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ABSTRACT

Structural Behaviour of Conventional and FRR Reinforced Concrete Deep Beams

Fawzi Ali Latosh, Ph.D.

Concordia University, 2014

Many structural applications suespile caps, girders, foundation walls and offshore
structurs includethe use of reinforced concrete deep beams as structural elements. The
structural behaviour of deep beams is affected by its &pd@pth ratio, type of loading,
reinforcanentratio in vertical and horizontal directions, concrete strength, and type of
cross section. Since the traditional beam theory is not applicable for designing deep
beams, the strut and tie model (STMas developed earlieas a rational method for
estimating thecapacityof a reinforced concrete deep beand accepted in the current
coces and standards for the designsathbeams. While for designing a conventional
(i.e. steel reinforced) concrete deep beams STM hasawedablein differentcodes and
standardsfor FRRreinforced concrete deep beasweh provisios are notavailablein
mostcodesand standard€Only in the recent edition of thelevantCanadianstandard
(i.e., CAN/CSA S806-12) which came out muchater thanthe commencement of the
present research, &TM approacthas beerprovided which is primarily based on that
of conventionaldeep beans with some adjustmentdy usingFRPr ei nf or c e men't
properties to calculate the tie capaci@ne of the reasorfer the lack of standards or
code provisions for such systems in otbedes(e.g., ACI and Eurocode$ perhaps the
lack of adequate experimental data available on the performance of such beams. As the

use of FRP reinforced concrete structures is increasing, there is a need to the



development of a design method for FR¥hforced concrete deep beams, which could
be simlar to the existing STM method available for the conventional deep beamisyr
to the approach taken lilge Canadian standard. But, such provisions must be validated

and/ormodified appropriately and calibrated with experimental studies.

The objeaves of the present research are () Identify the critical parameters
governing the behaviour of conventional concrete deep beam®e{@lop a design
procedure for FRP reinforcemncretedeep beams; (3) Study the critical factors in FRP
reinforced oncrete deep beams and evaluate the proposed design procedure using
numerical and experiment&sts; and4) Evaluate the STM procedure outlined in the
CSA-S80612[2012] for designing FRP reinforced deep beaiftse current design
provisions for conventica concrete deep beams as provided in the following three
prominent standards that use the $@matitie model have been extensively reviewed:
ACI 31808, Eurocode EN 1992-1-2004(E) and Canadian code CSA A2B84. The
influence of different variables otine ultimate strength of deep beam estimated using
STM provisions in the codes are studied. A large database of available experimental
studies on conventional deep beams has been created. The ultimate load eaplacity
failure pattern for each sample inetldatabase have been evaluated using the STM
models provided in the above three standards, aimdparedwith the experimental
results and critical parametdfsat have been identified. The results of the preliminary
study show thathe useof Strut and Tiemodel are generally appropriate method for
beams with sheepan to depth ratio lesisanor equal to two. Also thsetudyconfirmed

that both the sheapanto-depth ratio and the amount of shear web reinforcement have



the most significaneffecton the lehaviour of deep beams and on the codes predictions

of the ultimate strength of deep beams.

Based on the review of the STM models available for the conventional deep beams as
provided in the current standards, a similar model has been developed lEsEgn
FRPreinforced deep beams. Using the proposed method, a set efefFRitced deep
beam has beetiesigned and constructedin experimental prograrnas beertarried out
to test these beams to stuttiye applicability of the proposed method and effet the
critical design parameters. Ni€RP reinforced concrete deep beams were divided into
three groups, based on their shear dpathepth ratio &/d), and tested under a single
concentrated load to investigate their behaviour and strength. Thatesties were the
shear spaito-depth ratio and the quantity of web shear reinforcement. The behaviour of
deep beams is indicated by thefirear strength capacityid spandeflection,strainat the
FRPlongitudinal and web reinforcemerdrack propagatigrand type of failure. A new
equation is presented in this study to calculate the contribution of the FRP web
reinforcement to the ultimate shear capacity of F&Rforced concrete deep bearAs.

a new version of the CSA standard is available now whiokiges STM procedure for
FRPreinforced deep beamset test resulthave beertomparedo predictions based on

the current CSA desigorocedure

This investigation reveals that the Strut and Tie model procedure in theS8&HL2
code provides a consative and convenient design procedure for F&Rforced
concrete deep beamidowever, there are some areas where the code provisions can be
improved and some inconsistencies in the way the sapacityis determined can be

removed.In addition, the sbar design procedures of the ACI 440QRCode and of the



modified Strut and Tie model (STM) from Appendix A of the ACI 3B Code were
comparedased on their test resuéiad amodified STM procedure based on ACI 308
provisionhas been proposddr the adoption to ACI 440This investigation reveals that
adopting the procedure in the ACI 308 Code and taking into consideration the
properties of FRP reinforcement provides a conservativeraiahal design procedure

for FRP reinforced concrete delepams.

Vi
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Chapter 1: Introduction

1.1. Introduction:

Many structural applicains include the use of reinforced concrete deep beams e.g.
pile caps, girders, foundation walls and offshore strusturiee structural behaviour of
deep beams is affected by its sgardepth ratio, type of loading, reinforcement ratio
(vertical and hodontal), concrete strength, and the type of cross section. As the variation
in longitudinal strain is nonlinear over the depth of the cross section of the beam, the
plane sections theory that applies to the design of simple beams cannot be used in
designirg deep beams. The Strut and Tie model (STM) has been adopted by the modern
codes to design the deep beams in a more effective waySTkeprovides a rational
and acceptable theory for the design of deep beams which generally agrees well with the
results @ experimental studiedichael et al[2006] reportedhatthe first application of
STM was in the eightieg the Canadian Code [1984], followed by the Eurocode [1992]
in applying the STM to design deep beams. The first appearance of the STM in the
American Concrete Institute Code ACI 318 [2002] was at the end of the twentieth
century.lt should be noted that the implementation of the STM models as provided in the
abovementioned codes differ from each other. Some differences exist among the codes
in the implementation of STM, particularly in determining the amount of web
reinforcement and the shape of the struts.

Deep beamin many structural applications are exposed to the risk of corrosion or

to severe environmental conditions thaty result inshortermng of their lifespans.

Compared to conventional steel reinforcement, Fib&einforced Polymer (FRP)



materials are stronger, lighter and free of corrosion problem. BRRBereforebeing

used as an alternative to steel reinforcement in many strucpyhtations, including

deep beamsWhile, many studies have demonstrated the effectiveness of FRP bars in
concrete structural elements, not many studies are available for concrete deep beams
reinforced with FRP bars. The increasing use of this materiebmstruction led to the
development of standards for the design and construction of building components with

FiberReinforced Polymers.

The CAN/CSAS80602[2002], the ACI 440.1 R6[2006] and the CAN/CSA
S80612[2012] standards provide requirements fog tlesign and evaluation of building
and building componentsreinforced (internally or externally) witffFRPs. A design
manual has been issued by @&nadian Network of Centres Bkcellenceon Intelligent
Sensingfor Innovative StructureglSIS Canada Resrch Network2007]) to provide
guidelines and design equations that can be used for the design eakiRRRRced

concrete structures.

For designingnormal (i.e. shallow)beams using any FRP standard, the relevant
equations for steel reinforced corterehave been adopted and modified for FRP
reinforcement. CAN/CSA80602 Standard2002], ACI 440.1 R06[2006] and the ISIS
design manual did not provide any procedure to design deep beams reinforced with FRP
bars. Moreover, according to clause 8.6.6.LAN/CSA-S806022002] the strut and tie
modelswasnot permitted in the design of beariifie present research was motivated by
the increasing use of FRP reinforcement in concrete structures and the lack of appropriate

design provisions for FRReinforced oncrete deep beams.



The newer edition of the Canadian Standard, CAN/G8A8612[2019 doesadopt the
STM approach, originally developed for conventioia. steel reinforcedjeep beams,
with some adjustments that account for the propertie®R&f FHowever, these provisions
are not adequately verified with experimental studies of-FéRHorced concrete deep
beams.Presently, a very limited number of experimental studies are available fer FRP
RC deep beamsACl 440.1 R06[2006] does not provielany design procedure for FRP
reinforced concrete deep beamsoayet. For designing conventional deep beams, most
codes, for example the ACI 318 [2008], the Eurocod¢2004] and the CSA2004],
individualize the STM model with special clauses or agpess (Appendix A, clause 6.5
and clause 11.4, respectively) to clarify STM model design procedure for deep beams.
Given the advancement ithe use of FRP materials and their adoption in reinforced
concrete structures, the development of an SiEgign proedure for FRFAeinforced
concrete deep beams for the ACI 440 code will be of intefdsd. the effectiveness of
the STM approach in CAN/CSA880612[2012] needs to be validated further with

experimental results.

1.2. Statement of the problem:

Studies orthe behaviour of deep beams reinforced by BRBare very limited as
comparedto that on steel reinforced concrete deep beams. The aim of the study is to
investigate the structural behaviour of concrete deep beams reinforced by FRP. For a
better undersinding of deep beam behaviour, the proposed research consists of three
parts. The first part focuses on the review of available experimental studies on
conventional concretdeep beams ancbmparisonof the code provisions in prominent

jurisdictions to gai an insight in the behaviour sfichbeams so that a design procedure



can be developed for thee The second parfocuses on the development of an
experimentaprogramin which a set of concrete deep beams reinforced by FRP will be
designed, constructed @tested, to study the effect of they variablesand validate the
existing provisions of the Canadian standaithe amounbf theweb reinforcement has
been chosensaavariable to study since the experimental results on-st@dbrced deep
beams aseported in the literature indicate that web reinforcenrernery important in
controlling the midspan deflection, crack width, failure modes, ultimate strengths and
the overall behaviour of reinforced concrete deep beams. Mordbeeshearspanto-

depth ratiowill be studied because of its major effect on changing the behavior of beams
as well as on the failure mechanism.

As the existing standard on FR&nforced concrete structuresCl 440.1 R
06[2006] does not provide a procedure for designdeepbeams, the present study is
aimed at understanding such beams and developing a design proc&dorehis
investigation evaluates the STM procedaf¢he CSAS80612[2012] for design ofFRP
reinforced deep beamsvhich was adapted from the STM pealure for conventional

deep beams as provided in CSA A2848

1.3. Objectives and scope:
The objective of the present researchioigsinderstand the behawoof FRRreinforced
concrete deep beanThe behaviour of deep beams is indicated by their levels of
ultimate shear strength, midgpan deflection, FRP reinforcement strain, crack
propagation, and by their type of failure. addition to the main objectivehis study

hasthe following objective:



1. Reviewtheavailable experimental studies oonventionateinforced concrete
deep beamand identify the critical parameters governing their behaviour.

2. Comparehe STM provisions of relevardodesand standard®r the desigrof
concrete deep beagendverify the accuracy and theliability of the Strut and
Tie model (STM)provisionsin differentcodeswith respect to the available
experimental studies

3. Develop an experimental program tady the effects of the critical factors in FRP
reinforcedconcretedeepbeamsand validate the existing design procedures.

4. Develop a design proceduoe modify the existing onfor FRP reinforced
concrete deep bearbased ontheresults of the present and available experimental

studies

The objectives 1 and 2 have beenachieved by utilizinga database of existing
experimetal studies on conventional deep beamise effects of governing variables,
such as the sheapan todepth ratioamount ofweb reinforcement, and the compressive
strength of concreteere identified and have been explairsdobserved in thavailable
studies The results of more than three hundred test specimens from available
experimental studies on reinforced concrete deep beams have been used to evaluate and
comparethe StrutandTie modeling provisions of theodes An experimental study lsa
been coducted to achieve objectiv@sand 4 and validate the current design procedure
A design procedure of FRIPeinforced concrete dedygams have beateveloped based
on the design procedure available for conventional deep beams andeiRfRRced

ordinary leams andcomparedo the current design procedures



1.4. Thesis organisation:
The thesis is organized ieight chaptersA general introductionstatements of the
problem, the research objectives and the thagjanizationis presented in this chapter
The fcond chaptepresentghe literature review including: peview and discusion of
the behaviour of deep beams, atekcription ofthe modes of failure; iiyeview of the
Strutand Tie Models in provisions ofhe design codes and standardshiree diffeent
jurisdictiors including Canadaiii) presentation of the available experimental studies on
conventional deep beams; identification of thekey parametes affectingthe behavior
of deep beamsndv) overview of the use ofFiberReinforced Polymer inleep beams
andavailable experimental studies on FRP reinforced deep beams. Chaptqréseds
the research methodology and experimental s&hyapter four presents tikemparison
of the design Provisions faonventionaldeep beams in different caleThe effects of
governing variables, such as the shgaanto-depth ratio, web reinforcement, and the
compressive strength of concrete on the code predictions of the ultimate strength capacity
have also been investigated hefle effectiveness of theT® provisions of different
codes in predicting the failure modes of concrete deep beamtsbhgsen studied in this
chapter. Chapter five presents the experimental results ofFfitRPeeinforced concrete
deep beams. The experimental results for eachddstanarepresented individualland
discussedn this chapter. Chapter sprovides a synthesis of the experimental results to
highlight the effect of the shear spemdepth ratio andhe amount ofveb reinforcement
on the behavior of th&RPRRC deepbeams. Chapter sevendescribesthe design
procedure developed for designing FRE deep beann the context of Canadian (CSA)

andAmerican ACI) codes which have be@omparedand validated with the test results



and available provision in the current codesl standardsThe summary, conclusions,

and recommendation for future work are provide@hapterseven



Chapter 2: Literature Review

2.1. Behaviour of Deep Beams:

Nawy [2003 mentioned that the behavior of deep beams is nomjitleay behave as
two-dimensional elements subjected to a -tlimensional state of streste strain
distribution is nonlinear distribution, the plane sections do not remain planar after
bending, and shear deformations will become significant in deaps, which meanhat
the assumption of plan section theory cannot be apdbdterent codes define deep
beams slightly differently, based on the nonlinear variation of strain distribution over the
depth of the cross sectioA.deep beam is defined in ACL8-082008] codeas a beam
that is loaded on one face and supported on the opposite face, that has a cldgr span,
equal to or less than four times the overall member depth, and that has regions of
concentrated loads within the height af@® 2h), wherea andh are the sheaspan and
depth, respectivelyAccording to the Eurocode (EN 19921-2004E) [2004], the clear
span,l,, of the beam should be equal to or less than three times the depth, whereas the
Canadian code A23-04[2004] defines a deep flexarmember as a beam having a clear
span to overall depth ratio less than Bhe differences between the definitions of the
deep beam in different codes are mainly due to the way the codes account for the
nonlinear variation in the strain distribution owbe depth of the cross sectioleep
beams are different from the conventional beams, where the shear strength of deep beams
is a function of several variables such as the shear span to deptla/dattbe web
reinforcements(both in horizontal and vedal directions), concrete compressive

strength, and the loading area and support width.



2.2. Modes of Failure:

Michael and Oguzhari200§, Carlos et al[2006], and Tan et a[19979 have

observed the following failure modes in their experimentsh@ar failure, (ii) flexural

failure, and (iii) anchorage failure (as illustrated in Fig -A). The first and the most

common type of failure is shear failure, which is brittle in nature. The second type is

flexural failure (tensile failure), which occurs at thettom of the miespan of a beam at

the position of the lower longitudinal reinforcement when thereinsufficient

reinforcement. The third type is anchorage failure, which happens at the bottom of the

beam at the ends of the main reinforcement wherévelopment length or anchorage

length is insufficient or when there is no mechanical anchorage at all. The shear failure

mode is further classified into three categaries

a)

b)

Diagonal Splitting Failure. This occurs at the middle of the depth of the beam
pardlel to the strut. The cracks propagate in both directions towards the loading
plate and the bearing plate. Without sufficient reinforcement, this failure can
occur suddenly due to the splitting of a concrete strut. This type of failure cannot
be predictedy the STM provisions of any of the three selected codes;

Diagonal Compression(strut crushiny Failure. This occurs at
depth, longitudinally between the end of the loading plate and the beginning of a
strut, following the formation of sevardiagonal cracks; and

Shear Compression Failure (node failure). This occurs near the loading or

bearing plate.



4 \4
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‘ 3 ..L._'--
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Fig. (2.1 Modes offailure ofreinforcedconcrete deepeamsMichael and Oguzhan
[2008], Carlos et al [2006] and Tan et 29T a]

2.3. Review of the Strutand-Tie Models in various codes:
2.3.1 Generalrecommendationsfor designng reinforced concretedeep beams
The main recommendations for deep beams as provided in these codes are
summarized here:
1 In the design of deep beamsgthonlinear distribution of strain needs to be
considered. Stredind Tie Models may be used. The ACI 3082008], Eurocode
[2004] and CSA A233-04[2004] provide slightly different versions of the STM.
1 Lateral buckling shall be considered when a beaneiy thin; such that thib/b
ratio is large If is the width of the beam). ThFhenomenoimas been investigated
by many researchers to determine the size effect on the failure shear strength, as

discussed below.
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- In a study based on experiments, KH67] has determined that with a
ratio ofh/b from 0.5 to 1.8, the width, has no effect on the failure shear
strength. He has suggested that, in other words, theofqlane
deformation may have no significant effect on the beam strength.

- On the other han&otosoves and Pavlovj2004] have concluded that the
out-of-plane action has a significant effect on the beam strength when the
beam cross section is thin or slim. Zhang d&ad [2007] have reached a
similar conclusion.

1 The definition of the nominal she strengttcapacity V,, for a deep beam varies
from one code to another.

- ACI 318-082008] definesV,, as 0.83 f'¢ b, d (in Slunits with b, andd
in mm, and ¢ in MP3).

- In the Eur@ode R004, V, is determined by the reactiorty, which is
equal to0.5h,, d; feq (in Slunity. This value may be multiplied dy= a/ 2 d
if the sheaispan is betwee®.5d and2d.

- CSA [2004] does not specify any limitation on the ultimate shear force,
which is calculated from the STM.

1 The maximum horizontal and vertical reinforcement in the side faces of a deep
flexural member should satisfy the code requirements as discussed below.

- The provisions of ACI 31882008] specify that the area of the vertical
(Av) and horizontal reinforcemenf() should not excee@d.002%,,S, and

0.0015b,S; respectively As shown inFigure 2.3 S and$; are spacings

11



of the bars in the respective directiombe bar spacing, andS; should be
less thard/5 and 12in or 305mm.

- The Eurocodd2004] provides that the area of skin reinforcement in the
form of the orthogonamesh should b®.1% of the beam crossectional
area,but not less than 15&m?/m in each face and déctiory and thebar
spacing.S should be less théhb and 300 mm.

- CSA A233-04[2004] specifies that web reinforcemeistrequired if the
height of adeep beam exceed5& mmand slkall be unibrmly distributed
along the exposed side faces # distance of(.5h-(2h-d)] . In such a
case, the area of reinforcement should not exd@®d2A. in each
direction, and théar spacingsS should not exceed 3@0m.

1 Based on theequation provided in the codes given above for determining and
analyzingthe beam capacity, the use of web reinforcement appears to have no
effect onthe way of calculatinghe strength of the struts. Only in ACI 318
082008], especially for a bottlshaped strut, does the reduction faftdrecome
0.75iffc O 6 DD 40 MPaand if the web reinforcemesttisfiesequation
(A-4) of ACI 318082008] code. Experimental studies, however, as discussed
below, show that the web reinforcement may play an important role in enhancing
the capady of a concrete deep beam.

- Michael and Oguzhaf2008] have assembled a database of tests, the
results of which indicate that for a beam withad ratio less thariwo,
the vertical web reinforcement alone is more effective than a combination

of horizontl and vertical web reinforcemien

12



- Zhang andlan [2007] haveconducted experimental tests on beams with
and without web reinforcement; their results show that the beams with

web reinforcement had higher serviceability loads.

2.3.2 The American Concrete Institute (ACI) Model:

ACI 318-082008] Appendix A provides the procedure for calculating the nominal
capacities of the elements of the STM, which are the strut (a compression member), nodal
zone and the tie (a tension membas)shown in Fig. (2.2)he desigrof the struts, ties
and nodal zone are based Gni{-, whereF, is the largest force in that element for all
loading caseds;,, is the nominal strength, andis a factor specified bglause9.3.2.6 in
the code.

There are two types of struts defined in the procedure. The first type of strut has a
uniform cross sectional area over its length between the applied load and the support
plate. The nominal capacity of a strut is givenfly 0 . 8 5whérebs is defined as
the efficiency factorThe efficiency factobs is the reduction of thaltimate strength of
the strut.This factor reflects the ability of the concrete to resist loadsaaking develops
or to transfer compression across cracks in a tension zone. The vélpenges from
0.4 to 1 based on the type of the strut. The secqrel @y strut is a strut with a bottle
shape as shown in Figu{22). The nominal capacity of this type of strut is calculated in

the same way as the straight struts, but with a different value for the efficiencybfactor

13



Nodal Zone
"ccc

Bottle-Shaped ~
Strut -

Strut of uniform
cross section

7 /
Tie (bottom reinforcement) Nodal Zone
"CCT"

Fig. (2.2)Description of the Strut and Tie model.

For this type of strut, thbs is taken as 0.75 ff; is not greater thad0 MPaand if the
web reinforcement satisfigsquation(A-4) of ACI 318082008] as shown irEq 2.1)

below.

B—i Q¢ mdimo (2.1)

In the above equatioly andAg; indicate spacing and area of a bar for web reinforcement
(horizontal or vertical), andsindicates the width of the strt as shown in Fig. (2.3).

Michael and Oguzhaf2008] have argued that it is not preferable to use this type of
strut since the web reinforcement is less than the required amount and such an amount
cannot prevent the diagonal tension crack from growinghe case o& highstrength
concretef' ¢ >40 MPa, where the code does not provide any specific guideline, Carlos et
al [2006] have assumed a shallower slope of 6:1 for the spread of the compressive force

in the strut to avoid an excessive number ebweinforcementThe efficiency factor is

14



taken equal t® . forea strut without web reinforcement case and for all other cases that

do not meet the above requirements.

Vertical Reinforcement

(Asy)
525\ ; Horizonatl
§ Reinforcement
& 7/ A
3 / (A=)
. R N
Web Reinforcement /| w7 P
O/
X7
%\&// 0
///
/
A
/
///
/

S1

Fig. (2.3) Reinforcement crossing a stidCI 318-08 [2008]

Park and Abataha[2009] have compared the efficiency factors for different models
and have concluded that the results obtained using ACH081R008] are not
conservative as compargal the experimental results in many caséswever, the code
does not specify whichype of strut should be used in the design procedure. The
provisions of the code allow the designer to choose the type of strut that is used in
determining the capacity of the element. Consequently; the procedure may yield multiple
solutions.

The noninal compressive strength of a strut is givenHay= fce *Acs, WhereAgs is the
cross sectional area calculated by multiplying the width of the stitbfy the beam

width Figure (2.4), and fe. is the effective compressive strength of concréig.is
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cdculated at each end of a strut and the lesser value is considered. The strength of the
node zone must be checked at the minimum face area of the node by following equation
Fan= fce AnzWhereA,; is the area of the face of the nodal zone on whkichcts ad fee =

0. 8,bfc fwhere b, is taken as 0.6,0.8 and 1 for CTT, CCT and CCC nodes,
respectively, where C and T indicate whether an interacting member at that node is in a
compression or a tension. In the first two cases, the strength of the nodalcentisrf

adjusted by the strength of the strut.

_nodal zone~. 40

[ "
Lo 1

Fig. (2.4) Bottom nodal zone for one layer of steel.
The strength of ties is given by following the equafan= Awfy + Ap(fse+  gpiihere
the second part of the equation is related tespessed members. The code provides
some recommendations for applying the tie reinforcement which are: the axis of the
reinforcement and the axisf the tie coincide togethemand shall be anchored by

mechanical devicek standard hooksr sufficient straightbar. ACI 31808 [2008] gives
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the limitation for the angle between the axis of the strut and tie as not less than arc tan

% = 26.5° to mitigate cracking and to avoid img@tibilities.

2.3.3 The Eurocode Model:

The compressive force in a strut is apportioned by the compression strength of the
cylindrical concretef... According to the Euro code, there is only one type of strut which
is the strut with a uniform cross section, as in the CSA g2@@4]. However, unlike the
strut described in the CSAode [2004], this type of strut may have two different
efficiency factors based on the transverse tension within the strut. For the first category,
when the strut without transverse tension, the factor is equal;iavherex. is a partial
factor for the concrete in transient design situatenmdis equal to 1.5, and for accidental
design situations is equal to 1.2. For the second case, the efficient factor of a strut with
transverse tension is given By= - f/250. The compressive strength has a large effect
on calculating the efficiency factor in the second category, for exanplé® for %.,=25
N/mnf whereass = 0 . 8 #=4¢ Ndminf. As stated by the Euro code EN 1994-
2004(E) [2004] there are three nodahes CCC, CCT, and CTT that are based on the

node region and the direction that anchoring by tie. The compressive stress in these nodes
CCC, CCT and CTT should not exceed the compressive stress of cotierete,

reducing it byK1,K2 and Ks respectivelyfor each type of node wheka=1, K,=0.85and

Ks=0.75

2.3.4 The Canadian Standard Association (CSA) Model:
The CSAcode[2004] provides that all struts are to be assumed to have uniform cross

sections and the compressive force in a strut must not e¥séed., where
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fwu=fc/ (0. Q@ QA5 T ° (2.2)
and
U= & (++0.002)cot. s (2.3)

where, /s is the smallest angle between the strut and the adjoining tie. In the above
equation, the nomal capacity of the strut will be reduced By 7 T8 ), whichrig

not to exceed.85 %e.

Table @.1) Thereduction factor of the effective compressive strength for 248108,
Euro code EN 1992-1-2004(E) and Canadian code A234

ACI318-08 Euro code EN 1992-1-2004(E) Canadian code
Type A23-3-04
Features 3 Features 3 Features 3
occur in
. . 0.85
Uniform cross| compression zone
section occur in tension transient 0.67
0.34 .
zone With
Strut satisfying equation 0.64 transverse wherever 0.55
botte- shaped (A-4) tension occur '
not satisfying accidental | 0.83
; 0.51
equation (A4)
o without transverse
not clarifying other than above | 0.51 tension forf,=40 N/mr? 0.84
. . compression reign for
cccC compression reign 0.85 £, =40 N/mn? 0.84 cccC 0.55
Node compression reign compression reign + on
ccr + one tie 0.68 tie for f;=40 N/mnf 0.714 ccr 0.49
compression reian compression reign + twg
CTT Pres 9 051 | tie or more forf =40 0.63 CTT 0.43
+two tie or more N/mn?

The folowing three nodal zones are specified in CSA 234 [2004] based on the

node region and the direction that anchoring by tie, CCC, CCT and CTT, such that the
compressive stress in these nodes does not excesstluced by 0.8%¢ 0.75% and

0.65%¢ respectively. Also the tensile force in a tie should not exc#ed, As. The
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Canadian code recommends that the tie reinforcements be adequately anchored and that
the angled between the axis of a strut and a tie be not less than 29470adle (2.1)

cortains a comparison of the reduction factors of the effective compressive strength of
struts and of the nodes as defined in the codes. The reduction factor is defined %

whereb is the efficiency factor and is the strength coefficient.

2.4. Available experimental studies on conventional deep beams:

A number of experimental studies have been conducted in the past chedeep to
study their behavior. An extensive literature review has been performed to collect the
information about the available gariential studies on deep beams and compile database
for the specifications of the test specimens utilized in these studies. The results of test
specimens from available experimental studies on reinforced concrete deep beams have
been used for the presesiudy to evaluate andomparethe StrutandTie modeling
provisions of the codes from three different jurisdictions: Canada, USA and Elitape.
effectiveness of the StraindTie modeling provisions of the three different codes in
predicting the ultimatestrength and failure modes of deep beams has been evaluated
against the actual behavior of such beams observed in experimental Statles(22)
contains arief summaryof all the specimens in the databafke detailed description
for all testesare providedin appendix A. They are deep beams subjected to one or two
concentratedoads. The experimental samples contain a wide range of the compressive
strength of concretéf . from 16.5MPato 120MPa). The sheaspanto depth ratio of the
samples raging from 0.27 to 3.5 has been selected in accordance with the definition of
deep beams provided in the above coda#ering the entire range of deep beams and

those transitioning from deep to shallow beams
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Table @.2) Description of collected specimens

Reference Number of samples| f.(MP3a al/dratio
Zhang and Tan [2007] 12 25.932.4 1.1
Nathan and Brefia [2008] 12 27.035.6 1.02.0
Tan and Lu [1999] 12 30.849.1 0.561.13
Oh and Shin [2001] 53 23.7273.6 0.502.0
Smith and Vantsiotis [1982] 52 16.1-22.1 0.77-2.01
Walraven and Lehwalter [1994] 12 17-21.3 1.0
Tan et al. [1997a] 19 56.286.3 0.851.69
Tan et al. [1997b] 22 54.874.1 0.283.14
Foster and Gilbert [1996] 16 77-120 0.761.88
Shin et al. [1999] 30 52-73 1525
Yang et al. [2003] 21 31.478.5 0.531.13
Kong and Rangan [1998] 42 63.689.4 1.51-3.30
Aguilar et al. [2002] 4 28 1.141.27
Tan et al. [1995] 19 41.0658.84 0.27-1.62
Rigotti [2002] 11 16.534.5 1.87-2.33
Garay & Lubell [2008] 10 4348 1.192.38
Total 347

2.5. The effed of web reinforcements on the behavior of deep beams:

There are many studies available in the literature that provide more information on
the effect of web reinforcements, msgan deflection, crack width, failure modes,
ultimate strengths and theehavior of reinforced concrete deep beams. Based on the
results of the experimental studies as compiled here, the effect of web reinforcements on
the behavior of deep beams has been investigated, and it has been observed that web
reinforcements play an portant role in enhancing thdtimate capacity, stiffness, etc.

The effects of web reinforcement as observed in the experimental studies are briefly

discussed below.
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25.1 Beam stiffness:

Tan et al[1997a] have observed, judging from the rsgdan defleton, that the web
reinforcements increase the beam stiffness, and the effect of web reinforcement on the
stiffness is more significant at/ d.130Smith and Vantsiot{4983] have observed that
a minimum amount of vertical and horizontal web reinforaeinsthould be applied to
increase beam stiffness and control cracks. Also Kong¥274] have found that web
reinforcements have an effect on the beam stiffness, to a degree that becomes significant
based on the arrangement and amount of web reinforcetepending orL./d anda/d
ratios. They have also found that the vertical web reinforcement is more effective in

enhancing the beam stiffness when the skeanto- depth ratica / 0.7. O

2.5.2 Crack-control:

Smith and Vantsiotig1983] have observed that at the same load level the crack
widths are smaller and more uniform for beams with web reinforcement than for those
without. Smith and Vantsiotigl983] and Shin et al1999] have also found that the web
reinforcement produces no effect on the propagation of cracks, where the propagation of
cracks in all beams is the same. Taaldl997a] have observed that web reinforcements
have a significant effect in controlling the diagbreracks, and the beams with web
reinforcements exhibit higher serviceability loads. However, the control of the diagonal
cracks varies according to the positioning of the shear reinforcements where the web is
the most effective. Kong e [1970]have cacluded that the effect of web reinforcement

on the crack width and length is dependent on the beam stiffness.
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2.5.3 Modes of failure:

Most of the researcheBmith and Vantsiotis [1983], Tan et al [1997a] and Shin et al
[1999] have clearly demonstratedat beams with web reinforcements exhibit the same
modes of failure axzomparedto the beams without web reinforcements. However,
Rogowsky etal [1986] have observed that a large amount of vertical web reinforcement

may alter the mode of failure to ductflglure.

2.5.4 Ultimate shear strength:

Smith and Vantsiotifl983] have indicated from their test results that the vertical web
reinforcements of 0.18% to 1.25% can improve the ultimate shear strength, where the
horizontal web reinforcements of 0.23% @®©1% have a little or no effect on the
ultimate shear strength. Smith and Vantsifit833] have observed in their experimental
study that the web reinforcements increase the ultimate shear strength from 0 to 30% but
not beyond4 b d.aRogowsky et a[1986] have proved that only the vertical web
reinforcements have a significant effect on the ultimate shear strength. Ta%97al
have also confirmed that the vertical web reinforcements are more effective in increasing
the $ear strength than are the horizontal web reinforcements in the case of beams with
high strength concretélsing the test results of Tan et{4897q] it was observed that the
contribution of web reinforcements on the ultimate shear strength for highgthtren
concrete varied from 0 to 50%, and the maximum contribution did not exbelad 2
Oh and Shin[2001] have observed that the vertical web reinforcements increase the
ultimate shear strength slightly, and the contribution of shear reinforcement is a function
of the sheaspan to depth ratice/d. They also found that the horizontaleb

reinforcement has little effect on the ultimate shear strength. T2Blecpntainsa brief
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description of the specificatiofe.g., compressive strengtli'¢; shear span depth ratio
vertical reinforcemenis}%; horizontal reinforcementg 1%; and wé reinforcement

10+ %) of experimental specimens used by the researchers to study the effect of web

reinforcements.

Table @.3) Details of the available experimental studies

Reference e (MP3 a/d 1% J1h% {3.%-} 1% }
Tan et al 56.3t0 927 | 0.85, 0, 0,1.59, {0-0},
[19972,b] 1.13, 1.43, 3.17 {2.861.59,
: 1.69 2.86 {1.431.59,
Avg of 0.23t00.7| O, 0, {0-0},
Kong et al [1970] | 22.13 0.85, 0.85, {1.231.23
2.45 2.45
16.07 to 0.77, - - {(0.28,0.63,1.%)-
22.68 1.01, (0.23t00.91)}
Smith & Vantsiots 1.34 {(0.24,0.63,0.77,1.25
[1982] )-(0.23t00.91)}
{(0.18,0.31,0.56,0.77
)-(0.23t00.91)}
23to 74 0.5, -- -- {0-
0.85, 0},{(0.12,0.22,0.34)
OhandShin 1.25, 0.43},{0.13-
[2001] 2 (0.23,0.47,0.94)},{0.
13
(0,0.023,0.47,0.94)}
52 & 73 15, - - {0-0},
Shin et al [1999] 2, {(0.45t01.81)0.5}
2.5
26.1t046.8 | 1, 0.0015, 0.0016, {(0.0,0.0015}
1.5, 0.006, 0.0018, (0.0,0.0016)},{(0.0,0.
Rogowsky et al. 2 0.0019, 0.0011, 0019}
[1986] 0, 0.0032, (0,0.0011)},{(0,0.001
0.0057, 0.0013, 4)-(0,0.0013}
0.0014. 0.0039

2.6. The effect of sheafrspan to depth ratio on the behavior of deep beams:

The sheaspan to depth raticg/d, has a major effect on the change of the stress

pattern from linear to nehnear. Thea/d ratio is an important variable that is used for
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defining a deep beam. According to the common definition for a deep beam, the load
from a support is closer than about twice the effective deptha(de2). Tan and Lu
[1999 indicated that the stresteflection curve was gentler in the beams that hghdmi

a/d, and they also observed that with an increasa/drratio the beam becomes more
flexible. MacGregor[200J demonstrated that th&/d ratio has a major effect on the
failure mechanism, and wheadd<1, the behavior changes from beam action to truss
action. On the other hand, for the beams wladdeatio ranges between 1 and 2.5, failure
occurs at less than the flexure moment capacity. Nathan and B@Jt noted that the
influence ofa/d on the crack patterns for the beams that lsdsieatio betveen 1 to 1.5 is
consistent with a tiedrch mechanism of load transfer, in contrast to beamsafat®,

where the crack formation indicates a truss mechanism of load transfer.

2.7. Further development of Strut and Tie models:

Many researchers proposed madifion to the Strut and Tie models and the results
showed some improvements. A brief account of some of the proposed Strut and Tie
models for deep beams are presented below:

- Matamoros and Wong [2003]developed a STM models and calibrated them using
experimental results from 175 simply supported beams having maximum shedo span
depth ratio of 3. The forces in the stratre calculated by using four models, where the
first model (Fig 2 a and b) usesa direct strut negleictg the contribution of web
reinforcements, and the other two models (Figczandd) account for the contribution of

web reinforcementsing a trusswith vertical ties (Fig 25 c) to represent the vertical

reinforcementsor horizontal ties (Fig 25 d) to represent the horizontal rdorcement.
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However the fourthmodel(Fig 26) is a statically indeterminate strahdtie model that

represents a combination of thleovethree models.

K,
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e p 4 /’é d ! 9 ///
e 2 -~ ///g
jA— T
() (d)

Fig. (25) (a) Dimensions of nodal zone; (b) compression strut mechanism; (c) vertical
truss mech@ism; and (d) horizontal truss mechanidtatamoros and Wong [2003]
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Fig. (26) Combined struandtie models. Matamoros and Wong [2003]
The total shear force is carried by each of three mechanisms and can be presented by
following equation (2):
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w 07 6 Y 067 (2.4)

where, Sit IS the nominal strength of the strut by using only the contribution of the
compressive strength of the concret&, is the nominal strength oh¢ strut by using

only the contribution of the vertical web reinforcemegyt,is the nominal strength of the

strut by using only the contribution of the horizontal web reinforcement€art,, and

Cuwh are the strength parameter, vertical web reinforegroeefficient and horizontal web
reinforcements coefficient, respectively.

The resulting formula provides a comparable prediction of the shear strength according to
a guideline by the Architectural Institute of Japan (AlJ) (Aoyama 1993). The proposed
equdion is also found to provide a safer estimate of capacity for beamsditatio less

thanone

-Park and Kuchma [2007] proposed a struandtie-based method for calculating the
strength of reinforced concrete deep beams. A-amdtie statically déerminate model

shown in Fig(2.7) is used for describing the flow of forces of a deep beam. The model is
used in the development of a general approach that considers the compression softening
and web splitting phenomena as influenced by transverse tetrsileing. The proposed
compatibility -based strudindtie model procedure uses an iterative secant stiffness
formulation, employs constitutive relations for concrete and steel, and considers strain
compatibility. The strain conpatibility relation used irthis study requires that the sum of
normal strain in two perpendicular directions is an invariant. Also they assumed that the
effective depth of the top horizontal concrete strut will be calculateddsykd, where d

is the effective depth of the deepabe andk is derived from the classical bending theory
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for asingly-reinforced beam sectionasQ( & ” ¢&¢ ” & ). In this casenis the

ratio of steel to concrete elastic modules amlthe longitudinal reinforcement ratio.

Wp ¢ a
& T

=
ﬁ"\Fd‘l:?l:t TI
>F\d>“_JLL

Fig. (2.7 Strut-andtie model for deep beam. Park and Kuchma [2007]
This model waompared byPark and Kuchma [2007&ith the strutandtie given in
ACI 31805 andCAN/CSA A23.304 codeprovisions in predicting the capacity of 214
deep beams which were tested tdufe. The comparisonshowed thathe proposed
method consistently predicts the strengths of deep beams with a wide range of horizontal
and vertical web reinforcement ratjancrete strengths, and shepanto-depth ratios
(a/d) well.
-Zhang and Tan [2®07] proposed a modified straindtie model (STM) for determining
the shear strength of reinforcedncretedeep beams. The model is a modification to the
original model proposed by Tan et al. [2003] with a direct stnattie model for
pressurised deepebms, and the model proposed by Tan et al. [2003] representing a

direct method for deep beams with web reinforcements.
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Fig. (28) Iteration procedure for computing the ultimate strength of for simply supported
deep beamsZhang and Tan [2007]

Figure @.8) shows the iterativgprocedurefor calculating the ultimate strength of
deep beams by the modified model for the purpose of implementation. The assumption of
proposed model can be summarized in the following: condesiori stiffening
properties are used instead of concrete tensile strength to improve model prediction
consistency. The component force of tension tie in the direction of the concrete diagonal
strut is also included in the model for completeness. Thersn§ effect of concrete

strength due to the presence of transverse tensile strain is implicitly taken into
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considerationThe stress distribution factdéris derived from the consideration of both
force and moment equilibriunThe modified model for simplsupported deep beams is
evaluated using 233 test results and it was showbeia a better agreement with the

experimental results than the original model.

2.8. The use of FibreReinforced Polymer (FRP) in deep beams

Since reinforced concrete deep bedrase been used in many structural applications
where they are often exposed to severe conditions, those conditions have often led to the
deterioration of the concrete and led to the corrosion of rebars. The corrosion considered
as the main factor behindeldeterioration of the majority of concrete structures. Rebar
corrosion will shorten the lifespan of a structure. FiRemforced Polymers (FRPs) have
proven to be effective in concrete structures as an alternative to steel reinforcement.
Compared to corentional steel reinforcement, FibReinforced Polymers (FRP) is up to
five or six times stronger, lighter and not susceptible to corrodiois. also used as an
external confinement of the existing concrete structural elements to enhance the shear
strergth, the axial strength and the deformability of the members.

The increasing applicationof fibre-reinforced polymers (FRPs) as internal
reinforcement in concrete prompted many researchers to conduct experimental and
numerical studies to understance tbehaviourof FRRreinforced concrete structures.
Further research is still needed particularly in terms of the shear behaviour of concrete
members reinforced with FRP bars. A brief review of research prograsmsonducted
in this chapterto investigatethe behaviour of concrete members reinforced with FRP
reinforcement. It is interesting to note that while some research is available on the

behaviour of FRReinforced regular (shallow) beams, there a@ many studies
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available for FRReinforced concret deep beams. The following review includéasdies

on deep beams or beamhkich are close to deep beams.

-El-Sayed et al. [2006altested nine largecale reinforced concrete beams without
stirrups with sheaspan to depth ratio of 2.5. The test beanduohed three beams
reinforced with glass FRP bars, three beams reinforced with carbon FRP bars, and three
control beams reinforced with conventional steel bEng.dimensions of theeamswvere

3250 mmin length 250 mmin width, and 400 mmn depth And dl beams were tested

in bending withfour-point loading The details of test specimens are given in T&hi®
andshown in Figire (2.9) The main variables considered were the reinforcement ratio
and the modulus of elasticity of the longitudinal reinfiogc bars. The beams were

subjected to two point loads at the top.

Table (24) Details of the test specimens

. £ _ :
Specimen (C b d Le a/d Main fiu B \I-/|§:?zcoarl1t§|
i 0,
No MPa) (mm) | (mm)| (mm) reinforcement| (MPa) reinforcement (%)
SN-1 500 | 250 | 326 | 2750 3.06| ‘NO-ISM 1 450 | 0.0023 N/A 0.86
steel bars
SN2 500 | 250 | 326 | 2750 3.06| °NO-ISM 1 450 | 0.0023 N/A 1.24
steel bars
SN-3 500 | 250 | 326 | 2750 3.06| ‘NO-ISM 1 450 | 0.0023 N/A 1.72
steel bars
ON-1 | 446 | 250 | 326 | 2750 | 3.06| ~ONO-10 | 4535 | g0156] NiA | 0.87
CFRP bars
CN-2 | 446 | 250 | 326 | 2750 | 3.06| B8No-13 | gg4 N/A 1.24
’ ’ CFRP bars 0.0180 ’
CN-3 | 446 | 250 | 326 | 2750 | 3.06| ~iNO13 | 9g6 | 00180 WA | 172
’ ’ CFRP bars ) )
10 No. 10
GN-1 | 436 | 250 | 326 | 2750| 3.06| A20010 | 608 | 00120 /A 0.87
5 No. 16
GN-2 | 436 | 250 | 326 | 2750|3.06| SN MO | 754 |00074] N/ 1.22
7No. 16
GN-3 | 436 | 250 | 326 | 2750|3.06| SN MO | 754 |00074] N/ 1.71
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Fig. (2.9)(a) Test setup and dimensions; and$bgtional detailsEl-Sayed et al. [2006a]

From test results it was shown that the relatively low modulus of elasticity of FRP
bars resulted in reduced shear strengtbamsparedo the shear strength of the control
beams reinforced with ste@lhe reduction of the &ar strengtitan be attributed to the
fact thatthe cross section using FRP flexural reinforcentswelops wider and longer
cracks as opposed to a steel reinforced section, anthdlsus smaller depth to the neutral
axis. It was observed that the mostndimant failure mode was diagonal tension failure
except in the control beams which experienced steel yielding simultaneous with the
diagonal tension when failure occurred. Figurel(2 shows the crack patterns at failure

of the tested beam GBL A proposd modification to the current ACI 440.1R design
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equation based on the obtained experimental results was presented and verified against

test results of other researchers.

Fig. (2.10) Typical failure mode (Beam CR). El-Sayed et al. [20064a]

-El-Sayed etal. [2006b] carried out investigations on the influence of concrete strength,
reinforcement ratio, and modulus of elasticity of the longitudinal reinforcing bars on six
largescale reinforced concrete beams with ksgjiength concretdHSC), and three
beans using normastrength concrete (NSC)Carbon and glass FRP bars and
conventional steel bars were used as longitudinal reinforcement in this investigdition.
beams were without web reinforcement, and had ratio of sipeer to depth ratio of 2.5.
The beamswere3250 mm long, 250 mm widand 400 mm deeg@nd theyweretested in
bending withfour-point loading The beams were tested under symmetrical loading
conditions The details of test specimens are given in T@blg and shown in Fig(2-

11).
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Fig. (2.11) (a) Test setup anchedimensions; and (tgectional detail€El-Sayed et al.
[2006D]

Table (25) Details of the test specimens

. £ . i
Specimen . b d Lo Main fiu B Vertical &
No ( (mm) | (mm) | (mm) ald reinforcement (MPa) v hiorizonial %
MPa) reinforcement| (%)
SN-1.7 35 | 250 | 326 | 2750 | 3.06| NO-ISM 160 10,0023 N/A 1.72
steel bars
11 No. 13
CN-1.7 35 | 250 | 326 | 2750(3.06| = 0O\ | 986 | 0.0074 N/A 1.72
GN-17 | 35 | 250 | 326 | 2750 | 3.06| /No-16 1 254 100180 N/A 1.71
) ) GFRP bars ) ’
SH1.7 65 | 250 | 326 | 2750 | 3.06| NO-ISM 1460 1 0.0023 N/A 172
steel bars
7 No. 16
CH-1.7 65 | 250 | 326 | 2750(3.06| N0 | 769 | 107 N/A 171
7 No. 16
GH-L7 | 65 | 250 | 326 | 2750(3.06| Jn> 1> | 754 | 0.0180 N/A 171
SH2.2 65 | 250 | 326 | 2750 | 3.06| NO-ISM 166 1 0.0023 N/A 2.21
steel bars
CH-2.2 65 | 250 | 326 | 2750| 3.06| 2NO-16 1 oeg | 0.0074 N/A 2.20
: 06| CERP bars : :
GH22 | 65 | 250 | 326 | 2750 | 3.06| 2No-16 1 25, | 0.0180 N/A 2.20
) ) GFRP bars ) ’
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Fig. (2.12) Diagonal tension failure mode: (a) associated with no concrete splitting (Beam
CH-1.7);and (b) associated with concrete splitting (Beam1GH. El-Sayed et al.
[2006D]

Test results showed that the higiinength concrete beams exhibited slightly lower
relative shear strength a®mparedto normaistrength concrete beamBigure @.12)
shows the crack patterns at failure of the tested b&2if&.7 and GH1.7. Also they
concluded that the HSC beams exhibited lower normalized shear strecgthEaredo

the control NSC beams.
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-Farghaly and Benmokrane[2013] undertook a study on thdear strength of 4ull-

scale deep beams reinforced witbngitudinal carbon and glasdg~iber Reinforced
Polymer (FRP) barsand withoutany stirrups or web reinforcements The variables
included the longitudinal reinforcement ratio and the reinforcenypet The sheaspan

to depth ratios ranged from 1.13 to 1.The beams were supported over a 3;000

span with a projection of 1,000 mm on each side, with a cross section of 300 mm in width
and 1,200 mm in depth, and tested to failure undergount loading.The details of test

specimens are given in Tal{l26) and shown in Fig(2.13)

pL130x300__ P/2 P2
1250 \~}-.500 | 1250
. N

1200
1200
1200

U-shaped steel stirrups 10 mm diameter @ 100 mm

N N N I e S S S O |
et ) i s

7

7@\8} 130012 © PL228X300

12CFRP 9 GFRP L 1000 | 3000 | 1000 |
#3 & #4 #6 & #8

All dimensions in mm

Fig. (2.13) Dimensions of beam sections and details of reinforcement configuration
Farghaly and Benmokrane [2013]

Table (26) Details ofthe test specimens

Specimen J (C b d L | ad Main fru Bt \lf'gﬁ';:r: til g
i [0) 0
No MPa) (mm) | (mm) | (mm) reinforcement| (MPa) | (%) reinforcement (%)
G8N6 49.3 | 300 | 1097 | 3000 | 1.14 8 No.6 460 | 1.66 N/A 0.69
' ' GFRP bars ' '
8 No. 8
G8N8 49.3 | 300 | 1088 | 3000 | 1.15 GERP bars 460 | 1.45 N/A 1.24
12 No. 3
C12N3 38.7 | 300 | 1111 3000 1.13 380 | 1.33 N/A 0.26
CFRP bars
12 No.4
cizm 38.7 | 300 | 1106 3000 | 1.13 380 | 1.32 N/A 0.46
CFRP bars
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It was observed thakinforcement type had no clear effect on the behavior of the
tested beamdsAlso it was found thathe reinforcement ratio and concrete compressive
strength had a ebr effect on the ultimate capacity and deflection characteriBimsre

(2.14)shows the failure modes of the tested beams.

Fig. (2.14) Failure of the tested deep bearRarghaly and Benmokrane [2013]

The results confirmedhe formation of thei¢ action where thestrain in the
longitudinal reinforcement distributed nearly uniforthis important to note thahese

are the onlystudiesavailable so far on FRRC deep beams.
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Chapter 3: Research Methodology and Experimental
Setup
3.1. Overview:

The research methodology includes ttmmparisonof the STM provisions of ACI
31808 code[2008], EN 19921-1-2004(E)[2004] and the Canadian codeAN/CSA
A23-3-04 [2004] in designingconventionaldeep beams. Theomparativestudy is
intended to apture the effect of most important variables on the estimation of the
ultimate strength of deep beams using the STM provisions of various codes. Also a
design method for FRP reinforced concrete deep beams is developed based on the
provisions for conventimal RC deep beams and FRP reinforced ordinary bedms
addition the effectiveness of the STM provisions of the CAN/&BA612[2012] in
predicting the capacity of concrete deep beams has been veAfieéxperimental
program was conducted to study théndaour of FRPreinforced concrete deep beam
and to investigate the effect of the critical variabl8ased on the experimental results,
the suggested design procedure will be-fumged andhe appropriate quantity of the FRP
web reinforcement in deep dms will be determined. The proposed design
methodology, the details of the geometry and reinforcement configurations, the material
properties and the test set up for the specimens are explained in this chapter.

The main taskandertaken irthe presentasearch are as follows:
1. Review the existing experimental studies on reinforced concrete deep beams

and collect the detailed data on the experimental specimens and parameters.
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2. Comparethe impact of the current codes provisions for designing reinforced
concete deep beams using STM on the capacity and failure mode with respect
to the results of the available experimental studies.

3. ldentify critical parameters governing the behaviour of deep beams using
available experimental data.

4. Develop a design method f6RPreinforced concrete deep beams and use it
in the design of the experimental specimens used in the present study.

5. Experimentally evaluate the behaviour of FR¥hforced deep beams and
evaluate the influence of the critical parameters on their behaviour

6. Validate the existing code provisions and update the proposed design method

using the results of the experimental study.

3.2. Comparison of the STM procedures for conventional deep beams
provided in the three selectedcodes:

The results of more than #e hundred test specimens from available experimental
studies on reinforced concrete deep beams have been used for the present study to
evaluate anccomparethe StrutandTie modeling provisions of the codes from three
different jurisdictions: Canada, USand EuropeFigure (3.1) shows a typical deep beam
and possible STM configurations. The effectiveness of these code provisions in
predicting the ultimate strength and failure modes of deep beams have been evaluated

against the actual behavior of such bealvserved in experimental studies.
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Fig. (3.1) Strut and Tie Models: (a) beam specimen loaded by a single point load, (b)
beam specimen loaded by two point loads
The capacit of each specimen has been computed using the STM provisions of the
three codes as selected here. BC8 provides a straight and a bosleaped strut, while
other codes provide only straight struts. For the ACI, betieped strut has been used
here fa its superior performance, and the efficiency faétpis assumed to be 0.75 as
suggestedn the code (ACI 3188 [2009 - Appendix A).The Eurocode procedure

provided in EN 1992-1-2004(E) [2004 has been used with the modification of the

predicted ultmate shear force by multiplying this value fby=
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No modification is suggested in the Strut and Tie model procedure specified in
Canadian standard CSA A3304[2004. The effects of governing variables, such as the
shearspan todepth ratio, web reinforcement, and the compressive strength of concrete on
the capacitydetermined by thé&trutandTie Model (STM)procedures of the selected

codeshave also been investigated.

3.3. Design method for FRP-reinforced concrete deep bams:
At the beginning of this current research, the strut and tie model was not available in any
of the relevant design codes and standards for design of FRP reinforced concrete deep
beams. At that time, the existing standard on f&/forced concrete mictures
CAN/CSA-S80602 [2002] did not permit FRIRC deepbeams as relevant design
methods were not provided. Thus, a design procedure forRERBleep beams was
developed in this research based on the corresponding design provisions for conventional
deepbeams as provided in CSA A2303 [2004], which have been modified for FRP
materials. Later, the current version of CS280612 [2012] was published which
provided an STM procedure for FHEC deep beams that is mostly based on the
provisions of CSA A23.®4 applicable for conventional deep beams, but modified for
FRP materials. The ACI and Eurocode still do not provide similar methods for designing
FRPRC deep beams. This section briefly discusses the design procedure adopted for the
test specimens prior the publication of CSA80612, the relevant provisions of CSA
S80612 and a proposal for an STM procedur@Cl for designing FRARC deep beams
based on thenodified procedurdor conventional RC deep beams as provideA@l

31808 [2008]

40



3.3.1. The STM design procedure adopted for the test specimens based on

CSA A23.304[2004] and CSA S80&2 [2002]

The STM model for concrete deep begpnovided in CSA A23.32004] has been
adapted to FRP reinforcecbncretedeep beam for strut and node elersemhich
represent the compression element (concrete), while the equation of the tie element is
revised to consider the rupture of the FRP that will cause the failure of a tie sddtien.
proposal was consistent with what was laber adopted in thenew edition of the
Canadian code CAN/CSA80612[2013. The Canadian code in its new edition
CAN/CSA-S80612[2012] adoptshe STM approach of conventional beam watmilar
adjustments thatake intoaccount othe properties of FRP.

Since the ACI 440.1 R6[2006] standard does not provide a procedure for designing
RC deep beams reinforced with FRP bassyet an STM design procedure for FRP
reinforced concrete deep beams is also developed hergrdpeseddesign procedure
for FRPreinforced concrete deegéms is similar to the STM approach for conventional
deep beamsas providedin ACI 31808 with some adjustmentto account for the
properties of FRP. The design method and proposed STM forréiRiBrced concrete

deep beamare describetielow.

3.3.2. STM procedure in the CAN/CSA-S80612 [2012] code:
In the newer edition, the CS880612[2012] adopts the STM approach for conventional
RC beams, with appropriate adjustments to account for the properties of FRP. For

example the compressive force in a strut is dated in a similar way as to CSA23.3
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04 [2004] where the strut is apportioned by the compression strength of the concrete and

the principal tensile strain in cracked concrete due to factored loads.

The force in a strut in the CS880612[2012] pro@dure as given by Equatid®.2)is
calculated slightly differently from that in the CS¥23.3-04 [2004] procedure where the
principal tensile straift] is estimated based on the ultimate strain in FRP instead of steel,

but the other parameters in calculatitigre not changed (Equatiort}.

U= & (++0.002)cot, s (3.1)
where, sis the smallest angle between the strut and the adjoining tig exttie strain in

the FRP reinforcement.

As for nodal zones, the CS830612[2012] still adopted the same nodal zones CCC,
CCT, and CTT (here, C and T indicate compression and tension, respectively in a
member connecting to the node) that describedn the CSAA23.3-04 [2004] without
any change. The compressive stress in these nodes, CTT, CCT and CCC should not
exceed the compressive stress of conciégl’, reduced by 0.65, 0.75 and 0.85,
respectively. The CSA80612[2012] calculated the tensile force in a tie similarly to the
CSA A23.304 [2004] code but using only 65% of the tensile strength of FRP
reinforcement instead of the yield strength otbktdhe strength of ties strengthened by

FRP can be calculated by using the following equation

Fn=0.65%¢ Artfry (3.2)
whereArris the total area of FRP reinforcement dads the designed tensile strength of

the FRP.
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Unlike to the CSAA23.3-04[2004] which used only the yield strength of steel multiplied

by (x/lg) to calculate the limitation of the stress for straight bars extending a disxance
beyond the critical locatiorfly is the development lengthjhe CSA-S80612[2012]
includes the area of FRP reinforcements in the corresponding equation that calculate the

stress limit, which is inconsistent.

Both the CSAA23.3-04[2004 and the CSAS80612[2012] recommend appétion
of specifiedamounts of web RP reinforcements that may enhance the beam stiffness
and satisfy the serviceability requirememthough the FRP stirruplsave lower dowel
resistance and lower modules of elastieisycomparetb the steel stirrupshe FRPweb
reinforcementcan perfom the samefunctionsof the steel stirrupsuch asrestrict the
growth of diagonal crack&nd provides some confinement to the concrete in the
compression zond.he difference between the two codefishe recommended amount
of thewebreinforcemerd. The CSAS80612[2012] determined this ratio to be less than
0.004 (of the normal area between two adjacent stirrups for vertical reinforcements) for
GFRP and AFRP, and 0.003 for CFR#hile CSA-A23.3-04 [2004] recommends (for
steel reinforced deep beantbg ratio notto be less than 0.002 in each direction. CSA
S80612[2012] requirements for the web reinforcement appear to be quite conservative
and may result in a very closeaging of the web reinforcementsor example the
minimum spacing between the GFRirrups for beanof width equal to 230 mns 62
mm, while that for a beamof width 450 mm is 31mmwhich is very small andnot

practical.
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3.3.3. Procedurefor shear design in flexural regions in the CAN/CSAS806
12 code:

The philosophy of the FRP shearsigm in the standard is in accordance with the
sectional design method. The shear strength of anrEiRforced member is determined
from the nominal resistance of the concréteand the contribution of the FRP shear
reinforcementVs; The code providean equation to calculate the shear capacity of the

concrete for sections having an effective depth not exceedingi800

Ve 118 Rewkdh kr (F) V3 bw ay (3.3)
where

knm W «aBM; p8m (3.4)
kr=1+(E th Fn)?3 (3.5)

V. provided by S804.2 [2012] is modified by the factds for members with effective

depth grater than 300nm and with less transverse shear reinforcement.

ks xyonrt rom A p8m (3.6)
By using the same method as that used in &338.3-04 [2004] and using the properties
of FRP with a reduction of 40%, the shear contribution of the FRP stirgpscan be

calculated as

~

st: (04 %FAFVfFUdV/r é A / O (37)

3
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3.3.4. Procedure of shear design in flexural regions in th&Cl 440.1R-06
code

The philo®phy of the FRBheardesign inACI 440.1R06 [2006]is in accordance with
the strength design method. The shear strength of anré&iRBrced member is
determined from the nominal resistance of the conckéteand the FRP shear
reinforcementv;. The codementions that many researchers have observed the influence
the stiffness and of the tensile reinforcement on the concrete shear strength. Despite the
similarity of the general structural behavior of concrete beams reinforced by FRP and
those reinforced byteel, the lower axial stiffness of FRP reinforcement reduces the
compression region of the cross section. Therefore, the shear resistance provided by

concrete in cross section using FRP is smaller than those using steel reinforcement.

The shear capagi of the concretd/; asprovided by the ACI 3188 [2008] code is
modified by a factor of g/2]k) to account for the axial stiffness of the FRP

reinforcement, as follows.

o -0Qc @b Q (3.8)
By using the same method as used in ACI-B&82008], the shear contribution of the

FRP stirrups\s, can be calculated as

6 "QQ (3.9)
i

To avoid failure at the bent portion of the FRP stirrups, the stress level in the FRP shear

reinforcement is limited by following equation as p&2l 440.1R06 [2006].

N Wno Q (3.10)

45



Similar to what is applied in ACI 3188 [2008] for the minimum requirements of shear
reinforcement to prevent brittle shear failure, ACI 44008R2006] recommends the
application of the minimum amount of FRP shear reinforcement takingoin
consideratiorof the properties of the FRP.
3.3.5. Proposedprocedure for designdesigningFRP-RC deep beamdased
on ACI code

Chapter nine of thACl code does not provide any procedure to design deep beams
reinforced with FRP bars. The relevant procedure for conventional steel reinforced
concrete deep ba®s as provided in ACI 3188 [2008]is modified here for FRRRC and
used here along with other relevant provisions of ACI 44@&R2006] code to design
the FRPreinforced concrete deep beamppendix B of the ACI 3188 [2008] provides
the procedure focalculating the nominal capacities of the elements of -GmdiTie
models for conventional concrete deep beams, which are the strut (a compression
member), the nodal zone and the tie (a tension member). The design of the struts, ties and
nodal zones arbased onii FO i whereF, is the largest force in that element for all
loading casesky, is the nominal strength, andis a factor specified in the code. Two
types of struts are defined in the procedure: strut of uniform cross section; and bottle
shaped sut. The nominal capacity of a strut is given o~ 0 . <8 &S whérebs is
defined as the efficiency factor. The value [j for uniform cross section strut ranges
from 0.4 to 1 based on where the strut is placed. While for the bottle shapethestrut
efficiency factorbs can be taken as 0.75 if the web reinforcement satidfeegrovisions
of ACI 31808 [2008] as given in Eq. (2.1)in this thesis The nominal compressive

strength of a strut can be determined as
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O Q6 (3.11)

where A is the cross sectional are@o calculate the strength @ nodal zone, the
procedure in ACI 3188 [2008] can be used as is, without any changeThe
compressive stress in these nodes, CTT, CCT and CCC, should not exceed the
compressive stress of concrete ® 8&duced by 0.6, 0.8 and 1, respectively. Here, the
nodes are designated by the type of truss members meeting at the node, whetesl deno
Tensions, and C denotes Compression.

The strength of ties consisting of FRP reinforcements can be calculated by using the
following equation

O 6 Q (3.12)

whereAy is the total area of FRP reinforcement dgds the design tensile strength of
FRP, considering the reduction factors as per ACI 4404[R006]. For deep beam
desgn, all the recommendations prescribed by the ACI 31R088] should be applied

and taken into consideration, for example, the application of the minimum of web

reinforcement.

3.4. Experimental Plan:
The experimental work was carried out in the Stitet Laboratory of the Concordia
University. Different parameters were examined for their effedhermehaviourof the
beam specimensThese parameters were the shear dpadepth ratio &d) and the
amount of the FRP web shear reinforcement. A totahiok concrete deep beam
specimens were tested. The beams were divided into three groups of similar shear span to
depthratio. The first group, A, contains 4 beams with shgaan to depth ratia/d =1

with different quantities of the FRP web shear reicéonent:} = 0, 44%, 68%, and
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100%, where} = 100% indicates the quantity of shear reinforcenoemtesponding to

the maximum allowable spacing of the web reinforcement to control cracks in a beam as
required by thesarlier edition of th&€€anadian code fadBFRP reinforcement<CAN/CSA
S80602[2002]. It should be noted that when the present experimental study was planned
and the specimens were made, the current version of the CSA standar$80&¥2

was not available and the earlier version did not proaiedesign provisions for FRP
reinforceal concrete deep beams (i.e., no STM procedure was available iRS833).

For that reason, the web reinforcements were provided in the studied samples based on
the crack control provisions of the earlier version &AcS806. The present version of

the standard provides an STM model for HR®@ deep beams, and the required amount

of web reinforcements is significantly higher than the crack control reinforcements which
seems to be overly conservative and can lead toclesgly spaced web reinforcements.
The second group B, includes only one beam having sipear to depth rati@/d =1.5

with 100% of required FRP web shear reinforcement rafidge third group, C,
comprisa 4 beams with sheapan to depth ratia/d =2 and different FRP web shear
reinforcement ratiogtw= 0, 38%, 60%, and 100%All the beams were tested to failure

under thregpoint loading (i.e. one concentrated vertical load).

3.4.1. Details of Test Specimens:
All nine beams were designed according to thegdeprocedures developed for this
researchwhich is based on the design provisions for conventional deep beams as
provided in CSA A23.34. The designof the beam specimerneok into consideration
the required anchorage length, the web reinforcement sqgeint and main

reinforcement ratio. All beams have a constant width of 230 mm, and a total span of
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1800 mm. However, different height was utilized to obtain shear span to depth ratios
(a/d) of 1, 1.5 and Z2T'he depthd was varied as 328, 447 and 600 mnad¢bieve the three
different a/d ratios. The stress in each reinforcement layer will vary depending on its
distance from the neutral axis because the behaviour of the FRP materials is elastic up to
failure. Therefore, in case of multiple layers of reinfanent and combinations of
different FRP types, the analysis of the flexural capacity should be based on a strain
compatibility approach. Because all the beams have two layers of the same type of FRP
reinforcement and the distance between the two layemryssmallas comparedo the
depth of the deep beam, the stress in the FRP reinforcement in the twalagnsost
equal. Therefore, the effective depth of the seattas taken as the distance of the centre
of the layers of the main rebars from thp tace of the beantt should also be noted that
the deep beams are not expected to behave in flexure and the strain distribution is not
proportional to the distance from the neutral axis. In this case, the sfréiie main
longitudinal reinforcements idifferent layers are expected to be very close to each other
and the bars in different layers are expected to act in a group to provide the tie effect in
the context of an STM model.
Each group has a longitudinal main GFRP reinforcement rationgubgtween =1

to 1.197 percent. The stirrups were all GFRP with diameter of 6 mm. Top reinforcement
consisted of two 10 mm GFRP bars. Bearing plates at the loading point and at the
supports were of 200 mm length 230 width x 30 mm height. The details of the
specinens are given in Table (3.1).

In order to simplify the nomenclature of the samples, the following abbreviations are

used. With each group with constaafd, only the variable of web reinforcements is
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changing. Each specimen is labeled in the follgmvay: Gf/p, whereG indicates the
group namef represents the value of tléd ratio (i.e., 1, 1.5 or 2), ang indicates the
nominal level of web reinforcement in percentage (i.e., 00, 50, 75 or 100). As for
example, the specimen in Group A which hadl ratio of 1 and 100% of web

reinforcement will be labeled as A1/100.

Table(3.1) Details of the experimental specimens

b d Le Main fiu B

Specimen ¥
( (mm) | (mm) | (mm) reinforcement| (MPa) (%) (%)

No | MPa)

A1/100 49.8 | 230 | 621 | 1240 6#6(19mm | 656 | 0.0153] 1.197| 0.141

A1/75 52.2 | 230 | 621 | 1240 6 #6(19mm)| 656 | 0.0153| 1.197| 0.095

A1/50 525 | 230 | 621 | 1240 6#6(19mm)] 656 | 0.0153] 1.197| 0.061

A1/00 52.7 | 230 | 621 | 1240 6#6(19mm)| 656 | 0.0153] 1.197 N/A

3#6(19 mm)| 656 | 0.0153| , 00| 445

B1.5/100 51.8 | 230 | 447 | 1340| 1.5 3#4 (13mm)| 708 | 0.0170

C2/100 50.8 | 230 | 328 | 1310 2 | 6#4(13mm)| 708 |0.0170] 1 0.158
C2/75 51.0 | 230 | 328 | 1310 2 | 6#4(13mm)| 708 |0.0170] 1 0.095
C2/50 513 | 230 | 328 | 1310 2 | 6#4(13mm)| 708 |0.0170] 1 0.061
C2/00 51.3 | 230 | 328 | 1310 2 | 6#4(13mm)| 708 |0.0170] 1 N/A

Details of Specimens of Group A:

Full detailing of specimen dimensions amthforcemenare illustrated irfFigures (3.2)
through(3.5). All four beams have a width of 230 mm, the beams have effectivelspan
1240 mm whilethe totallengthis 1800 mm. The depthl,is 621 mm for the specimens of
group (A). Each beam has a longitudinal main FRP reinforcement jratio 1.197
percent. The specimens of group (A) consisting two rows of threemi@liameter FRP
rebas. However, different amount of vertical and horizontal FRP reinforcement was
applied to obtairdifferent quantitieswith },= 0, 44, 68, and 10@ercentfor A1/00,

A1/50, A1/75 and A1/100 specimengspectively Closedloop FRP stirrupsof 6 mm
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diameterwith different spacingS of 196, 290 and 450nm wereused ashe vertical
reinforcement forA1/100, A1/75 and Al/5@pecimensrespectively The FRP stirrups
were prefabricated by thenanufactureat the plantAlso two FRP bars with diameter of

6 mm at 190 mm spacingn each side were used as horizontal web reinforcement for
specimens Al1/100. While, the specimens A1/75 and Ah&@& only one FRP bar in

eachside with diameter of 10 and 6 mm at th&l height of the beanrespectively.
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Fig. (3.2) Beam A1/100: (Axlevation(B) cross section
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Fig. (3.3) Beam A1/751(A) elevation(B) cross section
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Fig. (3.4) Beam A1/501(A) elevation(B) cross section
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Fig. (3.5) Beam A1/001(A) elevation(B) cross section

Details of Specimens of Group B:
Full detailing of specimen dimensions and reinfogcare illustrated irFigure (36).
The beam has a width of 230 mm, also it has effective @gais 1340 mm while the

total lengthis 1800 mm. The depth] is 447 mm for the specimen of grouB)( The
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beam has a longitudinal main FRP reinforcement rati@f 1.201 percent. The
longitudinal reinforcementconsists oftwo layersof FRP rebarsthree19-mm diameter
barsat the bottom layerand three 13nm diametebarsat the upper layefThe vertical

web reinforcementonsists of préabricatedclosedloop FRP stirrupsf 6 mm diameter
with a spacindgs of 196 mm. Also one FRP bar with diameter of 6 mrasused in each

side of the beam as horizontal web reinforcement.

[ O70 irrups 6M @ 196
SUrrups mm
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Fig. (36) Beam B1.5/100: (Aglevation(B) cross section

Details of Specimens of Group C:

Full detailsof the specimen dimensions améinforcementsare shownin Figures (3.7)
through(3.10). All four beams have a width of 230 mm, the beams have effectivd span
1310 mm while the totdéngthis 1800 mm. The debp, d is 328 mm for the specimens of
group (C). Each beam has a longitudinal main FRP reinforcemenj raitid.00 percent.
The specimens of group (C) consistofgwo rows of three 1-83nm diameter FRP relar
However, different amount of vertical and tzantal FRP reinforcements was applied to

obtain deferent quantitiesf web reinforcements,,= 0, 38, 60, and 10@ercentfor
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C2/00, C2/50, C2/75 and C2/100 specimens, respectieb/fabricatedclosedloop
FRP stirrupsof 6 mm diameteare usedwvith a spacingS of 175, 290 and 450 mm for
C2/100, C2/75 and C2/50 specimens, respectidio one FRP bar with diameter of 6

mm in each side at thraid height of the bearwasused as horizontal web reinforcement

for specimens C2/100 and C2/75.
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Fig. (37) Beam C2/100(A) elevation(B) cross section

: 655—
PL 180X230X10 stirrups 6M @ 290 mm

o

/ #2 . . ™~ 00\#3
o s s
‘ | #4 %<<—sr1 “d| Istirrups
j — : — - bar 6M
- 1310 245 30
1800 ~—230—

(A) (B)

Fig. (38) Beam C2/75(A) elevation(B) cross section
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Fig. (39) Beam C2/50(A) elevation(B) cross section
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Fig. (3.10 Beam C2/00(A) elevation(B) cross section

3.4.2. Materials:

Concrete:
A single batch of concrete with a target compressive strength of aboutP3Supplied
by a local readynix concrete cmpany was used in the construction of theam

specimensTable (3.2) describes the details of the concrete mixture used in this study.
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During the castingpf the beams,

cylinders werelsoprepared.

eight 100 mm diameter and 200 mm high concrete

Table(3.2) Concrete mixture details

Concrete mixtus

w/c 0.39
Water, kg/m 161.9
Cement type Type GU
Cement content, kgfm 415.0
Fine aggregate content, kg/m 875.0
Coarse aggregate size 5-14 mm
Coarse aggregate content, k/m 870.0
Air, % 5-8%
Slump, mm 80+30 mm
Additives
Micro Air ml/m® 260.0
Glenlum 7500, ml/m 1090.0
60 -
f.=52.32 Mpa  f;=53.51 Mpa
50 -
§40 . f'c=45.69 Mpa
=
©30 -
¢
N 20 -
10 -
0 T T T T )
0 0.001 0.002 0.003 0.004 0.005
Strain

Fig. (3.11) Concrete compressive streggain relationship
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Fig. (3.12) Compression test of concrete cylinder

The compressive strength was obtained by testimge cylinders according to
Canadian standard AZB9C-09 [2009] Fig. (3.12). Also two cylinders were tested for
the assessment of splitting tensile strength of concrete according to Canadian standard
A23.2-13C [2009. The stresstrain diagram ofa few concrete cylindergested for
determining the stremiy of concretels presented irFigure (3.11). As can be seen in
Figure(3.11), the stresstrain curve consists of two portions: the elastic and the inelastic
range. In the elastic range where the transition zone cracks remain stable, the curve is a
linear.

Table(3.3) Average oncrete strength determined from test cylinders

Age of the sample f'e (MP3 fy (MP3)
(days)
28 45.69 --
60 -- 6.55
112 49.61 --
166 5292 --

The stressstrain plot in the inelastic range becomes-hoear because theracks

begin to propagate. After the ultimate stress is reached, the stress decreases while the
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strain grows until the failure occurred. A summary of the concrete strengtbvisledin

Table (33). Another three cylinders from the same mix were alscedesbne at the
beginning and two at the end of the beam tests. A linear relationship between the
compressive strength and number of days was developed which has been used to find the

actual compressive strength for each beam.

Glass FRP Reinforcement Bars

Only one type of glass FRP manufactured by Pultrall lQoaebecwasusedhere The
sand coated glass FRP bars were used as flexural reinforceitierfollowing three
sizes: No. 10, No. 13, and No. 16. The stirrups weedabricatedoy manufactuer from
sand coated glass FRP bar with size Nac&ording to the dimensions provided based on
the design of the specimersgure (313) shows the stresstrain diagramsof the glass
FRP rebarsAll the rebars show an elastic phase up to failure pwintension The
characteristics of the glass FRP used in this study are summarizZ€dbia (3.4)

according to thelata shegbrovided by the manufacturer.

1000 -
900 - 874 MPa

800 - 856 MPa
700 - 656 MPa#_~ 708 MPa

600 -
500 -
400 -
300 - =ie=Dar size #13

200 - bar size #19
0 27 ; : . .
0 0.005 0.01 0.015 0.02
The Strairé g,

=—¢=Dar size # 6
bar size #10

The TensiléStrengthF, (MPa)

Fig. (3.13) Glass FRP stressrain relationship
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Table(34Manuf act ur eed™Hassg-Rapser t i e s

. : Tensile Modulus | Ultimate Tensile| Ultimate Strain| Po i s s
Soft Metric Diameter Area . . . ° ;
Size i) G of Elasticity E StrengtHfy, in Tension U, Ratio€
(GPa) (MP3) (%)
# 6 6.350 31.7 46.1 874 1.90 0.25
#10 9.525 71.3 45,4 856 1.89 0.21
#13 12.700 126.7 46.3 708 1.70 0.26
#19 19.050 285 47.6 656 1.53 0.25
3.4.3. Instrumentation:

External instrumentation for each beam consists of two linear potentiometers located at

the midspan to recordhe beam deflectionwhereone potentiometewas conneted on

eachside of the beam tmeasurehe differential displacement of the both sides during

the test. The full stroke rangéF.S) of the potentiometers was 635 mm with accuracy of

0.25% of F.S.Three uniaxialstrain gauges of model KFG10-120-C1-11 with 10 mm

length were bonded on the longitudinal barghet mid-span Also the sametype of

uniaxial straingaugewasbonded on both ends of the longitudinal bars in each bEaen.

FRP web reinforcements on both siddsa beam at critical section were insnented

with Kyowa Model KFG2-120-C1-11 Uniaxial strain gages with 2mm length. The

instrumentsat the installation phaseand their locations on the FR&e illustrated in

Figures (314) and (315).

Fig. (3.14) The installation phase of strain gagespecimen A1/50
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HL16 HR10
VR7
VL15 fVvL13 VR9
HL18 HR11| HR12
VL14 VR8
‘ ML2 &*ML 3
%S_— v‘qu —— 14—

Fig. (315-b) The location of strain gages for specimen A1/75.

MU6
VL12 VR7
HL16 HL15 HR10 HR11
VL14 VL13 VRS VR9
| ML2 § ML3
“ELS  e— ML —

—
MUG
VL13 VRO
HL12 HL11 HR7 HR8
VL14 VR10
| ML2 &|ML3
ELS e— MLL —

Fig. (315-c) Thelocation of strain gages for specimen A1/50.
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MU6

ML2 & ML3

Fig. (315-d) The location of strain gages for specimen A1/00.

|
MU6
VL13 VR7
HL18 | HL17 HR11 | HR12
VL16 {VL15 IvLi14 VR8 {VR9 1VR10
‘ ML2 & ML3
5 e— MET — 1

Fig. (315-e) The location of strain gages for specimen B1.5/100
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Fig. (315f) The location of strain gages for specimen C2/100.
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Fig. (315-g) The location of strain gages for specimen C2/75.

MUG6
HL16 VLTL?L15 HR10 Vlel
VR8
| V014 VL13 ML2 & ML3 VR9 |
ftS—— MEL —J‘EL—AF

VL9 MU6 VR7
VL10 VRS
ML2 & ML3
ELD me— ML1 —

Fig. (315-h) The location of strain gages for speam&2/50.

Fig. (315) The location of strain gages for specimen C2/00.
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3.4.4. Fabrication and Casting of Beams:

Wood forms were used in the fabrication of the beams. The inside of the forms was
panted before the reinfoeenent cage was placed in its positiorprevent the wood from
absorbing the water of the concretexture The concrete mix was then placed and
vibrated using electrical vibrator. Next day of casting, the beams were covered with damp
canvas. The canvas wavateredoncedaily for 14 days. The formwork was removed

after 35 days after the day of castamgshown irFigure (316).

Fig. (3.16) The stages of specimen preparation during and after the concrete casting.
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3.45. Test Procedure:

All the speamens were simply supported as shown in Fig(8el7) and(3.18). All
the beams were tested to failure under tp@et loading (i.e. one concentrated vertical
load at the miegspan).Steel rollerestrained in the horizontal direction was used to ensure
that only the concentrated load would be appdiethe loading point. 2000 kN capacity
actuatorwas used to apply the load at the top of the mid span of the specimens. Steel
plates were placed at the point load and the support location. The beatasyvwpth the
dimensionsof 180 mmlengthx 230 mm width x30 mm height were attached by plaster
paste at the loading point and at the supports to obtain uniform contact and to prevent the
platesfrom slipping. To reduce the possibility of a stability fa#luthe centralization of
the beam position and its vertical alignment were verified during the erecting process.

Both surfaces of the beam were painted white and with grids to monitor the crack

development during the test

Actuator

L go-!

140+

620

| 620

Test specimen

ke

= ___ Pin

—

suppart

—
Steel Beam (I section) ul

Roller
support

=

[~

Fig. (317) Typical test setup for any beam in group A
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All wiring of strain and deflection gmeswas connected to the data acquisition
system andhnitialized to zero. Throughout the test procedure, the load capacity, FRP
strain and miespan deflection data at eacload increment was recorded.
Measurements were taken at bhsgicond intervals. Global information, obtained from
the data acquisition system, photographs and recorded observetwagjtilizedto
interpret the results of each te3the average time toelam failure was approximately
28, 24 and 16 minutes for beams in group A, B and C, respectively. The load was
applied at a rate according to C2938 of the ASTM standards Section 4 -
Construction [2013]. The loading rate for flexutastof simply-supprted concrete
beamswith centefpoint loading in the ASTM standards should be constant and
calculating as followed:
r=2S5 had?/ 3/ (3.13)
wherer is the loading rate (N/mingis the rate of increasin the maximum stress on
the tension face (0:9.2 MPamin), b is the average width (mmjy is the average
depth (mm) and is the effective length (mm). Table.%3 shows the minimum and
the maximum of the loading rate thettould beapplied to the beasin group A, B
and C according to tHequation(3.4).

Table (35) The loading rate of the beams in group A, B and C

The loading rate
Specimens Min Max
(kN/sec) (kN/sec)
Group A 0.72 0.95
Group B 0.34 0.46
Group C 0.19 0.25
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A constantrate ofloadwasapplied with rate of 0.36, 0.49, 0.87 and 0.93 kN/sec
for the specimens in the group A: A1/00, A1/50, A1/75 and A1/100, respectively.
While the loading rate of the beam B1.5/100 was 0.43kN/sec. the specimens in group
C: C2/00, C2/50, C2/75 and (AP0 were loaded up to failure with loading rate of
0.16, 0.23, 0.21 and 0.25kN/sec, respectivéhile the loading rate is consistent
with that suggested in the relevant ASTM standard for most of the tested specimens,
it was smaller in the cases of A1/@dd Al/50because of the manual control of
loading However, the lower rate of loading for these two specimens was not
expected to affect the behaviour of the beams which was later conformed form the

results of the tests.

Fig. (3.18) The test rangement for beam A1Q0
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