 43.0 106.0 2.3 1.5 0.8 0.8 0.6 0.8 0.8 1.7 1.7
S-FE-30-0.75 200.0 | 300.0 | 300.0 F 0.8 43.0 123.0 1.8 1.2 0.7 0.7 0.6 0.7 0.6 1.6 1.3
S-FE-30-1.0 200.0 | 300.0 | 300.0 F 1.0 43.0 151.0 1.4 0.9 0.6 0.6 0.5 0.6 0.5 1.4 1.0




4.3.5 Comparison of Shear Prediction Equations for FRC Coupling Beamwiith

Transverse Reinforcement

In Fig. 4.13 (1), almost all the shear strength values are overpredicted with a mean
value of 1.37. In Fig. 4.13 (8), most of the capacities are underestimated with a mean
of 0.7, which leads to an increase in standard deviation (0.26) and AAE (35.33%). In
Figs. 4.13 (9) and (10), the overestimation of data points is predominant. As a result,
mean values are 1.13 and 1.56, respectively. Especially for Eqn. (10) by Cai et al.
(2016) almost all the shear strengths are overestimated significantly. This iresults

high error margin of 56.81%. The proposed methodology, the results of which are
shown in Fig. 4.13 (12), is the most accurate one with lowest scatter of data. As a
result, mean, standard deviation and AAE turn out to be 0.99, 0.17 and 13.59%,

respedtely.
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Figure 413. Shear strength predictions for FRC Coupling Beams with transverse reinforcement:
(1) ACI 31814 (2014); (8) Canbolat (2004)
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Figure 4.13.Shear strength predictions for FRXOupling Beams with transverse reinforcement
(continued)
(9) Lequesne (2011); (10) Cai et al. (2016); (12) Proposed method

Table 414. Statistical Parameters for FRC Coupling Beams with transverse reinforcement

Avg.
Equation Shear Standard| Absolute
N?meer Equation Mean|  Range Deviation| Error
(%)
(1) ACI| 31814 (2014)| 1.37 | 0.7-2.1 0.30 28.37
(8) Canbolat (2004) | 0.70 | 0.4-1.4 0.26 35.33

(9) Lequesne (2011)| 1.13 | 0.8-1.6 0.24 19.24
(10) Caietal. (2016) | 1.56 | 1.0-2.3 0.33 56.81
(12) Proposed Method| 0.99 | 0.7-1.4 0.17 13.59

108



60T

Table4.15. Comparison of Predicted versus Experimental Strengths for FRC Coupling Beams with transverse reinforcement

. . Q| 0Q0] ® w T
YQi O@i O | YR QOQa Qe arQ B w (%) | oa/Q .
P 00| Type 00 ® p m ® p T pC
CCB3-30-2-1F-S 2.2 0.6 40.5 S 1.0 42.0 227.0 13 | 05| 10| 1.4 1.0
Cai et al. (2016) | CCB340-2-1F-S 2.2 0.6 43.1 S 1.0 42.0 238.0 12 | 05| 10| 1.3 0.9
CCB350-2-1FS 2.2 0.6 52.9 S 1.0 42.0 243.0 13 | 05| 10| 15 1.0
CCB360-2-1FS 2.2 0.6 66.7 S 1.0 42.0 250.0 15 [ 05| 11| 17 1.1
CCB370-2-1FS 2.2 0.6 70.1 S 1.0 42.0 253.0 15 | 05| 1.1 | 1.8 1.1
CCB3-80-2-1FS 2.2 0.6 80.7 S 1.0 42.0 255.0 16 | 05| 1.1 | 1.9 1.1
CCB340-1-1FS 1.1 0.6 43.1 S 1.0 42.0 295.0 10 | 04 ] 08| 11 1.0
CCB340-1.51FS 1.7 0.6 43.1 S 1.0 42.0 292.0 10 | 04 ] 08| 11 0.9
CCB340-2.51FF/S 2.8 0.6 43.1 S 1.0 42.0 190.0 15 | 06| 12| 1.7 1.1
CCB340-3.0-1FF/S 3.3 0.6 43.1 S 1.0 42.0 1470 | 20 | 08 ] 16 | 22 1.4
CCB340-3.51FF 3.9 0.6 43.1 S 1.0 42.0 1400 | 21 | 08 ] 16 | 23 1.4
CCB350-2-0.5FS 2.2 0.6 54.5 S 0.5 42.0 238.0 14 | 04| 10| 15 1.0
CCB3552-1FS 2.2 0.6 54.8 S 1.0 42.0 244.0 14 | 05| 10| 15 1.0
CCB350-2-1.5FS 2.2 0.6 55.9 S 15 42.0 2495 13 | 06| 10| 1.6 1.0
CCB350-2-2F-S 2.2 0.6 55.3 S 2.0 42.0 255.5 13 | 06 | 1.0 | 1.7 1.0
CCB350-2.5FF/S 2.2 0.6 54.1 S 2.5 42.0 257.0 13 | 07| 10| 17 1.0
C-10/M 1.1 0.6 33.7 H 1.0 47.6 150.0 12 | 06| 11| 13 1.3
Baczkowski C-15/M 1.7 0.6 32.8 H 1.0 47.6 2000 | 09 | 05| 08| 1.0 0.8
(2007) C-15/S 1.7 1.1 31.9 H 1.0 47.6 180.0 09 | 10| 1.3 1.4 1.1
C-20/M 2.2 0.6 32.2 H 1.0 47.6 150.0 11 | 06 | 1.1 | 13 1.0
C-30/M 3.1 0.6 31.4 H 1.0 47.6 125.0 10 | 06 ] 09| 11 0.7
P ® rlrzarry and | CB1 3.4 1.0 53.7 H 1.3 64.0 5200 | 07 | 07| 09| 1.2 0.7
ParraMontesinos | CB2 3.4 1.0 59.9 H 1.3 64.0 4450 | 09 [ 09| 11| 14 0.8
(2016) CB3 3.4 1.0 58.5 H 1.3 55.0 423.0 09 | 09| 1.2 1.5 0.8
CB4 3.4 1.0 63.3 H 1.0 55.0 334.0 12 | 11| 15| 20 0.9
CB5 3.4 1.0 67.5 H 1.0 79.0 369.0 1.2 | 10| 14| 1.8 0.8
CB6 2.4 1.2 57.4 H 15 64.0 347.0 11 | 14| 16| 20 1.2
CB7 2.4 1.2 70.4 H 15 79.0 4670 | 09 | 10| 12| 16 0.9
CB8 2.4 1.2 58.7 H 15 79.0 365.0 10 | 1.3 ] 15| 1.9 1.1




4.3.4. Comparison of Shear Prediction Equations for FRC Coupling Beams

without transverse reinforcement

The ACI 31814 equation overpredicts most of the shear strength values within the
range ofl.52 to 2.53vith a mean value of 1.9%While Equation (8) by Canbolat et al.
(2005) (Fig. 4.14 (8)) underestimates all experimental shear strengths significantly,
Egn. (10) by Cai et al. (2016) (Fig. 4.14 (10)) overestimates all. The rest of the
equations give similar predictions and have comparable statistical parantieters.
should be noted that only one set of experiments is availabtlis group, namely

the speimens tested by Adebar et al. (1997). More experiments should be performed

to verify the validity of all shear prediction equations.
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Figure 414. Shear strength predictions for FRC Coupling Beams without transetnéercement:
(1) ACI 31814 (2014); (8) Canbolat (2004)
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Figure 4.14.Shear strength predictions for FRC Coupling Beams without transverse reinforcement
(continued):

(9) Lequesne (2011); (10) Cai et al. (2016); (12) Proposed method

Table4.16. Statistical Parameters for FRC Coupling Beams without transverse reinforcement

Avg.

Equation Shear Mean Range Standard| Absolute

Number Equation Deviation| Error
(%0)

(1) ACI 31814 (2014)| 1.99 | 1.52-2.53 0.29 98.75

(8) Canbolat (2004) | 0.23 | 0.14-0.37 0.07 76.96

9) Lequesne (2011)| 0.96 | 0.73-1.22 0.14 12.91
(10) Caietal. (2016) | 1.72 | 1.47-2.10 0.23 72.03
(12) Proposed Method 1.13 | 0.86-1.44 0.17 16.40
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Table 417. Comparison of Predicted versus Experimental Strengths for FRC Coupling Beams without transverse reinforcement

. . Q 0ah| | ‘ @ @ T
YOI 0@i & "YnQha Q| ar o @ (%) arn .
VLW Type 00O P W w pT pC
FC2 2.7 54.1 H 0.8 60.0 276.0 1.9 0.2 0.9 1.6 1.1
Adebar et al| FC3 2.7 49.9 H 15 60.0 324.0 15 0.3 0.7 15 0.9
(1997) FC5 2.7 54.1 H 0.8 60.0 237.0 2.2 0.2 1.0 1.9 1.2
FC6 2.7 49.9 H 15 60.0 278.0 1.8 0.4 0.9 1.7 1.0
FC8 2.7 54.8 H 0.4 60.0 204.0 2.5 0.1 12 2.1 1.4
FC9 2.7 56.5 H 0.6 60.0 232.0 2.3 0.2 11 2.0 13
FC10 2.7 46.9 H 0.4 100.0 247.0 1.9 0.2 0.9 15 1.1
FC11 2.7 40.8 H 0.6 100.0 237.0 1.9 0.3 0.9 15 1.1




4.3.7. Comparison of Shear Prediction Equations for HPFRC Coupling Beams

with Transverse Reinforcement

Eqgn. (1) underpredicts nearly all data with a mean value of 0.55, which is significantly
low. Although the mean of Egns. (8) and (9) are 1.04 and 1.08, respectively, as it can
be observed from Figs. 4.15 (8) and (9), there is a significant scatter in the data and
nearly half of the shear strengths are overestimated while others are underestimated
significantly. Moreover, these equations have a large range of predictions; between
0.44 and 1.71 for Eqgn. (8) and 0.52 and 1.54 for EqnT(®) results obtained by using

the proposed method are given in Fig. 4.15 (12) Majority of the experimental results
are underestimated (Table 4.18) and the highest overestimation is 4%. Furthermore,
mean is 0.93, while AAE is quite low, at a level of 9.86%. Standard deviation of the
proposed method (0.13) and therefore the scatter of data are smaller than those of othe
equations. Consequently, the proposed equation has the most accurate and

conservative results when compared to the others.
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Figure 415. Shear strength predictions for HPFRC Coupling Beamstwétisverse reinforcement:
(1) ACI 31814 (2014); (8) Canbolat (2004); (9) Lequesne (2011); (12) Proposed method

Table 418. Statistical Parameters for HFRC Coupling Beams with transverse reinforcement

Avg.
Equation Shear Standard| Absolute
NClImeer Equation Mean|  Range Deviation| Error
(%0)
(1) ACI| 31814 (2014)| 0.55 | 0.21-1.07 0.32 46.11
(8) Canbolat (2004) | 1.04 | 0.44-1.71| 0.37 31.34
9) Lequesne (2011)| 0.94 | 0.52-1.54 0.10 9.22
(12) Proposed Method| 0.94 | 0.82-1.02 0.11 9.80

114



GTT

Table 419. Comparison of Predicted versus Experimental Strengths for HPFRC Coupling Beams with transverse reinforcement

. Q "0Q6HQ ® ® T

YQi O@®i YR QOQAQ arQ b b 0o @ (%) arQ e
Type 00 ® p ) W pC
Shin et al.| 1CF2Y 4.2 1.4 0.0 49.2 PVA 2.0 307.7 491.0 0.74 1.71 1.35 0.82
(2014) 1DF2Y 4.2 0.9 1.5 49.2 PVA 2.0 307.7 533.0 0.49 1.71 1.38 0.93
Yun et al.| CB2 1.1 0.2 2.0 57.0 PE+T 0.75+0.75| 342.1+100| 865.69 0.22 0.62 0.69 1.02
(2008) CB3 1.1 0.2 0.0 57.0 PE+T 0.75+0.75| 342.1+100| 785.14 0.91 0.44 0.52 0.86
Setkit (2012) | CB-1 2.9 0.5 3.7 49.6 H 15 80.0 5680 | 0.26 | 0.79 | 0.98 | 0.90
CB-2 2.9 0.6 3.7 59.0 H 15 80.0 5080 | 032 | 1.02 | 1.25 | 0.85
CB-3 3.6 0.6 3.1 61.0 H 1.5 80.0 484.0 0.27 0.94 1.14 0.87
CB-5 3.6 1.1 0.0 68.0 H 15 80.0 4960 | 099 | 1.15 | 135 | 0.86
CB-6 2.9 1.1 0.0 67.6 H 1.5 80.0 562.0 1.06 1.32 1.54 0.90
Canbolat Specimen 2 1.1 0.3 0.0 57.0 PE 2.0 342.1 600.0 0.89 0.71 0.53 0.88
(2004) Specimen 3 1.1 0.3 3.7 57.0 PE 2.0 342.1 800.0 0.25 0.79 0.65 0.94
Specimen 4 11 0.5 15 63.4 T 1.5 100.0 800.0 | 0.22 | 0.73 | 0.83 | 1.00
Lequesne CB-1 1.8 0.6 2.9 45.0 H 15 78.9 6600 | 021 | 0.83 | 0.99 | 0.90
(2011) CB-2 1.8 0.6 2.9 52.0 H 1.5 78.9 655.0 0.21 0.81 0.98 0.92
CB-3 1.8 0.5 2.9 34.0 H 1.5 78.9 650.0 0.21 0.64 0.77 0.89
Cl1l8 Hanetal| FC-052,0 2.1 0.6 4.5 41.0 PVA 2.0 307.7 1073.0 0.44 1.32 1.09 0.93
(2015) FC-0,53,5 3.9 0.6 4.6 41.0 PVA 2.0 307.7 484.0 0.57 1.67 1.36 1.01
Parra 1 2.4 1.8 0.0 63.0 H 15 78.9 5700 | 0.76 | 1.30 | 1.45 | 0.99
Montesinos eff 2 2.9 1.2 0.0 68.3 H 1.5 78.9 540.0 1.07 1.26 1.48 0.92
al. (2017) 3 3.6 1.2 0.0 68.3 H 1.5 78.9 500.0 0.95 1.12 1.32 0.85




4.3.8 Comparison of Shear Prediction Equations for HPFRC Coupling Beams

without Transverse Reinforcement

In Fig. 4.16 (1), the experimental shear strengths are underestimated, whereas in Fig.
4.16 (8), they are overestimated. Eqn. (9) by Lequesne (2011) has the same prediction
for both beams, therefore, the standard deviation is 0.0. The proposed method has
adequate accuracy in predicting the shear strength. Since, there are only two

experiments performed for this type of members, more tests are required to verify the

reliability of the proposed equations.
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Figure 416. Shear strength predictions for HPFRC Coupling Beams without transverse reinforcement:
(1) ACI 31814 (2014); (8) Canbolat (2004); (9) Lequesne (2011); (12) Proposed method
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Table 420. Statistical Parameters for HPFRCoupling Beams without transverse reinforcement

Avg.

Equation Shear Standard | Absolute
Ncbmber Equation Mean Range Deviation | Error
(%)

ACIl 31814

() (2014) 0.62 | 0.61-0.63 0.01 37.76
(8) Canbolat (2004) | 1.36 | 1.34-1.37 0.02 35.58
(9) Lequesne (2011) 1.01 | 1.01- 1.01 0.00 1.43
(12) Proposed Methog 0.95 | 0.88-1.02 0.07 7.21
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Table 421. Comparison of Predicted versus Experimental Strengths for HPFRC Coupling Beams tréthewerse reinforcement

I3 w o \ b I3 \ \ “Q “OIQ (I) !Q 3 \ (i) d) Td)
YQi O@i w YR QuQa Qg arQ b . w (%) arn .
LL W Type D0 p g &) S
é"(‘;‘l’g) et all teoo 2.2 45 41.0 PVA 2.0 307.7 775.0 0.61 1.34 1.01 1.02
?2%”15) et allrcoas 4.1 4.6 41.0 PVA 2.0 307.7 437.0 0.63 1.37 1.01 1.08




4.3.9 Comparison of Shear Prediction Equations for all the Beams in the
Database

In Figs. 4.17 and 4.18, comparison of prediction equations is shown for deep beams
and coupling beams, respectively. Furthermore, statistical parameters are given in
Tables 4.22 and 4.23. In these figures and tables, only the equations applicable to the
given beam types are considered. It can be observed that, although a single proposed
equation is used for beams with different material properties and loading conditions,
the obtained results are mostly conservative, have adequate accuracy and provide
improved predictions when compared with other available prediction equations. The
proposed prediction equation works best for HPFRC coupling beams with transverse
reinforcement. The highest error and scatter of data are observed for deegdireams

02.5)without transverse reinforcement.
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Figure 417. Shear strength predictions for Deep Beams:

(1) ACI 31814 (2014); (2) Sharma (1986); (3) Mansur et al. (1989)Narayanan and Darwish
(1987)
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Table 422. StatisticalParameters for Deep Beams

Avg.
Equation Shear Standard| Absolute
Number Equation Mean Range Deviation| Error
(%)
() ACI 31814 (2014)| 1.36 | 0.35-10.76 0.23 63.82
(2) Sharma (1986) | 1.60 | 0.37-5.84 0.73 83.7
Mansur et al.
3) (1986) 0.90 | 0.23-5.68 0.51 52.45
Narayanan and
4) Darwish (1987) 1.14 | 0.4-2.07 0.43 34.24
Ashour et al.
(5) (1992) 1.10 | 0.18-3.80 0.32 32.89
Khuntia et al.
(6) (1999) 0.71 | 0.41-4.09 0.37 64.68
(7 Kwak et al. (2002), 0.96 | 0.36-2.76 0.30 39.88
(11) | Dinhetal(2011) | 1.70 | 0.54-7.83 | 0.73 71.73
(12) Proposed Method| 0.84 | 0.32- 1.64 0.19 24.13
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(1) ACI 31814 (2014); (8)CanbolgR2004); (9) Lequesne (2011); (10) Cai et al. (2016); (12)
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Figure 418. Shear strength predictions for Coupling Beams:

Proposed method
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Table 423. Statistical Parameters for Coupling Beams

Avg.
Equation Shear Standard| Absolute
Number Equation Mean|  Range Deviation| Error
(%)
(1) | ACI31814 (2014)| 1.15 | 0.21-2.53| 0.29 44.24
(8) Canbolat (2004) | 0.77 | 0.14-1.71 0.26 39.63
9 Lequesne (2011)| 1.04 | 0.52-1.60 0.17 14.38
(10) Cai et al. (2016) | 1.59 | 1.00- 2.30 0.31 60.10
(12) Proposed Method| 0.99 | 0.70- 1.44 0.15 12.47
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CHAPTER 5

VERIFICATION OF THE PROPOSED MODEL BY NONLINEAR
ANALYSIS

In order to verify the applicability of the proposed method to predict the shear strength
of shear critical deep beams, selected speciaesnalyzed using ETABS 17 (2017).
First, momentcurvature relationships for conventionally and diagonally reinforced
fiber reinforced composite coupling beams are obtained. Nonlinear analytical models
of coupling beam subassemblies previously testedrwydéic loading are generated

and theanalytical results are then compared with the experimental ones

5.1 Subassembly Modeling

Coupling beam subassemblies are composedsbkar critical deep beam connecting
two reinforced concrete wall segments onreand. The commonly used test setup is

to attach one of the wall segments to the strong floor and apply the load to the upper
wall segment. The specimens considered in the databakeded under two different
configurations. In the first case, the petgrmined displacement history based on the
drift levels, areapplied to theop reinforced concrete walhrough a rigid steel plate,

the line of action of which is passing through th&lspan of the beam in order to
obtain zero moment at the midspan lo¢ tcoupling beamin the second case, the
predetermined displacement history is directly applied to the center of the top wall
segment. For these specimens, two steel arms are placed at the ends of the top wall
segment to prevent wall rotatioithe aforemetioned test setups and generated
ETABS 2017 models of the test specimens are shown in Fig. 5.1 (a) amdifig.5.2

(a) and (b), respectively.
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The beam element is modeled as a cracked elastic segment in between the axis of the
walls with cracked stiffness. At the two ends of the beam, there are twoigehand

zones within the walls and zero length moment hinges on theofatiee walls
(Fig.5.2). The wall segments are modeled as cracked elastic segments with rigid end
zone elements along the depth of the beam (Fig. Bigid endzone factor is used to
determine the relative rigidity of the beamwall connections and it ranges from 0O to

1. The valud) refers to the case, where the connection is infinitely flexible and the
beam is free to rotate at the face of the whlis used to define full rigidity, so the
portion of the beam embedded in the wall can not rotate. In this analytical study, rigid
end zone factor is taken as 0.5, because fiber reinforced precast beams experience

some slip under applied loading.

The mainparameters which are required to define the elastic member behavior are
crosssecti onal di mensi ons, moment of inertia,
Since multiple cracking is expected in fiber reinforced composite beams, cracked

moment of inertiais considered. Different approaches for obtaining the cracked

moment of inertia and the values used in this study for the nonlinear analysis are
discussed in Section 5.2.3 in detail. Thomas and Ramaswamy (2007) observed that the

val ue of P aredfom 0.18%0 0.22afdr different grades of concrete. This

variation depends on the aggregate amount and the rate of loading. Moreover, fiber

type and volumetric ratio affect Poi ssonds
considered to be constaand taken as 0.2 for both fiber reinforced and high
performance fiber reinforced composites.

5.2 Nonlinear Analysis

For the verification of the proposed shear strength prediction method, nonlinear static
analysis similar to pushover analysis is perfatroa previously tested subassemblies

and the analytical results are compared with the experimental ones. In the analysis, the
top wall segment in Fig. 5.2 (a) and (b) is displaced following the given displacement

history for each specimen.
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5.2.1 Beam Modd

In the Seismic Rehabilitation and Retrofit of Existing Buildings Document (ASCE 41

13, 2013), the generalized forckeformation relationship for reinforced concrete
elements or components is given in Fig.5.3. The modeling parameters recommended
to beused in nonlinear analysis of reinforced concrete coupling beams controlled by

flexure are presented in Table 5.1.
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Figure 53. Generalized force versus deformation curve (ASCE 41, 2013)
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Table 51. Modeling Parameters for Coupling Beams (ASCE 41, 2013)

Acceptable Plastic Hinge Rotation®

Residual (radians)
Plaslic Hinge Rotation Strength
(radians) Ratio Parformance Lavel
Conditions a b [ 1o LS cpP
i Shear walls and wall segments
(A, — A;:l_,r} +P v Confined ]_’munda:)'j 0015
fw-{-fcJ i’-’wx'l?
=1 <4 Yes 0.010 (0.020 0.75 0.005 0.015 0.020
=10.1 26 Yes (009 0015 .40 .00 Q.00 0015
={.25 =4 Yes 0,005 0.012 .60 0,003 (L0 0012
=().25 26 Yes .00 (010 0.30 00015 (L0035 0010
=0.1 <4 No 0006 0.015 .60 0.002 (0.00E 0015
=0.1 26 MNo 0,003 0.010 0.30 0.002 (0.006 0.010
=0.25 =4 MNo 0,002 0.005 0.25 0.001 0.003 0.005
=(1.25 26 No 0.002 0.004 0.20 0.001 0.002 0.004
ii. Shear wall coupling beams®
Longitudinal reinforcement and v 0.050
transverse reinforcement? I
whwy e
Conventional longitudinal =3 0025 0.040 0.75 0.010 0.025 0.050
reinforcement with conforming 26 0.020 0.035 0.50 0.005 0.020 0.040
transverse reinforcement
Conventional longitudinal =3 0,020 0.025 0.50 0.006 0.020 0.035
reinforcement with 26 0.010 0.050 0.25 0.005 0.010 0.025
IIUI"H.'/U‘TIIUI‘IT'III"IQ: Iransverse
reinforcement
Diagonal reinforcement NA 0,030 0.050 080 0.006 0.030 0.050

“Lincar interpolation between values listed in the table shall be permitied.

*A boundary element shall be considered confined where transverse reinforcement exceeds 75% of the requirements given in ACI 318 and spacing of transverse
reinforcement does not exceed Bdy. It shall be permitied to take modeling parameters and acceptance criteria as 8046 of confined values where boundary ele-
ments have al least 50% of the requirements given in ACL 318 and spacing of transverse reinforcement does nol exceed 8dy. Otherwise, boundary elements
shall be considered not confined.

“For coupling beams spanning <8 1 Oin., with bottom reinforcement continuous into the supporting walls, acceplance criteria values shall be permitted 1o be
doubled for LS and CP* performance.

“Conventional longitudinal reinforcement consists of top and bottom steel parallel to the longitudinal axis of the coupling beam. Conforming transverse rein-
forcement consists of (a) closed stirrups over the entire length of the coupling heam at a spacing < @3, and (b) strength of closed stirrups ¥, = 3/4 of required
shear strength of the coupling beam.



Based on the recommendations of ASCE 41 (2013), the backbone curve given in Fig.

5.4 is generated for the beanoment rotation response.

Figure 54. Momentrotation backbone curve for beams

Five different regions are used to define the behavior of coupling beams. First region
of the member response represents the uncracked behavior. The point where beam
cracking results in the loss of stiffness is identified as the cracking point and denoted
asd , whichis assumed to be 10% of the computed moment capéuikyadditional

point is considered to increase the accuracy of the predicted rigidity of a specimen.

After the primary cracks are formed in the member, although the stiffness does no
reduce considerably, the beam starts to deviate from elastic behavior and continues to
carry the load with increasing strength. This region ends at the point where the inelastic
activity increases and crack maturation occurs and the stiffness loss loéahe
becomes significant. Second performance point, which is defined as the point of

inelasticity and denoted as , is set equal to 70% of the computed moment capacity.

The third region represents the inelastic activity region where the stiffnesshsEdm
is considerably reduced, although the strength of the beam is still increasing. The end

point of this third region is denoted @s .
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From the test results, it is observed that after reaching the maximum flexural capacity,

0 , remained almost ostant through a transition region, where the tensile strength

of reinforcing bars increase due to strain hardening and the tensile strength of high

performance fiber reinforced composite decrease after the material reaches its peak

tensile strength.

The last performance point is specified as the termination point of the descending
region and the remaining moment is denoted)by Although higher reduction in
capacity is defined iIMSCE 4113 (2013), since fiber reinforced composites do not
exhibit a suden loss of strengtlafter some trial analytical runs, a 10% reduction in

the beam moment capacity is used.

The rotation at crackings- , andyield rotation,—, are calculated from the following
equations:

where, "0 Dyross momenof inertia of the section,
0 Dultimate moment capacity considered to be the moment capacity
obtained by considering the predicted shear strength,
'O Delastic modulus,
'O Dcracked moment of inertia of the section,

& Dplastic hinge length.
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where,& Cclearlength of member,
" yield strength of longitudinal bars,
Q dbar diameter,

"Q dconcrete compressive strength (MPa).

The resulting moment versus rotation relationships for conventionally reinforced fiber
reinforced coupling beams (CCBs) and diagonally reinforced fiber reinforced
coupling beams (DCBSs) are given in Fig. 5.5.
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0.1M,, | -

—— e e e e - — -

\ 4
D

Ocr 6,  6,+001  6,+0.025 6,+0.05

a) Momentrotation relationship for CCBs.
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Figure 55. Momentversus rotation relationships for coupling beams

5.2.2 Modulus of Elasticity
The accuracy of modeling members, the behavior of which are controlled by flexure

depends on defining a realistic flexural rigidiy, QwhereO is elastic modulus of

concrete ands the moment of inertia.

ACI 318-14 provides two different formulations for the concrete modulus of elasticity.

The first equation is:
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where, 0 is the unit weight of concrete in Z208This equation was derived from
shorttime tests on concrete and systematically overestin@tesregions whereow

modulus aggregates are prevalent.

The second equation used for normalight concrete is:

O uvxmm® AiQ v U

Wafa (1990) stated that, modulus of elasticitfileér reinforced composites increases
with increasing fiber content. It was reported that for each 1% increase in fiber content
by volume there is an increase of 3% in the modulus of elasticity. Moreover, Naaman
(1987) proposed the following equation tegict the upper bound elastic modulus of
FRC.

O O w Ow v @

where,Ois the elastic modulusy is volume fraction, and the subscripisr , and'Q

represent the composite, matrix, and fiber, respectively.

In the current study, second formulation of ACI 38 is adopted in Sl units as

follows:

O 1 xULIA DU W L X
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5.2.3 Moment of Inertia

As mentioned earlier, the accuracy of a nonlinear model depends on defining a realistic
flexural rigidity, so moment of inertia plays an important role in modeling. Under
seismic loading, cracks are formed in the coupling beams and the rigidity of member
reduces. As the applied load increases crack lengths and widths will also increase and
the member stiffness continues to reduce. For this reason, it is important to estimate a

realistic cracked stiffnessO value for theanember.

ACI 31814 recommendtaking the cracked flexural rigidity of beamsras 0O Oin
seismic design, and recommended Eg8.6r the effective stiffness. ASCE 4B

(2013) uses a lower value for the cracked flexural rigidity equadt® "O.

O ™ 0 pg ™- "0 ™0 VRl

where,” dlongitudinal reinforcement ratio,
cDweb width,
Q Deffective depth,

"0 Dgross moment of inertia.

The New Zealand standard (NZS 311895 provides different equations for
conventionally reinforced coupling beams (CCBs) and diagonally reinforced coupling
beams (DCBs). The effective stiffness of CCBs is considered to be only a function of
the member aspect ratio (EqRr9h whereas, foDCBs the expected ductility demand

is also taken into account (Eqnrl1b).
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I n the above equation, the codgbrfiments /
0 pP8L 0 p&, andd p®. Fort @8t the parameters are considered as

™, 0 p&, andd ¢&. Linear interpolation should be used in between these

values.

Paulay and Priestley (1992) proposed Eghl%o computéOof CCBs with effective
depth,Q and clear spary andEqn. 512 for DCBs.

Taranath (1997) consirgaier, imthe daltultiordfthee ct of

effective stiffnessQ for reinforced concrete coupling beams:

Vu et al. (2014) proposed the following etjaas to estimaté&®for CCBs (Eqgn. 5L4)
and DCBs (Eqn.45).
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where,ll Ddimensionless stiffness factor for CCBs,
I Ddimensionless stiffness factor for DCBs,
"0 Deffective moment of inertia,
"0 Dgross moment of inertia,
aDlength of the coupling beam,
Q Deffective depth of the coupling beam,

Diransverse reinforcement ratio,

” Dlongitudinal reinforcement ratio,

Ddiagonal reinforcement ratio,

"Q Dconcrete compressive strehg

Based on the test results, Naish (2010) found outrt&aD ©hould be used as the
cracked rigidity of coupling beams. Lequesne (2011) tested three HPFRC coupling
beams that have ¥Qratios of 1.75 and also recommended to use a cracked rigidity
of & ‘O ‘@-urthermore, Setkit (2012) reported that the cracked rigidity varied between
™ o T O @r HPFRC precast coupling beams witlfQranging between 2.75

and 3.3. However, it should be noted that these proposed flexural rigidity values also
include the effect of slip/extension between the coupling beam and the reinforced

concrete wall.

The contribution of slip/extension tbe yield rotation—, can also be estimated by
following the methodology developed by Alsiwat and Saatcioglu (1998¢re the
crack width that develops at the beamll interface depends on bar slip and bar
extension in terms of strains.
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where,0 delastic bond stress,
Q Dreinforcing bar diameter,

0 Dtension reinforcement area,
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0 Dfactor to take into account confinement and bar spacing (recommended to
be taken asQ ),

0 Dength of the elastic region,

0 dpeak bond stress,

1 Dlocal slip at peak bond stress,

1 dslip of the reinforcement,

1 dextension of the reinforcement at yield,

1 diotal displacement of the reinforcement at yield,

—g angle of the crack that opens at the bewal interface due to the
slip/extension of the bar at yield,

Q Deffective depth,

wDhdepth of the compressive stress block.

The cracked moment of inertia which included the slip calculated using the slip
extension formulae of Alsiwat and Saatcioglu (1992) are significantly similar with the
values computed by using the formulae of Paulay and Priestley (1982fdbr ¢&.

The resulting cracked rigidities computed by Alsiwat and Saatcioglu (1992) equations
range between 0:2.22 fora 7Q ¢@&8However, theséormulaegive unrealistically

low rigidity values betweef.08 and 0.14 fon 7Q  ¢&.

In order to decide whichracked rigidity assumption works best with the developed
model, Specimen CR (a Q= 1.75)tested by Lequesr@011) and Specimen CB

(6 FQ ¢& vtested by Setkit (2012) are analyzed considering cracked rigidity equal

to T OO, ® UVO'0, and i O 0. For these specimens, the cracked rigidity
computed by considering siipnchorage action is significantly low; 0.09 and 0.16 for
Specimens CH and CB6, respectively. Even when theacked rigidity is considered

to ber@® 'O O, the member becomes too flexible, therefore, these lower values are not
used in the analyses. In Fig. 5.6, the obtained shear stress vs. drift responses for
Lequesne, Specimen CHare presented for different flexural rigidities. As it can be

observed from thégures, member stiffness is underestimated by the model, when the
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cracked rigidity is considered to & ‘O ‘O or ® UO ‘O8Fig. 5.7 shows the shear
stress vs. drift relationships for Setkit, Specimen6@Esince this specimen has a
higher sheaclear spafio-depth ratio, the use of different cracked rigidities does not

affect the behavior as much as the specimen with lov&R
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5.3 Analytical Verification of the Proposed Model

In order toverify the accuracy of the proposed model, the results obtained from
pushover analysis of subassemblies using ETABS 17 (2017) are compared with the
experimental results. In all the comparison graphs, analytical results are shown with
red straight lines. e graphs on the left are provided to investigate whether the
selected cracked rigidity of the beams matches with the experimental rigidity. The
graphs on the right present the comparison of the overall behavior. The envelope

curves are also provided aetbottom to clarify the comparison.

5.3.1 Specimens of Setkit (2012)

Setkit (2012) evaluated the use of hyggrformance fiber reinforced composites to
reduce or totally eliminate the need for diagonal and transverse reinforcement. For this
purposefive precast coupling beams were tested under large displacement reversals.
The considered parameters were the coupling beam sheaosgepth ratio (2.75 and

3.3) and the contribution of diagonal reinforcement to shear strength. All specimens
had 1.5% wlume fraction of hooked steel fibers with aspect ratio of 80. Beam width

kept constant for all specimens.
Specimen CA

The first specimen has a clear sfpartlepth ratio of 2.75 and a composite compressive
strength of 49.6 MPa. The beam depth is 609 Trirare are two layers of main flexural

bars at the bottom and top, two groups of diagonal reinforcement with two layers of
bars in each group, transverse reinforcement, dowel bars, and longitudinal bars at
nearly middepth of the beam. The main differenééhis specimen with the others in

this series is that this one has more reinforcement at the bottom and top of the beam
and low aspect ratio (Fig. 5.8hear stress vs. drift response of the specimgimown

in Fig. 5.9.The predicted initial rigiditys close to that of the specimen. The ultimate
moment capacity, strength and stiffness degradation, and the overall behavior are also
predicted with adequate accuracy, being on the conservative side.
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Specimen CR

This specimen with a clear sptmdepth ratio of 2.75 has a composite compressive
strength of 59 MPa. and a beam depth of 609 mm. The reinforcement detailing is
provided as one layer of main flexural bars at the bottom and top, two groups of
diagonal reinforcement with two layers of bars in each group, transverse
reinforcement, tshaped dowel bars, and longitudinal bars at nearlydepth of the
beam (Fig. 5.10)Shear stress vs. drift response of the specismgimown in Fig. 5.11.

The anajtical model seems to work conservatively for this specimen as well.

However, the strength degradation at failure is underestimated.
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Figure 510. Reinforcement detailing of Specimen @B
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Figure 511 Shear stress vs. drift response of Specimes2CB
Specimen CB

This specimen has a clear sgardepth ratio of 3.3, composite compressive strength

of 61 MPa., and a beam depth of 508 mm. The reinforcement detailing is provided as
one layer of main flexural bars at the bottom and top, two groups of diagonal
reinforcenent with two layers of bars in each group, transverse reinforcement, U
shaped dowel bars, and longitudinal bars at nearlydepdh of the beam (Fig. 5.12).

This specimen has a shallower depth and a higher aspect ratio. Fig. 5.13 indicates that
the prediotd capacity is lower than the experimental results for this specimen, but the

maximum expected drift matches the results.
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Specimen CB

Specimen CB! is not analyzed, since it was a reinforasmhcrete control beam.
Specimen CE (0 7Q 3.3) has a composite compressive strength of 68 MPa. and a
beam depth of 508 mm. The reinforcement detailing is provided as one layer of main
flexural bars at the bottom and top, transverse reinforcemesitaped dowel bars,

and longitudinal bars at nearly magpth of the beam (Fig. 5.14). Although, the
strength of this specimen is not significantly different from&Bince there are no
diagonal bars, the initial rigidity is lower and higher drift ratios @lbserved for this
specimen. The analytical response of SpecimerbGBown in Fig. 5.15, has higher
strength and stiffness degradation when compared to the experimental results due to

the absence of diagonal reinforcement.
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Specimen CH

6

8

The final specimen has an aspect ratio of 2.75, composite compressive strength of 67.6

MPa, and a beam depth of 609 mm. The reinforcement detailing of this specimen is

the similar to that of Specimen €B(Fig. 5.16).The analytical results given g.

5.17 are in reasonable conformity with the test results, although this specimen has no

diagonal reinforcement either. This indicates that the prediction equation worked

better for deeper beams.
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5.3.2 Specimens of Lequesne et al. (2011)

Three large scale precast coupling beam subassemblies with cleto-siggith ratios

of 1.75 were subjected to reversed cyclic loading. Main difference in between the
specimens is the connectiofh the beams to the reinforced concrete walls by using
different dowel detailingHooked steel fibers are used in the composite with a 1.5%
volume fraction and have an aspect ratio of 80. Beam sizes and reinforcement layouts

for both longitudinal and diapal reinforcements kept the same for all specimens.

Shear stress vs. drift responses of specimens are shown in Figs. 5.19, 5.21 and 5.23.
For all specimens, ultimate moment capacity and initial rigidity are reasonable when
compared with test results. In Specimen-8g-ig. 522), in addition to lowering the
transverse reinforcement ratio by 258traight dowel bars were placed across the
beamto-wall interface to enable plastic hinging to occur within the beam, replacing
the Ushaped dowel bars used in SpecimenslGihid CB2 (Figs. 5.18, 5.20)t was
repoted that, in the third specimen, the beam experienced sliphangesponse of
Specimen CBE3 was dominated by flexural rotations at the ends of the coupling beam.
The proposed model would have given more accurate results, rigitieendzone

factor was éaken below 0.5. However, the detailing of the connection regions is not a
parameter investigated in this study and segid connections are considered for all

the subassemblies without any modifications. Therefore, the strength and stiffness
degradationand high drift ratios observed in Specimen-8Bannot be predicted

precisely, although the observed ultimate drift level is close to the experimental value.
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5.3.3 Specimens of Canbolat et al. (2005)

High performance fiber reinforced composite subassemblies of Canbolat et al. (2005)
arecft scale with 1.0 clear span-depth ratio. The main experimental variables are
the fiber type and reinforcement detailing. In Specimen 2 and Specimen 3, 2.0%
volume fraction of spectra fiber was used. In Specimen 4, torex steel fiber with a
volumetric rato of 1.5% was used. Specimen 2 is conventionally reinforced coupling
beam(Fig. 5.24)and others are diagonally reinforced coupling beéfngs. 5.26,

5.28) The comparisons of experimental and analytical results are given in Figs. 5.25,
5.27, 5.29. FofSpecimen 2, it was reported that all the reinforcing bars remained
elastic up to 1.5% and strength loss occurred when major diagonal cracks are formed
at approximately 2.0% drift. Although the capacity is estimated well for this specimen,
the initial rigidty is higher than the experimental one and strength degradation cannot
be captured. For Specimens 3 and 4 similar problems are observed in the analytical
response. This indicates that the diagonal reinforcement detailing is as important as its

amount in pedicting the strength and stiffness degradation.
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Figure 527. Shear stress vs. drift response of Specimen 3
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