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ABSTRACT 

Structural Behaviour of Conventional and FRP- Reinforced Concrete Deep Beams 

Fawzi Ali Latosh, Ph.D.  

Concordia University, 2014  

 

    Many structural applications such as pile caps, girders, foundation walls and offshore 

structures include the use of reinforced concrete deep beams as structural elements. The 

structural behaviour of deep beams is affected by its span to depth ratio, type of loading, 

reinforcement ratio 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 (STM) was developed earlier as a rational method for 

estimating the capacity of a reinforced concrete deep beam and accepted in the current 

codes and standards for the design of such beams. While for designing a conventional 

(i.e. steel reinforced) concrete deep beams STM has been available in different codes and 

standards, for FRP-reinforced concrete deep beams such provisions are not available in 

most codes and standards. Only in the recent edition of the relevant Canadian standard 

(i.e., CAN/CSA S-806-12) which came out much later than the commencement of the 

present research, an STM approach has been provided, which is primarily based on that 

of conventional deep beams with some adjustments by using FRP reinforcementôs 

properties to calculate the tie capacity. One of the reasons for the lack of standards or 

code provisions for such systems in other codes (e.g., ACI and Eurocode) is 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 
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development of a design method for FRP-reinforced concrete deep beams, which could 

be similar to the existing STM method available for the conventional deep beams, similar 

to the approach taken by the Canadian standard. But, such provisions must be validated 

and/or modified appropriately and calibrated with experimental studies.  

    The objectives of the present research are to: (1) Identify the critical parameters 

governing the behaviour of conventional concrete deep beams; (2) Develop a design 

procedure for FRP reinforced concrete deep beams; (3) Study the critical factors in FRP-

reinforced concrete deep beams and evaluate the proposed design procedure using 

numerical and experimental tests; and (4) Evaluate the STM procedure outlined in the 

CSA-S806-12[2012] for designing FRP reinforced deep beams. The current design 

provisions for conventional concrete deep beams as provided in the following three 

prominent standards that use the strutïand-tie model have been extensively reviewed: 

ACI 318-08, Eurocode EN 1992-1-1-2004(E) and Canadian code CSA A23-3-04. The 

influence of different variables on the 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 capacity and 

failure pattern for each sample in the database have been evaluated using the STM 

models provided in the above three standards, and compared with the experimental 

results and critical parameters that have been identified. The results of the preliminary 

study show that the use of Strut and Tie model are generally appropriate method for 

beams with shear-span to depth ratio less than or equal to two. Also the study confirmed 

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



v 
 

the most significant effect on the behaviour 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 here to design 

FRP-reinforced deep beams. Using the proposed method, a set of FRP-reinforced deep 

beam has been designed and constructed. An experimental program has been carried out 

to test these beams to study the applicability of the proposed method and effect of the 

critical design parameters. Nine FRP reinforced concrete deep beams were divided into 

three groups, based on their shear span-to-depth ratio (a/d), and tested under a single 

concentrated load to investigate their behaviour and strength. The test variables were the 

shear span-to-depth ratio and the quantity of web shear reinforcement. The behaviour of 

deep beams is indicated by their shear strength capacity, mid span deflection, strain at the 

FRP longitudinal and web reinforcement, crack propagation, and 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 FRP-reinforced concrete deep beams. As 

a new version of the CSA standard is available now which provides STM procedure for 

FRP-reinforced deep beams, the test results have been compared to predictions based on 

the current CSA design procedure.  

   This investigation reveals that the Strut and Tie model procedure in the CSA-S806-12 

code provides a conservative and convenient design procedure for FRP-reinforced 

concrete deep beams. However, there are some areas where the code provisions can be 

improved and some inconsistencies in the way the strut capacity is determined can be 

removed. In addition, the shear design procedures of the ACI 440.1R-06 Code and of the 
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modified Strut and Tie model (STM) from Appendix A of the ACI 318-08 Code were 

compared based on their test results and a modified STM procedure based on ACI 318-08 

provision has been proposed for the adoption to ACI 440. This investigation reveals that 

adopting the procedure in the ACI 318-08 Code and taking into consideration the 

properties of FRP reinforcement provides a conservative and rational design procedure 

for FRP reinforced concrete deep beams. 
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Chapter 1: Introduction  
 

1.1. Introduction:  

       Many structural applications include the use of reinforced concrete deep beams e.g. 

pile caps, girders, foundation walls and offshore structures. The structural behaviour of 

deep beams is affected by its span to depth ratio, type of loading, reinforcement ratio 

(vertical and horizontal), 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 

designing deep beams. The Strut and Tie model (STM) has been adopted by the modern 

codes to design the deep beams in a more effective way. The STM provides a rational 

and acceptable theory for the design of deep beams which generally agrees well with the 

results of experimental studies. Michael et al. [2006] reported that the first application of 

STM was in the eighties in 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. It should be noted that the implementation of the STM models as provided in the 

above-mentioned 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 beams in many structural applications are exposed to the risk of corrosion or 

to severe environmental conditions that may result in shortening of their lifespans. 

Compared to conventional steel reinforcement, Fiber-Reinforced Polymer (FRP) 
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materials are stronger, lighter and free of corrosion problem.  FRPs are therefore being 

used as an alternative to steel reinforcement in many structural applications, including 

deep beams. While, 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 material in construction led to the 

development of standards for the design and construction of building components with 

Fiber-Reinforced Polymers.  

The CAN/CSA-S806-02[2002], the ACI 440.1 R-06[2006] and the CAN/CSA-

S806-12 [2012] standards provide requirements for the design and evaluation of building 

and building components reinforced (internally or externally) with FRPs. A design 

manual has been issued by the Canadian Network of Centres of Excellence on Intelligent 

Sensing for Innovative Structures (ISIS Canada Research Network [2007]) to provide 

guidelines and design equations that can be used for the design of FRP-reinforced 

concrete structures. 

    For designing normal (i.e. shallow) beams using any FRP standard, the relevant 

equations for steel reinforced concrete have been adopted and modified for FRP 

reinforcement. CAN/CSA-S806-02 Standard [2002], ACI 440.1 R-06[2006] and the ISIS 

design manual did not provide any procedure to design deep beams reinforced with FRP 

bars. Moreover, according to clause 8.6.6.4 of CAN/CSA-S806-02[2002] the strut and tie 

models was not permitted in the design of beams. The present research was motivated by 

the increasing use of FRP reinforcement in concrete structures and the lack of appropriate 

design provisions for FRP-reinforced concrete deep beams.      
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    The newer edition of the Canadian Standard, CAN/CSA-S806-12[2012] does adopt the 

STM approach, originally developed for conventional (i.e. steel reinforced) deep beams, 

with some adjustments that account for the properties of FRP.  However, these provisions 

are not adequately verified with experimental studies of FRP-reinforced concrete deep 

beams. Presently, a very limited number of experimental studies are available for FRP-

RC deep beams.  ACI 440.1 R-06 [2006] does not provide any design procedure for FRP-

reinforced concrete deep beams as of yet. For designing conventional deep beams, most 

codes, for example the ACI 318-08 [2008], the Eurocode [2004] and the CSA [2004], 

individualize the STM model with special clauses or appendixes (Appendix A, clause 6.5 

and clause 11.4, respectively) to clarify STM model design procedure for deep beams. 

Given the advancement in the use of FRP materials and their adoption in reinforced 

concrete structures, the development of an STM-design procedure for FRP-reinforced 

concrete deep beams for the ACI 440 code will be of interest. Also the effectiveness of 

the STM approach in CAN/CSA-S806-12[2012] needs to be validated further with 

experimental results. 

1.2. Statement of the problem: 

        Studies on the behaviour of deep beams reinforced by FRP bars are very limited as 

compared to 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 understanding of deep beam behaviour, the proposed research consists of three 

parts. The first part focuses on the review of available experimental studies on 

conventional concrete deep beams and comparison of the code provisions in prominent 

jurisdictions to gain an insight in the behaviour of such beams so that a design procedure 
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can be developed for them. The second part focuses on the development of an 

experimental program in which a set of concrete deep beams reinforced by FRP will be 

designed, constructed and tested, to study the effect of the key variables and validate the 

existing provisions of the Canadian standard.  The amount of the web reinforcement has 

been chosen as a variable to study since the experimental results on steel-reinforced deep 

beams as reported in the literature indicate that web reinforcement is very important in 

controlling the mid-span deflection, crack width, failure modes, ultimate strengths and 

the overall behaviour of reinforced concrete deep beams. Moreover, the shear span-to-

depth ratio will 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 FRP-reinforced concrete structures ACI 440.1 R-

06[2006] does not provide a procedure for designing deep-beams, the present study is 

aimed at understanding such beams and developing a design procedure. Also this 

investigation evaluates the STM procedure of the CSA-S806-12[2012] for design of FRP 

reinforced deep beams, which was adapted from the STM procedure for conventional 

deep beams as provided in CSA A23.3-04. 

1.3. Objectives and scope: 

The objective of the present research is to understand the behaviour of FRP-reinforced 

concrete deep beams. The behaviour of deep beams is indicated by their levels of 

ultimate shear strength, mid span deflection, FRP reinforcement strain, crack 

propagation, and by their type of failure. In addition to the main objective, this study 

has the following objectives: 
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1. Review the available experimental studies on conventional reinforced concrete 

deep beams and identify the critical parameters governing their behaviour. 

2. Compare the STM provisions of relevant codes and standards for the design of 

concrete deep beams, and verify the accuracy and the reliability of the Strut and 

Tie model (STM) provisions in different codes with respect to the available 

experimental studies.  

3. Develop an experimental program to study the effects of the critical factors in FRP 

reinforced concrete deep-beams and validate the existing design procedures. 

4. Develop a design procedure or modify the existing one for FRP reinforced 

concrete deep beams based on the results of the present and available experimental 

studies. 

 

     The objectives 1 and 2 have been achieved by utilizing a database of existing 

experimental studies on conventional deep beams. The effects of governing variables, 

such as the shear span to depth ratio, amount of web reinforcement, and the compressive 

strength of concrete were identified and have been explained as observed in the available 

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 

compare the Strut-and-Tie modeling provisions of the codes. An experimental study has 

been conducted to achieve objectives 3 and, 4 and validate the current design procedure. 

A design procedure of FRP- reinforced concrete deep beams have been developed based 

on the design procedure available for conventional deep beams and FRP-reinforced 

ordinary beams, and compared to the current design procedures.  
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1.4. Thesis organisation: 

The thesis is organized in eight chapters. A general introduction, statements of the 

problem, the research objectives and the thesis organization is presented in this chapter. 

The second chapter presents the literature review including: i) review and discussion of 

the behaviour of deep beams, and description of the modes of failure; ii) review of the 

Strut-and-Tie Models in provisions of the design codes and standards in three different 

jurisdictions including Canada; iii) presentation of the available experimental studies on 

conventional deep beams; iv) identification of the key parameters affecting the behavior 

of deep beams; and v) overview of the use of Fiber-Reinforced Polymer in deep beams 

and available experimental studies on FRP reinforced deep beams. Chapter three presents 

the research methodology and experimental setup. Chapter four presents the comparison 

of the design Provisions for conventional deep beams in different codes. The effects of 

governing variables, such as the shear span-to-depth ratio, web reinforcement, and the 

compressive strength of concrete on the code predictions of the ultimate strength capacity 

have also been investigated here. The effectiveness of the STM provisions of different 

codes in predicting the failure modes of concrete deep beams has also been studied in this 

chapter. Chapter five presents the experimental results of nine FRP reinforced concrete 

deep beams. The experimental results for each tested beam are presented individually and 

discussed in this chapter. Chapter six provides a synthesis of the experimental results to 

highlight the effect of the shear span to depth ratio and the amount of web reinforcement 

on the behavior of the FRP-RC deep beams. Chapter seven describes the design 

procedure developed for designing FRP-RC deep beam in the context of Canadian (CSA) 

and American (ACI) codes which have been compared and validated with the test results 
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and available provision in the current codes and standards. The summary, conclusions, 

and recommendation for future work are provided in Chapter seven.  
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Chapter  2: Literature  Review 
 

2.1. Behaviour of Deep Beams: 

   Nawy [2005]
 
mentioned that the behavior of deep beams is nonlinear; they behave as 

two-dimensional elements subjected to a two-dimensional state of stress, the strain 

distribution is nonlinear distribution, the plane sections do not remain planar after 

bending, and shear deformations will become significant in deep beams, which mean that 

the assumption of plan section theory cannot be applied. Different codes define deep 

beams slightly differently, based on the nonlinear variation of strain distribution over the 

depth of the cross section. A deep beam is defined in ACI 318-08[2008] code
 
as a beam 

that is loaded on one face and supported on the opposite face, that has a clear span, ln, 

equal to or less than four times the overall member depth, and that has regions of 

concentrated loads within the height of (a Ò 2h), where a and h are the shear-span and 

depth, respectively. According to the Eurocode (EN 1992-1-1-2004-E)
 
[2004], the clear 

span, ln, of the beam should be equal to or less than three times the depth, whereas the 

Canadian code A23-3-04[2004] defines a deep flexure member as a beam having a clear 

span to overall depth ratio less than 2.  The 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 over the depth of the cross section.  Deep 

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 depth ratio a/d, the web 

reinforcements (both in horizontal and vertical directions), concrete compressive 

strength, and  the loading area and support width. 
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2.2. Modes of Failure: 

     Michael and Oguzhan [2008], Carlos et al [2006], and Tan et al [1997a] have 

observed the following failure modes in their experiments: (i) shear failure , (ii) flexural 

failure , and (iii) anchorage failure (as illustrated in Fig 2-1). 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 the bottom of the mid-span of a beam at 

the position of the lower longitudinal reinforcement when there is insufficient 

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

beam at the ends of the main reinforcement when the development length or anchorage 

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

mode is further classified into three categories:  

a) Diagonal Splitting Failure. This occurs at the middle of the depth of the beam 

parallel 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 predicted by the STM provisions of any of the three selected codes;  

b) Diagonal Compression (strut crushing) Failure. This occurs at a beamôs mid-

depth, longitudinally between the end of the loading plate and the beginning of a 

strut, following the formation of several diagonal cracks; and  

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

bearing plate.  
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Fig. (2.1) Modes of failure of reinforced concrete deep beams. Michael and Oguzhan 

[2008], Carlos et al [2006] and Tan et al [1997a] 

 

2.3. Review of the Strut-and-Tie Models in various codes: 

2.3.1 General recommendations for  designing reinforced concrete deep beams:  

      The main recommendations for deep beams as provided in these codes are 

summarized here: 

¶ In the design of deep beams, the nonlinear distribution of strain needs to be 

considered. Strut-and-Tie Models may be used. The ACI 318-08[2008], Eurocode 

[2004] and CSA A23-3-04[2004] provide slightly different versions of the STM.  

¶ Lateral buckling shall be considered when a beam is very thin; such that the h/b 

ratio is large (b is the width of the beam). This phenomenon has 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, Kani [1967] has determined that with a 

ratio of h/b from 0.5 to 1.8, the width, b, has no effect on the failure shear 

strength. He has suggested that, in other words, the out-of-plane 

deformation may have no significant effect on the beam strength.  

- On the other hand, Kotosoves and Pavlovic [2004] 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 and Tan [2007] have reached a 

similar conclusion. 

¶ The definition of the nominal shear strength capacity, Vn, for a deep beam varies 

from one code to another.  

- ACI 318-08[2008] defines Vn as  0.83ӏf`c bw d (in SI units, with bw and d 

in mm, and f`c in MPa). 

- In the Eurocode [2004],
 
Vn is determined by the reaction VEd, which is 

equal to 0.5bw dɜ fcd (in SI units). This value may be multiplied by ɓ= a/2d 

if the shear-span is between 0.5d and 2d.  

- CSA [2004] does not specify any limitation on the ultimate shear force, 

which is calculated from the STM. 

¶ 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 318-08[2008] specify that the area of the vertical 

(AV) and horizontal reinforcement (AH) should not exceed 0.0025bwS1 and 

0.0015 bwS2 respectively. As shown in Figure 2.3, S1 and S2 are spacings 
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of the bars in the respective directions. The bar spacing S1 and S2 should be 

less than d/5 and 12 in or 305 mm.  

- The Eurocode [2004]
 
provides that the area of skin reinforcement in the 

form of the orthogonal mesh should be 0.1% of the beam cross-sectional 

area, but not less than 150 mm
2
/m in each face and direction; and the bar 

spacing, S, should be less than 2b and 300 mm. 

- CSA A23-3-04[2004] specifies that web reinforcement is required if the 

height of a deep beam exceeds 750 mm and shall be uniformly distributed 

along the exposed side faces for a distance of [0.5h-(2h-d)] . In such a 

case, the area of reinforcement should not exceed 0.002Ac in each 

direction, and the bar spacing, S, should not exceed 300 mm.  

¶ Based on the equation provided in the codes given above for determining and 

analyzing the beam capacity, the use of web reinforcement appears to have no 

effect on the way of calculating the strength of the struts. Only in ACI 318-

08[2008], especially for a bottle-shaped strut, does the reduction factor ɓs become 

0.75 if f`c Ò 6000 psi or 40 MPa and if the web reinforcement satisfies equation 

(A-4) of ACI 318-08[2008]
 
code. Experimental studies, however, as discussed 

below, show that the web reinforcement may play an important role in enhancing 

the capacity of a concrete deep beam.  

- Michael and Oguzhan [2008] have assembled a database of tests, the 

results of which indicate that for a beam with an a/d ratio less than two, 

the vertical web reinforcement alone is more effective than a combination 

of horizontal and vertical web reinforcement.  
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- Zhang and Tan [2007] have conducted 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 318-08[2008] 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 member) as shown in Fig. (2.2).The design of the struts, ties 

and nodal zone are based on: űFnҗFu where Fu is the largest force in that element for all 

loading cases, Fn is the nominal strength, and ű is a factor specified by clause 9.3.2.6 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 given by fce= 0.85 ɓs f`c, where ɓs is defined as 

the efficiency factor. The efficiency factor ɓs is the reduction of the ultimate strength of 

the strut. This factor reflects the ability of the concrete to resist loads at cracking develops 

or to transfer compression across cracks in a tension zone. The value of ɓs ranges from 

0.4 to 1 based on the type of the strut.  The second type of strut is a strut with a bottle 

shape as shown in Figure (2.2). 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 efficiency factor ɓs.  
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Fig. (2.2) Description of the Strut and Tie model. 

 

    For this type of strut, the ɓs is taken as 0.75 if f´c is not greater than 40 MPa and if the 

web reinforcement satisfies Equation (A-4) of ACI 318-08[2008] as shown in Eq (2.1) 

below. 

В  ίὭὲ πȢππσ     (2.1) 

                                         

In the above equation, Si and ASi indicate spacing and area of a bar for web reinforcement 

(horizontal or vertical), and bs indicates the width of the strut as shown in Fig. (2.3). 

    Michael and Oguzhan [2008] 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 growing. In the case of a high-strength 

concrete f`c >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 of web reinforcement. The efficiency factor is 
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taken equal to 0.6ɚ for a strut without web reinforcement case and for all other cases that 

do not meet the above requirements.  

 

 

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

 

       Park and Aboutaha [2009] have compared the efficiency factors for different models 

and have concluded that the results obtained using ACI 318-08 [2008] are not 

conservative as compared to the experimental results in many cases. However, the code 

does not specify which type 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 nominal compressive strength of a strut is given by Fns= fce *Acs, where Acs is the 

cross sectional area calculated by multiplying the width of the strut (ws) by the beam 

width Figure (2.4), and fce is the effective compressive strength of concrete. Fns is 
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calculated 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 

Fnn= fce Anz where Anz is the area of the face of the nodal zone on which Fu acts and fce = 

0.85 ɓn f`c ,where ɓn 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 nodal interface is 

adjusted by the strength of the strut.  

 

 

Fig. (2.4) Bottom nodal zone for one layer of steel. 

    

    The strength of ties is given by following the equation Fnt = Atsfy + Atp(fse + ȹfp) where 

the second part of  the equation is related to pre-stressed members. The code provides 

some recommendations for applying the tie reinforcement which are: the axis of the 

reinforcement and the axis of the tie coincide together, and shall be anchored by 

mechanical devices ï standard hooks-or sufficient straight bar. ACI 318-08 [2008] gives 
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the limitation for the angle ɗ between the axis of the strut and tie as not less than arc tan 

½ = 26.5° to mitigate cracking and to avoid incompatibilities. 

2.3.3 The Eurocode Model:  

    The compressive force in a strut is apportioned by the compression strength of the 

cylindrical concrete fck. 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 code [2004]. However, unlike the 

strut described in the CSA code [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 to 1/ɔc, where ɔc is a partial 

factor for the concrete in transient design situations and is 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 ɜ= 1- fck/250. The compressive strength has a large effect 

on calculating the efficiency factor in the second category, for example ɜ=0.9 for fck=25 

N/mm
2 

whereas ɜ=0.84 for fck=40 N/mm
2
. As stated by the Euro code EN 1992-1-1-

2004(E) [2004] there are three nodal zones 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 concrete ůRd,max , 

reducing it by K1,K2 and K3 respectively for each type of node where K1=1, K2=0.85 and 

K3=0.75.  

2.3.4 The Canadian Standard Association (CSA) Model:  

The CSA code [2004] provides that all struts are to be assumed to have  uniform cross 

sections and the compressive force in a strut must not exceed ‰c fcu Acs, where 
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fcu =f`c /(0.8+170Ů1)Ò0.85f`c                                            (2.2) 

and  

Ů1=Ůf+(Ůf+0.002)cot
2

s˼ (2.3) 

                      

where, ʃs is the smallest angle between the strut and the adjoining tie. In the above 

equation, the nominal capacity of the strut will be reduced by ‰c Ⱦ πȢψ ρχπʀ1), which is 

not to exceed 0.85 ‰c.. 

 

Table (2.1) The reduction factor of the effective compressive strength for ACI 318-08, 

Euro code EN 1992-1-1-2004(E) and Canadian code A23-3-04 

 
 

Type 

ACI318-08 Euro code EN 1992-1-1-2004(E) Canadian code 

A23-3-04 

Features ɜ Features ɜ Features ɜ 

 

Uniform cross 

section 

occur in 

compression zone 
0.85 

 

With 

transverse 

tension 

 

transient 

 

0.67 

wherever 

occur 
0.55 

 occur in tension 

zone 
0.34 

Strut 

bottle- shaped 

satisfying equation 

(A-4) 
0.64 

 

accidental 

 

0.83  not satisfying 

equation (A-4) 
0.51 

 
not clarifying other than above 0.51 

without  transverse 

tension for fck=40 N/mm
2
 

 

0.84 

 
CCC compression  reign 0.85 

compression  reign for 

fck=40 N/mm
2
 

0.84 CCC 0.55 

Node 
CCT 

compression  reign 

+ one tie 
0.68 

compression  reign + one 

tie for fck=40 N/mm
2
 

0.714 CCT 0.49 

 

CTT 
compression reign 

+ two  tie or more 
0.51 

compression reign + two  

tie or more for fck=40 

N/mm
2
 

0.63 CTT 0.43 

 

    The following three nodal zones are specified in CSA A23-3-04 [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 exceed f`c reduced by 0.85‰c, 0.75‰c and 

0.65‰c respectively. Also the tensile force in a tie should not exceed ‰s fy Ast. The 
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Canadian code recommends that the tie reinforcements be adequately anchored and that 

the angle ɗ between the axis of a strut and a tie be not less than 29+7000Ůx. Table (2.1) 

contains 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 as ʈ  ɼ‰, 

where ɓ is the efficiency factor and ū is the strength coefficient. 

2.4. Available experimental studies on conventional deep beams:  

    A number of experimental studies have been conducted in the past on deep-beams to 

study their behavior. An extensive literature review has been performed to collect the 

information about the available experiential 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 present study to evaluate and compare the Strut-and-Tie modeling 

provisions of the codes from three different jurisdictions: Canada, USA and Europe. The 

effectiveness of the Strut-and-Tie modeling provisions of the three different codes in 

predicting the ultimate strength and failure modes of deep beams has been evaluated 

against the actual behavior of such beams observed in experimental studies. Table (2-2) 

contains a brief summary of all the specimens in the database. The detailed description 

for all testes are provided in appendix A.  They are deep beams subjected to one or two 

concentrated loads. The experimental samples contain a wide range of the compressive 

strength of concrete ( f`c from 16.5 MPa to 120 MPa). The shear-span to depth ratio of the 

samples ranging from 0.27 to 3.5 has been selected in accordance with the definition of 

deep beams provided in the above codes covering the entire range of deep beams and 

those transitioning from deep to shallow beams.  
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Table (2.2) Description of collected specimens 

Reference Number of samples f`c ( MPa) a/d ratio 

Zhang and Tan [2007] 12 25.9-32.4 1.1 

Nathan and Breña [2008] 12 27.0-35.6 1.0-2.0 

Tan and Lu [1999] 12 30.8-49.1 0.56-1.13 

Oh and  Shin [2001] 53 23.72-73.6 0.50-2.0 

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 56.2-86.3 0.85-1.69 

Tan et al. [1997b] 22 54.8-74.1 0.28-3.14 

Foster and  Gilbert [1996] 16 77-120 0.76-1.88 

Shin et al. [1999] 30 52 -73 1.5-2.5 

Yang et al. [2003] 21 31.4-78.5 0.53-1.13 

Kong and  Rangan [1998] 42 63.6-89.4 1.51-3.30 

Aguilar et al. [2002] 4 28 1.14-1.27 

Tan et al. [1995] 19 41.06-58.84 0.27-1.62 

Rigotti [2002] 11 16.5-34.5 1.87-2.33 

Garay & Lubell [2008] 10 43-48 1.19-2.38 

Total 347   

 

2.5. The effect 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, mid-span deflection, crack width, failure modes, 

ultimate strengths and the behavior 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 important role in enhancing the ultimate capacity, stiffness, etc. 

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

discussed below. 
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2.5.1 Beam stiffness:  

     Tan et al [1997a] have observed, judging from the mid-span deflection, that the web 

reinforcements increase the beam stiffness, and the effect of web reinforcement on the 

stiffness is more significant at a/d Ó1.13. Smith and Vantsiotis [1983] have observed that 

a minimum amount of vertical and horizontal web reinforcement should be applied to 

increase beam stiffness and control cracks. Also Kong et al[1970] 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 reinforcement depending on L/d and a/d 

ratios. They have also found that the vertical web reinforcement is more effective in 

enhancing the beam stiffness when the shear span-to- depth ratio a/d Ó0.7. 

2.5.2 Crack-control:   

     Smith and Vantsiotis [1983] 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 Vantsiotis [1983] and Shin et al [1999] 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. Tan et al [1997a] have observed that web reinforcements 

have a significant effect in controlling the diagonal cracks, 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 et al [1970]
 
have concluded 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 researchers Smith and Vantsiotis [1983], Tan et al [1997a] and Shin et al 

[1999] have clearly demonstrated that beams with web reinforcements exhibit the same 

modes of failure as compared to the beams without web reinforcements. However, 

Rogowsky et al [1986] have observed that a large amount of vertical web reinforcement 

may alter the mode of failure to ductile failure. 

2.5.4 Ultimate shear strength:  

     Smith and Vantsiotis [1983] 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% to 0.91% have a little or no effect on the 

ultimate shear strength. Smith and Vantsiotis [1983] have observed in their experimental 

study that the web reinforcements increase the ultimate shear strength from 0 to 30% but 

not beyond 4bdãf`c. Rogowsky et al [1986] have proved that only the vertical web 

reinforcements have a significant effect on the ultimate shear strength. Tan et al [1997a] 

have also confirmed that the vertical web reinforcements are more effective in increasing 

the shear strength than are the horizontal web reinforcements in the case of beams with 

high strength concrete. Using the test results of Tan et al [1997a] it was observed that the 

contribution of web reinforcements on the ultimate shear strength for high strength 

concrete varied from 0 to 50%, and the maximum contribution did not exceed 2bdã f`c. 

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 shear-span to depth ratio a/d. They also found that the horizontal web 

reinforcement has little effect on the ultimate shear strength. Table (2.3) contains a brief 



23 
 

description of the specification (e.g., compressive strength, f`c; shear span depth ratio; 

vertical reinforcements, ɟv%; horizontal reinforcements, ɟh%; and web reinforcement, 

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

reinforcements.  

Table (2.3) Details of the available experimental studies 

Reference  f`c ( MPa)  a/d ɟv% ɟh% {ɟv%-ɟh% } 

Tan et al 

[1997a,b] 

56.3 to 92.7  0.85, 

1.13,  

1.69 

0, 

1.43, 

2.86 

0,1.59, 

3.17 

{ 0-0} , 

{ 2.86-1.59} , 

{ 1.43-1.59} , 

Kong et al [1970]  

Avg  of 

22.13   

0.23 to 0.7 0, 

0.85, 

2.45 

0, 

0.85, 

2.45 

{ 0-0} , 

{ 1.23-1.23}  

Smith & Vantsiots 

[1982] 

16.07 to 

22.68 

0.77, 

1.01, 

1.34 

 

-- -- {(0.28,0.63,1.25)-

(0.23to0.91)} 

{(0.24,0.63,0.77,1.25

)-(0.23to0.91)} 

{(0.18,0.31,0.56,0.77

)-(0.23to0.91)} 

Oh andShin 

[2001] 

23 to 74 0.5,  

0.85,  

1.25, 

2 

-- -- {0-

0},{(0.12,0.22,0.34)-

0.43},{0.13-

(0.23,0.47,0.94)},{0.

13-

(0,0.023,0.47,0.94)} 

Shin et al [1999] 

52 & 73 1.5, 

2, 

2.5 

-- -- { 0 -0} , 

{(0.45to1.81)-0.5} 

Rogowsky et al.  

[1986] 

26.1 to 46.8 1, 

1.5, 

2 

0.0015, 

0.006, 

0.0019, 

0,  

0.0057, 

0.0014. 

0.0016, 

0.0018, 

0.0011, 

0.0032, 

0.0013, 

0.0039 

{(0.0,0.0015)-

(0.0,0.0016)},{(0.0,0.

0019)-

(0,0.0011)},{(0,0.001

4)-(0,0.0012)}  

 

 

2.6. The effect of shear-span to depth ratio on the behavior of deep beams: 

     The shear-span to depth ratio, a/d, has a major effect on the change of the stress 

pattern from linear to non-linear. The a/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 depth (i.e. a/d<2). Tan and Lu 

[1999] indicated that the stress-deflection curve was gentler in the beams that had higher 

a/d, and they also observed that with an increase in a/d ratio the beam becomes more 

flexible. MacGregor [2000] demonstrated that the a/d ratio has a major effect on the 

failure mechanism, and when a/d<1, the behavior changes from beam action to truss 

action. On the other hand, for the beams whose a/d ratio ranges between 1 and 2.5, failure 

occurs at less than the flexure moment capacity. Nathan and Breña [2008] noted that the 

influence of a/d on the crack patterns for the beams that have a/d ratio between 1 to 1.5 is 

consistent with a tied-arch mechanism of load transfer, in contrast to beams with a/d=2, 

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

2.7.  Further development of Strut and Tie models: 

Many researchers proposed modification 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 shear span to 

depth ratio of 3. The forces in the strut were calculated by using four models, where the 

first model (Fig 2.5 a and b) uses a direct strut neglecting the contribution of web 

reinforcements, and the other two models (Fig 2.5 c and d) account for the contribution of 

web reinforcement using a truss with vertical ties (Fig 2.5 c) to represent the vertical 

reinforcements or horizontal ties (Fig 2.5 d) to represent the horizontal reinforcements. 
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However the fourth model (Fig 2.6) is a statically indeterminate strut-and-tie model that 

represents a combination of the above three models.  

 

Fig. (2.5) (a) Dimensions of nodal zone; (b) compression strut mechanism; (c) vertical 

truss mechanism; and (d) horizontal truss mechanism. Matamoros and Wong [2003] 

 

Fig. (2.6) Combined strut-and-tie models. Matamoros and Wong [2003] 

 

The total shear force is carried by each of three mechanisms and can be presented by 

following equation (2.4): 
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ὠ  ὅὛ   ὅ Ὓ  ὅ Ὓ   (2.4) 

                         

where,  Sstrut is the nominal strength of the strut by using only the contribution of the 

compressive strength of the concrete ,  Stv is the nominal strength of the strut by using 

only the contribution of the vertical web reinforcement, Sth is the nominal strength of the 

strut by using only the contribution of the horizontal web reinforcements and Cc, Cwv and 

Cwh are the strength parameter, vertical web reinforcement coefficient 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 (AIJ) (Aoyama 1993). The proposed 

equation is also found to provide a safer estimate of capacity for beams with a/d ratio less 

than one.  

 

-Park and Kuchma [2007] proposed a strut-and-tie-based method for calculating the 

strength of reinforced concrete deep beams. A strut-and-tie statically determinate 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 tensile straining. The proposed 

compatibility -based strut-and-tie model procedure uses an iterative secant stiffness 

formulation, employs constitutive relations for concrete and steel, and considers strain 

compatibility. The strain compatibility relation used in this 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 calculated by: wc = kd, where d 

is the effective depth of the deep beam and k is derived from the classical bending theory 
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for a singly-reinforced beam section as:  (Ὧ ὲ” ςὲ” ὲ”). In this case, n is the 

ratio of steel to concrete elastic modules and  ́is the longitudinal reinforcement ratio.   

 

Fig. (2.7) Strut-and-tie model for deep beam. Park and Kuchma [2007] 

 

This model was compared by Park and Kuchma [2007] with the strut-and-tie given in 

ACI 318-05 and CAN/CSA A23.3-04 code provisions in predicting the capacity of 214 

deep beams which were tested to failure. The comparison showed that the proposed 

method consistently predicts the strengths of deep beams with a wide range of horizontal 

and vertical web reinforcement ratios, concrete strengths, and shear span-to-depth ratios 

(a/d) well. 

-Zhang and Tan [2007] proposed a modified strut-and-tie model (STM) for determining 

the shear strength of reinforced concrete deep beams. The model is a modification to the 

original model proposed by Tan et al. [2003] with a direct strut-and-tie model for 

pressurised deep beams, and the model proposed by Tan et al. [2003] representing a 

direct method for deep beams with web reinforcements.  
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Fig. (2.8) Iteration procedure for computing the ultimate strength of for simply supported 

deep beams - Zhang and Tan [2007] 

 

       Figure (2.8) shows the iterative procedure for 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: concrete tensionïstiffening 

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. The softening effect of concrete 

strength due to the presence of transverse tensile strain is implicitly taken into 
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consideration. The stress distribution factor k is derived from the consideration of both 

force and moment equilibrium. The modified model for simply supported deep beams is 

evaluated using 233 test results and it was shown to be in a better agreement with the 

experimental results than the original model. 

2.8. The use of Fibre-Reinforced Polymer (FRP) in deep beams  

   Since reinforced concrete deep beams have 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 behind the deterioration of the majority of concrete structures. Rebar 

corrosion will shorten the lifespan of a structure. Fiber-Reinforced Polymers (FRPs) have 

proven to be effective in concrete structures as an alternative to steel reinforcement. 

Compared to conventional steel reinforcement, Fiber-Reinforced Polymers (FRP) is up to 

five or six times stronger, lighter and not susceptible to corrosion.  It is also used as an 

external confinement of the existing concrete structural elements to enhance the shear 

strength, the axial strength and the deformability of the members. 

     The increasing application of fibre-reinforced polymers (FRPs) as internal 

reinforcement in concrete prompted many researchers to conduct experimental and 

numerical studies to understand the behaviour of FRP-reinforced 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 programs was conducted 

in this chapter to investigate the behaviour of concrete members reinforced with FRP 

reinforcement. It is interesting to note that while some research is available on the 

behaviour of FRP-reinforced regular (shallow) beams, there are not many studies 
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available for FRP-reinforced concrete deep beams. The following review includes studies 

on deep beams or beams which are close to deep beams.  

 

-El-Sayed et al. [2006a] tested nine large-scale reinforced concrete beams without 

stirrups with shear-span to depth ratio of 2.5. The test beams included three beams 

reinforced with glass FRP bars, three beams reinforced with carbon FRP bars, and three 

control beams reinforced with conventional steel bars. The dimensions of the beams were 

3250 mm in length, 250 mm in width, and 400 mm in depth. And all beams were tested 

in bending with four-point loading. The details of test specimens are given in Table (2.4) 

and shown in Figure (2.9). The main variables considered were the reinforcement ratio 

and the modulus of elasticity of the longitudinal reinforcing bars. The beams were 

subjected to two point loads at the top. 

 

Table (2.4) Details of the test specimens 

Specimen 

No 

f`c 

( 

MPa) 

b 

(mm) 

d 

(mm) 

Le 

(mm) 
a/d 

Main 

reinforcement 

ffu 

(MPa) 
fʁu 

 

Vertical & 

Horizontal 

reinforcement 

 ́
(%) 

SN-1 50.0 250 326 2750 3.06 
7No.15 M 

steel bars 
460 0.0023 N/A 0.86 

SN-2 50.0 250 326 2750 3.06 
5No.15 M 

steel bars 
460 0.0023 N/A 1.24 

SN-3 50.0 250 326 2750 3.06 
7No.15 M 

steel bars 
460 0.0023 N/A 1.72 

CN-1 44.6 250 326 2750 3.06 
10 No. 10 

CFRP bars 
1536 0.0156 N/A 0.87 

CN-2 44.6 250 326 2750 3.06 
8 No. 13 

CFRP bars 
986 

 

0.0180 
N/A 1.24 

CN-3 44.6 250 326 2750 3.06 
11 No. 13 

CFRP bars 
986 0.0180 N/A 1.72 

GN-1 43.6 250 326 2750 3.06 
10 No. 10 

GFRP bars 
608 0.0120 N/A 0.87 

GN-2 43.6 250 326 2750 3.06 
5 No. 16 

GFRP bars 
754 0.0074 N/A 1.22 

GN-3 43.6 250 326 2750 3.06 
7 No. 16 

GFRP bars 
754 0.0074 N/A 1.71 
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Fig. (2.9) (a) Test setup and dimensions; and (b) Sectional details. El-Sayed et al. [2006a] 

 

     From test results it was shown that the relatively low modulus of elasticity of FRP 

bars resulted in reduced shear strength as compared to the shear strength of the control 

beams reinforced with steel. The reduction of the shear strength can be attributed to the 

fact that the cross section using FRP flexural reinforcement develops wider and longer 

cracks as opposed to a steel reinforced section, and thus has a smaller depth to the neutral 

axis. It was observed that the most dominant failure mode was diagonal tension failure 

except in the control beams which experienced steel yielding simultaneous with the 

diagonal tension when failure occurred. Figure (2-10) shows the crack patterns at failure 

of the tested beam CN-3. A proposed 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 CN-3). El-Sayed et al. [2006a] 

 

-El-Sayed et al. [2006b] carried out investigations on the influence of concrete strength, 

reinforcement ratio, and modulus of elasticity of the longitudinal reinforcing bars on six 

large-scale reinforced concrete beams with high-strength concrete (HSC), and three 

beams using normal-strength concrete (NSC). Carbon and glass FRP bars and 

conventional steel bars were used as longitudinal reinforcement in this investigation. All 

beams were without web reinforcement, and had ratio of shear-span to depth ratio of 2.5. 

The beams were 3250 mm long, 250 mm wide, and 400 mm deep, and they were tested in 

bending with four-point loading. The beams were tested under symmetrical loading 

conditions. The details of test specimens are given in Table (2.5) and shown in Fig. (2-

11).  
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Fig. (2.11) (a) Test setup and the dimensions; and (b) sectional details. El-Sayed et al. 

[2006b] 

 

 

Table (2.5) Details of the test specimens 

Specimen 

No 

f`c 

( 

MPa) 

b 

(mm) 

d 

(mm) 

Le 

(mm) 
a/d 

Main 

reinforcement 

ffu 

(MPa) 
fʁu 

 

Vertical & 

Horizontal 

reinforcement 

 ́
(%) 

SN-1.7 35 250 326 2750 3.06 
7No.15 M 

steel bars 
460 0.0023 N/A 1.72 

CN-1.7 35 250 326 2750 3.06 
11 No. 13 

CFRP bars 
986 0.0074 N/A 1.72 

GN-1.7 35 250 326 2750 3.06 
7 No. 16 

GFRP bars 
754 0.0180 N/A 1.71 

SH-1.7 65 250 326 2750 3.06 
7No.15 M 

steel bars 
460 0.0023 N/A 1.72 

CH-1.7 65 250 326 2750 3.06 
7 No. 16 

CFRP bars 
769 

 

0.0074 
N/A 1.71 

GH-1.7 65 250 326 2750 3.06 
7 No. 16 

GFRP bars 
754 0.0180 N/A 1.71 

SH-2.2 65 250 326 2750 3.06 
9No.15 M 

steel bars 
460 0.0023 N/A 2.21 

CH-2.2 65 250 326 2750 3.06 
9 No. 16 

CFRP bars 
769 0.0074 N/A 2.20 

GH-2.2 65 250 326 2750 3.06 
9 No. 16 

GFRP bars 
754 0.0180 N/A 2.20 
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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 (Beam GH-1.7). El-Sayed et al. 

[2006b] 

 

 

 
 

    Test results showed that the high-strength concrete beams exhibited slightly lower 

relative shear strength as compared to normal-strength concrete beams. Figure (2.12) 

shows the crack patterns at failure of the tested beams CH-1.7 and GH-1.7. Also they 

concluded that the HSC beams exhibited lower normalized shear strength as compared to 

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

scale deep beams reinforced with longitudinal carbon- and glass-Fiber Reinforced 

Polymer (FRP) bars and without any stirrups or web reinforcements.  The variables 

included the longitudinal reinforcement ratio and the reinforcement type. The shear-span 

to depth ratios ranged from 1.13 to 1.15. The beams were supported over a 3,000-mm 

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 under four-point loading. The details of test 

specimens are given in Table (2.6) and shown in Fig. (2.13). 
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 U-shaped steel stirrups 10 mm diameter @ 100 mm
 

All dimensions in mm 

Fig. (2.13) Dimensions of beam sections and details of reinforcement configuration. 

Farghaly and Benmokrane [2013] 

 

Table (2.6) Details of the test specimens 

 

Specimen 

No 

f`c 

( 

MPa) 

b 

(mm) 

d 

(mm) 

Le 

(mm) 

a/d 

 

Main 

reinforcement 

ffu 

(MPa) 
fʁu 

(%) 

Vertical & 

Horizontal 

reinforcement 

f́ 
(%) 

G8N6 49.3 300 1097 3000 1.14 
8 No.6  

GFRP bars 
460 1.66 N/A 0.69 

G8N8 49.3 300 1088 3000 1.15 
8 No. 8 

GFRP bars 
460 1.45 N/A 1.24 

C12N3 38.7 300 1111 3000 1.13 
12 No. 3 

CFRP bars 
380 1.33 N/A 0.26 

C12N4 38.7 300 1106 3000 1.13 
12 No.4 

CFRP bars 
380 1.32 N/A 0.46 
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     It was observed that reinforcement type had no clear effect on the behavior of the 

tested beams. Also it was found that the reinforcement ratio and concrete compressive 

strength had a clear effect on the ultimate capacity and deflection characteristics. Figure 

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

 

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

 

    The results confirmed the formation of the tie action, where the strain in the 

longitudinal reinforcement distributed nearly uniform. It is important to note that these 

are the only studies available so far on FRP-RC deep beams. 
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Chapter 3: Research Methodology  and Experimental 

Setup 

3.1.  Overview: 

    The research methodology includes the comparison of the STM provisions of ACI 

318-08 code [2008], EN 1992-1-1-2004(E) [2004] and the Canadian code CAN/CSA 

A23-3-04 [2004] in designing conventional deep beams. The comparative study is 

intended to capture 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 conventional RC deep beams and FRP reinforced ordinary beams. In 

addition the effectiveness of the STM provisions of the CAN/CSA-S806-12[2012] in 

predicting the capacity of concrete deep beams has been verified. An experimental 

program was conducted to study the behaviour of FRP-reinforced concrete deep beam 

and to investigate the effect of the critical variables.  Based on the experimental results, 

the suggested design procedure will be fine-tuned and the appropriate quantity of the FRP 

web reinforcement in deep beams 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 tasks undertaken in the present research 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. Compare the impact of the current codes provisions for designing reinforced 

concrete deep beams using STM on the capacity and failure mode with respect 

to the results of the available experimental studies.  

3. Identify critical parameters governing the behaviour of deep beams using 

available experimental data. 

4. Develop a design method for FRP-reinforced concrete deep beams and use it 

in the design of the experimental specimens used in the present study. 

5. Experimentally evaluate the behaviour of FRP-reinforced 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 selected codes: 

   The results of more than three hundred test specimens from available experimental 

studies on reinforced concrete deep beams have been used for the present study to 

evaluate and compare the Strut-and-Tie modeling provisions of the codes from three 

different jurisdictions: Canada, USA and Europe. Figure (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 beams observed 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 capacity of each specimen has been computed using the STM provisions of the 

three codes as selected here. ACI-318 provides a straight and a bottle-shaped strut, while 

other codes provide only straight struts. For the ACI, bottle-shaped strut has been used 

here for its superior performance, and the efficiency factor ɓs is assumed to be 0.75 as 

suggested in the code (ACI 318-08 [2008] - Appendix A).The Eurocode procedure 

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

predicted ultimate shear force by multiplying this value by ɓ= a/2d as suggested in the 

code.  



40 
 

    No modification is suggested in the Strut and Tie model procedure specified in 

Canadian standard CSA A23-3-04 [2004]. The effects of governing variables, such as the 

shear span to depth ratio, web reinforcement, and the compressive strength of concrete on 

the capacity determined by the Strut-and-Tie Model (STM) procedures of the selected 

codes have also been investigated.  

 

3.3. Design methods for FRP-reinforced concrete deep beams:  

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 FRP-reinforced concrete structures 

CAN/CSA-S806-02 [2002] did not permit FRP-RC deep-beams as relevant design 

methods were not provided. Thus, a design procedure for FRP-RC deep beams was 

developed in this research based on the corresponding design provisions for conventional 

deep beams as provided in CSA A23.3-04 [2004], which have been modified for FRP 

materials. Later, the current version of CSA-S806-12 [2012] was published which 

provided an STM procedure for FRP-RC deep beams that is mostly based on the 

provisions of CSA A23.3-04 applicable for conventional deep beams, but modified for 

FRP materials. The ACI and Eurocode still do not provide similar methods for designing 

FRP-RC deep beams. This section briefly discusses the design procedure adopted for the 

test specimens prior to the publication of CSA-S806-12, the relevant provisions of CSA-

S806-12 and a proposal for an STM procedure in ACI for designing FRP-RC deep beams 

based on the modified procedure for conventional RC deep beams as provided in ACI 

318-08 [2008]. 
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3.3.1. The STM design procedure adopted for the test specimens based on 

CSA A23.3-04 [2004] and CSA S806-02 [2002]: 

     The STM model for concrete deep beams provided in CSA A23.3 [2004] has been 

adapted to FRP reinforced concrete deep beam for strut and node elements which 

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 section.  This 

proposal was consistent with what was later on adopted in the new edition of the 

Canadian code CAN/CSA-S806-12[2012].  The Canadian code in its new edition 

CAN/CSA-S806-12[2012] adopts the STM approach of conventional beam with similar 

adjustments that take into account of the properties of FRP.  

      Since the ACI 440.1 R-06[2006] standard does not provide a procedure for designing 

RC deep beams reinforced with FRP bars as yet, an STM design procedure for FRP-

reinforced concrete deep beams is also developed here. The proposed design procedure 

for FRP-reinforced concrete deep beams is similar to the STM approach for conventional 

deep beams as provided in ACI 318-08 with some adjustments to account for the 

properties of FRP.  The design method and proposed STM for FRP-reinforced concrete 

deep beams are described below. 

3.3.2. STM procedure in the CAN/CSA-S806-12 [2012] code: 

In the newer edition, the CSA-S806-12[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 calculated in a similar way as to CSA-A23.3-
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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 CSA-S806-12 [2012] procedure as given by Equation (2.2) is 

calculated slightly differently from that in the CSA-A23.3-04 [2004] procedure where the 

principal tensile strain Ů1 is estimated based on the ultimate strain in FRP instead of steel, 

but the other parameters in calculating Ů1 are not changed (Equation 3.1).  

Ů1=Ůf+(Ůf+0.002)cot
2

s˼ (3.1) 

where ˼ s is the smallest angle between the strut and the adjoining tie and fʁ is the strain in 

the FRP reinforcement. 

     As for nodal zones, the CSA-S806-12 [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 are described in the CSA-A23.3-04 [2004] without 

any change. The compressive stress in these nodes, CTT, CCT and CCC should not 

exceed the compressive stress of concrete ‰cfc', reduced by 0.65, 0.75 and 0.85, 

respectively. The CSA-S806-12[2012] calculated the tensile force in a tie similarly to the 

CSA A23.3-04 [2004] code but using only 65% of the tensile strength of FRP 

reinforcement instead of the yield strength of steel. The strength of ties strengthened by 

FRP can be calculated by using the following equation  

Fnt=0.65 ‰F AFT fFu                                         (3.2) 

where AFT is the total area of FRP reinforcement and fFu is the designed tensile strength of 

the FRP. 
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Unlike to the CSA-A23.3-04[2004] which used only the yield strength of steel multiplied 

by (x/ld) to calculate the limitation of the stress for straight bars extending a distance, x 

beyond the critical location (ld is the development length), the CSA-S806-12[2012] 

includes the area of FRP reinforcements in the corresponding equation that calculate the 

stress limit, which is inconsistent.  

     Both the CSA-A23.3-04[2004] and the CSA-S806-12[2012] recommend application 

of specified amounts of web FRP reinforcements that may enhance the beam stiffness 

and satisfy the serviceability requirements. Although the FRP stirrups have lower dowel 

resistance and lower modules of elasticity as compared to the steel stirrups, the FRP web 

reinforcement can perform the same functions of the steel stirrups such as, restrict the 

growth of diagonal cracks and provides some confinement to the concrete in the 

compression zone. The difference between the two codes is in the recommended amount 

of the web reinforcements. The CSA-S806-12[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 CFRP, while CSA-A23.3-04 [2004] recommends (for 

steel reinforced deep beams) the ratio not to be less than 0.002 in each direction. CSA-

S806-12[2012] requirements for the web reinforcement appear to be quite conservative 

and may result in a very close spacing of the web reinforcements. For example the 

minimum spacing between the GFRP stirrups for beam of width equal to 230 mm is 62 

mm, while that for a beam of width 450 mm is 31mm, which is very small and not 

practical.  
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3.3.3. Procedure for shear design in flexural regions in the CAN/CSA-S806-

12 code: 

    The philosophy of the FRP shear design in the standard is in accordance with the 

sectional design method. The shear strength of an FRP-reinforced member is determined 

from the nominal resistance of the concrete Vc and the contribution of the FRP shear 

reinforcement Vsf.  The code provides an equation to calculate the shear capacity of the 

concrete for sections having an effective depth not exceeding 300 mm. 

Vc πȢπυʇ ‰c km kr (f c̀) 1/3  bw dv                          (3.3) 

where 

km Ѝ 6fd/M f ρȢπ                                                                                (3.4) 

kr=1+(E f ɦFw)1/3                                                                                                 (3.5) 

 

Vc provided by S806-12 [2012] is modified by the factor ks for members with effective 

depth greater than 300 mm and with less transverse shear reinforcement.  

ks  χυπȾ τυπ Ä  ρȢπ                                                                         (3.6) 

By using the same method as that used in CSA-A23.3-04 [2004] and using the properties 

of FRP with a reduction of 40%, the shear contribution of the FRP stirrups, Vsf , can be 

calculated as 

Vsf= (0.4 ‰F AFv fFU dv ȾÓ  ÃÏÔ˿                              (3.7) 
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3.3.4. Procedure of shear design in flexural regions in the ACI 440.1R-06 

code: 

   The philosophy of the FRP shear design in ACI 440.1R-06 [2006] is in accordance with 

the strength design method. The shear strength of an FRP-reinforced member is 

determined from the nominal resistance of the concrete Vc and the FRP shear 

reinforcement Vf. The code mentions 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 by steel, 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 capacity of the concrete Vc as provided by the ACI 318-08 [2008] code is 

modified by a factor of ([5/2]k) to account for the axial stiffness of the FRP 

reinforcement, as follows.  

ὠ ὯςὪǬὧ ὦὨ                                                 (3.8) 

By using the same method as used in ACI 318-08 [2008], the shear contribution of the 

FRP stirrups, Vf, can be calculated as 

6  
ὃ ὪὨ

ί
 

(3.9) 

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 per ACI 440.1R-06 [2006]. 

Ὢ πȢππτ Ὁ Ὢ  (3.10) 
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Similar to what is applied in ACI 318-08 [2008] for the minimum requirements of shear 

reinforcement to prevent brittle shear failure, ACI 440.1R-06 [2006] recommends the 

application of the minimum amount of FRP shear reinforcement taking in to 

consideration of the properties of the FRP. 

3.3.5. Proposed procedure for design designing FRP-RC deep beams based 

on ACI code:  

          Chapter nine of the ACI code does not provide any procedure to design deep beams 

reinforced with FRP bars. The relevant procedure for conventional steel reinforced 

concrete deep beams as provided in ACI 318-08 [2008]
 
is modified here for FRP RC and 

used here along with other relevant provisions of ACI 440.1R-06 [2006] code to design 

the FRP-reinforced concrete deep beams. Appendix B of the ACI 318-08 [2008] provides 

the procedure for calculating the nominal capacities of the elements of Strut-and-Tie 

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 are based on: űFnÓFu where Fu is the largest force in that element for all 

loading cases, Fn is the nominal strength, and ű is a factor specified in the code. Two 

types of struts are defined in the procedure: strut of uniform cross section; and bottle 

shaped strut. The nominal capacity of a strut is given by fce= 0.85 ɓs f
`
c, where ɓs is 

defined as the efficiency factor. The value of (ɓs) for uniform cross section strut ranges 

from 0.4 to 1 based on where the strut is placed.  While for the bottle shaped strut the 

efficiency factor ɓs can be taken as 0.75 if the web reinforcement satisfies the provisions 

of ACI 318-08 [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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Ὂ Ὢ ὃ                                                                                                     (3.11) 

where Acs is the cross sectional area. To calculate the strength of a nodal zone, the 

procedure in ACI 318-08 [2008] can be used as is, without any changes.  The 

compressive stress in these nodes, CTT, CCT and CCC, should not exceed the 

compressive stress of concrete 0.85f
´
c reduced by 0.6, 0.8 and 1, respectively. Here, the 

nodes are designated by the type of truss members meeting at the node, where T denotes 

Tensions, and C denotes Compression. 

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

following equation  

 Ὂ  ὃ Ὢ                                                                                                                                                         (3.12) 

where Atf is the total area of FRP reinforcement and ffu is the design tensile strength of 

FRP, considering the reduction factors as per ACI 440.1R-06 [2006]. For deep beam 

design, all the recommendations prescribed by the ACI 318.08 [2008] 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 Structures Laboratory of the Concordia 

University. Different parameters were examined for their effect on the behaviour of the 

beam specimens. These parameters were the shear span to depth ratio (a/d) and the 

amount of the FRP web shear reinforcement. A total of nine concrete deep beam 

specimens were tested. The beams were divided into three groups of similar shear span to 

depth ratio. The first group, A, contains 4 beams with shear-span to depth ratio a/d =1 

with different quantities of the FRP web shear reinforcement: ɟw= 0, 44%, 68%, and 
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100%, where ɟw= 100% indicates the quantity of shear reinforcement corresponding to 

the maximum allowable spacing of the web reinforcement to control cracks in a beam as 

required by the earlier edition of the Canadian code for GFRP reinforcements, CAN/CSA 

S806-02 [2002]. It should be noted that when the present experimental study was planned 

and the specimens were made, the current version of the CSA standard, CSA-S806-12 

was not available and the earlier version did not provide any design provisions for FRP-

reinforced concrete deep beams (i.e., no STM procedure was available in CSA-S806). 

For that reason, the web reinforcements were provided in the studied samples based on 

the crack control provisions of the earlier version of CSA-S806. The present version of 

the standard provides an STM model for FRP-RC 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 to very closely spaced web reinforcements. 

The second group B, includes only one beam having shear-span to depth ratio, a/d =1.5 

with 100% of required FRP web shear reinforcement ratios. The third group, C, 

comprises 4 beams with shear-span to depth ratio a/d =2 and different FRP web shear 

reinforcement ratios: ɟw= 0, 38%, 60%, and 100%. All the beams were tested to failure 

under three-point loading (i.e. one concentrated vertical load).  

3.4.1. Details of Test Specimens: 

All nine beams were designed according to the design procedures developed for this 

research which is based on the design provisions for conventional deep beams as 

provided in CSA A23.3-04. The design of the beam specimens took into consideration 

the required anchorage length, the web reinforcement requirement 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 2. The depth d was varied as 328, 447 and 600 mm to achieve 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 reinforcement 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 layers is very small as compared to the 

depth of the deep beam, the stress in the FRP reinforcement in the two layers are almost 

equal. Therefore, the effective depth of the section was taken as the distance of the centre 

of the layers of the main rebars from the top face of the beam. It 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 strain of the main 

longitudinal reinforcements in different 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 ratio ranging between ɟ =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 x 230 width x 30 mm height. The details of the 

specimens are given in Table (3.1).  

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

used. With each group with constant a/d, only the variable of web reinforcements is 
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changing. Each specimen is labeled in the following way: Gf/p, where G indicates the 

group name, f represents the value of the a/d ratio (i.e., 1, 1.5 or 2), and p 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 had a/d ratio of 1 and 100% of web 

reinforcement will be labeled as A1/100. 

 

Table (3.1) Details of the experimental specimens 

Specimen 

No 

f`c 

( 

MPa) 

b 

(mm) 

d 

(mm) 

Le 

(mm) 
a/d 

Main 

reinforcement 

ffu 

(MPa) 
fʁu 

 

 ́
(%) 

v́ 
(%) 

A1/100 49.8 230 621 1240 1 6 # 6(19 mm) 656 0.0153 1.197 0.141 

A1/75 52.2 230 621 1240 1 6 # 6(19 mm) 656 0.0153 1.197 0.095 

A1/50 52.5 230 621 1240 1 6 # 6(19 mm) 656 0.0153 1.197 0.061 

A1/00 52.7 230 621 1240 1 6 # 6(19 mm) 656 0.0153 1.197 N/A 

B1.5/100 51.8 230 447 1340 1.5 
3 # 6(19 mm) 

3# 4 (13 mm) 

656 

708 

0.0153 

0.0170 
1.201 0.145 

C2/100 50.8 230 328 1310 2 6 # 4(13 mm) 708 0.0170 1 0.158 

C2/75 51.0 230 328 1310 2 6 # 4(13 mm) 708 0.0170 1 0.095 

C2/50 51.3 230 328 1310 2 6 # 4(13 mm) 708 0.0170 1 0.061 

C2/00 51.3 230 328 1310 2 6 # 4(13 mm) 708 0.0170 1 N/A 

 

Details of Specimens of Group A: 

    Full detailing of specimen dimensions and reinforcement are illustrated in Figures (3.2) 

through (3.5). All four beams have a width of 230 mm, the beams have effective span le 

1240 mm while the total length is 1800 mm. The depth, d is 621 mm for the specimens of 

group (A). Each beam has a longitudinal main FRP reinforcement ratio ɟ of 1.197 

percent. The specimens of group (A) consisting two rows of three 19-mm diameter FRP 

rebars. However, different amount of vertical and horizontal FRP reinforcement was 

applied to obtain different quantities with ɟw= 0, 44, 68, and 100 percent for A1/00, 

A1/50, A1/75 and A1/100 specimens, respectively. Closed-loop FRP stirrups of 6 mm 
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diameter with different spacing S of 196, 290 and 450 mm were used as the vertical 

reinforcement for A1/100, A1/75 and A1/50 specimens, respectively. The FRP stirrups 

were pre-fabricated by the manufacturer at the plant. Also two FRP bars with diameter of 

6 mm at 190 mm spacing on each side were used as horizontal web reinforcement for 

specimens A1/100. While, the specimens A1/75 and A1/50 have only one FRP bar in 

each side with diameter of 10 and 6 mm at the mid height of the beam, respectively. 
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Fig. (3.2) Beam A1/100: (A) elevation (B) cross section 
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Fig. (3.3) Beam A1/75: (A) elevation (B) cross section 
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Fig. (3.4) Beam A1/50: (A) elevation (B) cross section 
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Fig. (3.5) Beam A1/00: (A) elevation (B) cross section 

Details of Specimens of Group B: 

    Full detailing of specimen dimensions and reinforcing are illustrated in Figure (3.6). 

The beam has a width of 230 mm, also it has effective span (le) is 1340 mm while the 

total length is 1800 mm. The depth, d is 447 mm for the specimen of group (B). The 
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beam has a longitudinal main FRP reinforcement ratio ɟ of 1.201 percent. The 

longitudinal reinforcement consists of two layers of FRP rebars; three 19-mm diameter 

bars at the bottom layer, and three 13-mm diameter bars at the upper layer. The vertical 

web reinforcement consists of pre-fabricated closed-loop FRP stirrups of 6 mm diameter 

with a spacing S of 196 mm. Also one FRP bar with diameter of 6 mm was used in each 

side of the beam as horizontal web reinforcement. 
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Fig. (3.6) Beam B1.5/100: (A) elevation (B) cross section 

Details of Specimens of Group C: 

   Full details of the specimen dimensions and reinforcements are shown in Figures (3.7) 

through (3.10). All four beams have a width of 230 mm, the beams have effective span le 

1310 mm while the total length is 1800 mm. The depth, d is 328 mm for the specimens of 

group (C). Each beam has a longitudinal main FRP reinforcement ratio ɟ of 1.00 percent. 

The specimens of group (C) consisting of two rows of three 13-mm diameter FRP rebars. 

However, different amount of vertical and horizontal FRP reinforcements was applied to 

obtain deferent quantities of web reinforcements, ɟw= 0, 38, 60, and 100 percent for 
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C2/00, C2/50, C2/75 and C2/100 specimens, respectively. Pre-fabricated closed-loop 

FRP stirrups of 6 mm diameter are used with a spacing S of 175, 290 and 450 mm for 

C2/100, C2/75 and C2/50 specimens, respectively. Also one FRP bar with diameter of 6 

mm in each side at the mid height of the beam was used as horizontal web reinforcement 

for specimens C2/100 and C2/75.  

3
7
5

#4

#3

2451310

1800 230

30

 stirrups 6M @ 175 mm

 #2

 stirrups

 bar 6M

3
7
5

3
2
8

245

230

30

( B )( A )

655
PL 180X230X10

Fig. (3.7) Beam C2/100: (A) elevation (B) cross section 
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Fig. (3.8) Beam C2/75: (A) elevation (B) cross section 
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Fig. (3.9) 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 about 35 MPa supplied 

by a local ready-mix concrete company was used in the construction of the beam 

specimens. Table (3.2) describes the details of the concrete mixture used in this study. 
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During the casting of the beams, eight 100 mm diameter and 200 mm high concrete 

cylinders were also prepared.  

Table (3.2) Concrete mixture details 

Concrete mixture 
w/c 0.39 

Water, kg/m
3
 161.9 

Cement type  Type GU 

Cement content, kg/m
3
 415.0 

Fine aggregate content, kg/m
3
  875.0 

Coarse aggregate size 5-14 mm 

Coarse aggregate content, kg/m
3
 870.0 

Air, %  5-8% 

Slump, mm 80±30 mm 

Additives 

Micro Air ml/m
3 

260.0 

Glenlum 7500, ml/m
3
 1090.0 

 

 

 

  

Fig. (3.11) Concrete compressive stress-strain relationship 
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Fig. (3.12) Compression test of concrete cylinder 

 

    The compressive strength was obtained by testing three cylinders according to 

Canadian standard A23.2-9C-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 stress-strain diagram of a few concrete cylinders tested for 

determining the strength of concrete is presented in Figure (3.11). As can be seen in 

Figure (3.11), the stress-strain 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 concrete strength determined from test cylinders 

Age of the sample 

(days) 

f`c (MPa) ft (MPa) 

28 45.69 -- 

60 -- 6.55 

112 49.61 -- 

166 52.92 -- 

 

        The stress-strain plot in the inelastic range becomes non-linear because the cracks 

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 strength is provided in 

Table (3.3). Another three cylinders from the same mix were also tested, one 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 Inc., Quebec, was used here. The 

sand coated glass FRP bars were used as flexural reinforcement with following three 

sizes: No. 10, No. 13, and No. 16. The stirrups were pre-fabricated by manufacturer from 

sand coated glass FRP bar with size No. 6 according to the dimensions provided based on 

the design of the specimens. Figure (3.13) shows the stress-strain diagrams of the glass 

FRP rebars. All the rebars show an elastic phase up to failure point in tension. The 

characteristics of the glass FRP used in this study are summarized in Table (3.4) 

according to the data sheet provided by the manufacturer.  

 

Fig. (3.13) Glass FRP stress-strain relationship 
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Table (3.4) Manufactureôs properties of Glass FRP bars 

Soft Metric 

Size 

Diameter 

(mm) 

Area 

(mm
2
) 

Tensile Modulus 

of Elasticity Et 
(GPa) 

Ultimate Tensile 

Strength fu 
 (MPa) 

Ultimate Strain 

in Tension  ŮFu   

(%) 

Poissonôs 

 Ratio ɛ 
 

# 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 mid-span to record the beam deflection; where one potentiometer was connected on 

each side of the beam to measure the differential displacement of the both sides during 

the test.  The full stroke range (F.S) of the potentiometers was 635 mm with accuracy of 

0.25% of F.S. Three uniaxial strain gauges of model KFG-10-120-C1-11 with 10 mm 

length were bonded on the longitudinal bars at the mid-span. Also the same type of 

uniaxial strain gauge was bonded on both ends of the longitudinal bars in each beam. The 

FRP web reinforcements on both sides of a beam at critical section were instrumented 

with Kyowa Model KFG-2-120-C1-11 Uniaxial strain gauges with 2 mm length. The 

instruments at the installation phase and their locations on the FRP are illustrated in 

Figures (3.14) and (3.15).  

 

Fig. (3.14) The installation phase of strain gages in specimen A1/50. 
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Fig. (3.15-a) The location of strain gages for specimen A1/100. 
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Fig. (3.15-b) The location of strain gages for specimen A1/75. 
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Fig. (3.15-c) The location of strain gages for specimen A1/50. 
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Fig. (3.15-d) The location of strain gages for specimen A1/00. 
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Fig. (3.15-e) The location of strain gages for specimen B1.5/100. 
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Fig. (3.15-f) The location of strain gages for specimen C2/100. 
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Fig. (3.15-g) The location of strain gages for specimen C2/75. 
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Fig. (3.15-h) The location of strain gages for specimen C2/50. 
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Fig. (3.15-i) 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 

painted before the reinforcement cage was placed in its position to prevent the wood from 

absorbing the water of the concrete mixture. The concrete mix was then placed and 

vibrated using electrical vibrator. Next day of casting, the beams were covered with damp 

canvas. The canvas was watered once daily for 14 days. The formwork was removed 

after 35 days after the day of casting as shown in Figure (3.16). 

 

 

 

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

        All the specimens were simply supported as shown in Figures (3.17) and (3.18). All 

the beams were tested to failure under three-point loading (i.e. one concentrated vertical 

load at the mid-span). Steel roller restrained in the horizontal direction was used to ensure 

that only the concentrated load would be applied at the loading point. A 2000 kN capacity 

actuator was 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 bearing plates with the 

dimensions of 180 mm length x 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 

plates from slipping. To reduce the possibility of a stability failure, the 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. 

  

             

Fig. (3.17) Typical test setup for any beam in group A 
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  All wiring of strain and deflection gauges was connected to the data acquisition 

system and initialized to zero. Throughout the test procedure, the load capacity, FRP 

strain and mid-span deflection data at each load increment was recorded. 

Measurements were taken at half-second intervals. Global information, obtained from 

the data acquisition system, photographs and recorded observations, were utilized to 

interpret the results of each test.  The average time to beam 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 C293-08 of the ASTM standards - Section 4 - 

Construction [2013]. The loading rate for flexural test of simply-supported concrete 

beams with center-point loading in the ASTM standards should be constant and 

calculating as followed: 

        r=2S h d2/  3l                                                 (3.13) 

where r is the loading rate (N/min), S is the rate of increase in the maximum stress on 

the tension face (0.9-1.2 MPa/min), b is the average width (mm), h is the average 

depth (mm) and l is the effective length (mm). Table (3.5) shows the minimum and 

the maximum of the loading rate that should be applied to the beams in group A, B 

and C according to the Equation (3.4). 

Table (3.5) The loading rate of the beams in group A, B and C 

Specimens 

The loading rate 

Min 

(kN/sec) 

Max 

(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 constant rate of load was applied 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 C2/100 were loaded up to failure with loading rate of 

0.16, 0.23, 0.21 and 0.25kN/sec, respectively. While 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 A1/00 and A1/50 because 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 arrangement for beam A1/100  

 

 
























































































































































































































































