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ABSTRACT 

n recent years, one of the foremost challenges facing the construction industry has been to 

design and build durable concrete structures that will not succumb to the effects of 

reinforcing bar corrosion which have plagued the industry. To overcome this challenge, recent 

advances in the field of composite materials have introduced a new construction strategy 

consisting in replacing traditional black steel reinforcing bars with Fiber-Reinforced Polymer 

(FRP) bars. And through extensive experimental programs than have been done around the 

world, this strategy has proven its feasibility and potential advantages. A critical review of 

these test programs indicated, however, that most of them focused on statically-loaded 

elements, leading to the paucity of seismic design provisions in international 

codes/standards/Task groups, e.g., ACI 440.1R-15 and CSA S806-12. To help fill this 

knowledge gap, the current study has been focused towards investigating the seismic response 

of squat RC walls reinforced with Glass-FRP (GFRP) bars. Seven large-scale walls⸺four with 

an aspect ratio (αs) of 1.14 and three with 0.68⸺were constructed and tested under 

simultaneous axial and quasi-static, reversed-cyclic lateral loads. The specimens were designed 

and detailed to fail in shear according to ACI 318-19, CSA A23.3-14, and CSA S806-12, where 

applicable, which resulted in segments with 150 mm thickness, 1400 mm length, and either 

1600 mm or 950 mm height (for αs = 1.14 and 0.68, respectively). Besides the wall aspect ratio, 

test variables included the axial load level, the horizontal web reinforcement ratio, and the 

vertical web reinforcement ratio. Test results indicated that unlike steel-RC squat walls, GFRP-

RC walls can achieve their ultimate stage with a stable hysteresis, characterized by small 

residual deformations, minimal cyclic degradation (that is, insignificant reduction in the load 

resistance with successive cycling at the same displacement amplitude), and negligible shear 

pinching. The axial load level had no or little effect on the shear strength and drift capacity of 

the tested walls, although it had a noticeable effect on the failure mechanism/mode. The 

horizontal web reinforcement ratio had significant effect on the shear strength of walls with αs 

= 1.14 and little effect on that of walls with αs = 0.68. Conversely, the vertical web 

reinforcement ratio showed a great impact on the strength of walls with αs = 0.68 and no 

appreciable influence on that of walls with αs = 1.14. Nevertheless, both reinforcements had 

considerable effect on the widths and distribution of diagonal cracks in all walls. The relative 
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contribution of the flexure and shear response modes to the wall lateral displacement was 

affected greatly by aspect ratio; the flexural contribution was greater than the shear contribution 

in walls with αs = 1.14, while the shear contribution was greater in walls with αs = 0.68. 

Furthermore, the fundamental periods of the walls reached 2-to-3.5 times their initial, 

undamped values (depending on the aspect ratio and web reinforcement ratio) prior to failure. 

Using the test records, an analytical model was developed to evaluate the shear stiffness of 

GFRP-RC squat walls in the post-cracking range. The model was derived by idealizing the 

shear transfer mechanism of the web reinforcement using a continuum, variable-angle truss 

system, and that of the web concrete using a direct strut-and-tie system. Streamlined 

expressions were developed for calculating the shear stiffness of each mechanism, which by 

superposition, could be used to evaluate the overall shear stiffness of the wall. Also, using the 

same idealization concept, but with a physically different truss system, a strut-and-tie model 

was derived for predicting the shear strength. Finite element analyses were conducted to 

determine how and to what extent can the truss mechanism contribute the shear strength; and 

on this basis, simplified expressions were formulated for this mechanism. The validity of the 

proposed models and expressions were examined against the results of the tested walls, 

showing a great accuracy and uniformity. 
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RESUME 

u cours des dernières années, l'un des principaux défis auxquels de l'industrie de la 

construction a été de concevoir et de construire des structures en béton durables qui ne 

s’effondrent pas à cause du problème de corrosion de l’armature d’acier. Pour relever ce défi, 

les progrès récents dans le domaine des matériaux composites ont introduit une nouvelle 

stratégie de construction consistant à remplacer les barres d'armature traditionnelles en acier 

noir par des barres en polymères renforcés de fibres (PRF). Et grâce à de larges programmes 

expérimentaux qui ont été réalisés dans le monde entier, cette stratégie a fait la preuve de sa 

faisabilité. Cependant, l'intérêt croissant pour l'utilisation de renforts en PRF au cours des deux 

dernières décennies a montré clairement que les ingénieurs expérimentés ne disposent pas 

actuellement des informations suffisantes sur la performance sismique des structures en béton 

armé en PRF. Pour aider à combler cette faille dans les connaissances, la présente thèse de 

doctorat s'est concentrée sur l'étude de la réponse sismique de voiles courts en béton armé 

d’armature en polymère renforcé de fibre de verre (PRFV). Sept voiles à grande 

dimension⸺quatre avec un rapport d'élancement (αs) de 1.14 et trois avec 0.68⸺ont été 

construites et testées sous des charges axiales simultanées et des charges latérales pseudo-

statiques et cycliques inversées. Les spécimens ont été dessinés et détaillés pour une rupture en 

cisaillement selon les normes ACI 318-19, CSA A23.3-14 et CSA S806-12, le cas échéant, ce 

qui a donné des sections de 150 mm d'épaisseur, 1400 mm de longueur et 1600 mm ou 950 

mm de hauteur (pour αs = 1.14 et 0.68, respectivement). En plus du rapport d'élancement du 

voile, les variables d'essai comprenaient le niveau de charge axiale, le rapport de renforcement 

de l'âme horizontale et le rapport de renforcement de l'âme verticale. Les résultats des tests ont 

indiqué que contrairement aux voiles courtes en béton armé en acier, les voiles en béton armé 

en fibre de verre peuvent atteindre leur stade ultime avec une hystérésis stable, caractérisée par 

une petite déformation résiduelle, une dégradation cyclique minimale (c'est-à-dire une 

réduction insignifiante de la résistance à la charge avec des cycles successifs à la même 

amplitude de déplacement) et un pinçage de cisaillement négligeable. Le niveau de charge 

axiale n'a pas eu ou peu d'effet sur la résistance au cisaillement et la capacité de glissement des 

voiles testés, mais il a un effet notable sur le mécanisme/mode de rupture. Le rapport de 

renforcement de l'âme horizontale a eu un effet significatif sur la résistance au cisaillement des 
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voiles avec αs = 1.14 et peu d'effet dans le cas des voiles avec αs = 0.68. Inversement, le rapport 

de renforcement de l'âme verticale a montré un grand impact sur la résistance des voiles avec 

αs = 0.68 et aucune influence notable dans le cas des voiles avec αs = 1.14. Cependant, les deux 

renforcements ont eu un effet considérable sur les largeurs et la répartition des fissures 

diagonales dans tous les voiles. La contribution relative des modes de réponse flexion et 

cisaillement au déplacement latéral du voile était grandement affectée par le rapport 

d'élancement; la contribution de la flexion était plus importante que celle du cisaillement dans 

les voiles avec αs = 1.14, tandis que la contribution du cisaillement était plus importante dans 

les voiles avec αs = 0.68. En outre, les périodes fondamentales des voiles ont atteint 2 à 3.5 fois 

leurs valeurs initiales non amorties (en fonction du rapport d'élancement du voile et de la 

quantité de renforcement de l'âme) avant la rupture. 

À l'aide des résultats des essais, un modèle analytique a été développé pour évaluer la rigidité 

au cisaillement des voiles courtes en béton armé renforcé par des barres en PRFV dans la zone 

de post-fissuration. Le modèle a été dérivé en idéalisant le mécanisme de transfert de 

cisaillement du renforcement de l'âme à l'aide d'un système continu de treillis à angle variable, 

et celui du béton de l'âme à l'aide d'un système de bielle direct et tirant. Des expressions 

simplifiées ont été développées pour calculer la résistance au cisaillement de chaque 

mécanisme, par superposition qui peuvent être utilisées pour évaluer la résistance au 

cisaillement globale du voile. De plus, en utilisant le même concept d'idéalisation, mais avec 

un système de fermes physiquement différent, un modèle de jambes de force et de liens a été 

dérivé pour prédire la résistance au cisaillement. Des analyses par éléments finis ont été menées 

pour déterminer comment et dans quelle mesure le mécanisme de treillis peut contribuer à la 

résistance au cisaillement des voiles en béton armé avec des barres en PRFV ; et sur cette base, 

des expressions simplifiées ont été formulées pour cette contribution. La validité des modèles 

et les expressions proposés a été examinée par rapport aux résultats des voiles testés, montrant 

une grande précision et uniformité. 

 

Mots-clés : Béton armé, voile court en béton armé, barres d’armature en PRF, armature d'âme, 

rapport d'élancement, sismique, hystérésis, résistance au cisaillement, rigidité au cisaillement, 

déformation au cisaillement, bielles et tirants, treillis à angle variable, éléments finis, 

conception, codes. 
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CHAPTER 1  

INTRODUCTION 

1.1 General  

n recent years, one of the foremost challenges facing the construction industry has been to 

design and build durable reinforced concrete (RC) structures that will not succumb to the 

effects of bar corrosion, which have plagued the industry. Due to flaws inherent to 

heterogeneous materials like concrete, the long-term ingress of deleterious agents (such as 

chlorides and alkalis through leach out) is inevitable. These aggressive elements corrode the 

steel reinforcing bars, leading to the deterioration and the need for repair or decommissioning 

of the structural member. In order to tackle this problem, alternative reinforcement materials 

(such as epoxy-coated steel, stainless steel, and Fiber-Reinforced Polymers [FRPs]) have been 

developed (Neville 1995). In addition to their non-corrosive nature, FRPs are 

electromagnetically neutral, have high strength-to-weight ratio, and high fatigue strength, 

which made them attractive to the Civil Engineering Community. However, there are still some 

factors which have to-date limited the use of these materials as a replacement for conventional 

steel reinforcement, especially in earthquake-resistant members. One such factor is that the 

material properties of FRPs are unlike those of steel in many ways. Though FRPs have a very 

high uniaxial tensile capacity, they are brittle materials, which suffer from low elastic moduli 

and shear/compression strength. Also, due to their uniaxial nature, the decrease in strength at 

the bends in FRP reinforcements (e.g., corners of stirrups) is more significant that what one 

might expect for a homogenous material such as steel (ACI 2015; CSA 2012). Due to these 

differences, current design provisions in codes and guidelines pertaining to steel-RC structures 

cannot be directly applied to FRP-RC structures. Instead, extensive experimental investigations 

must be carried out to verify the applicability of those guidelines to FRP-RC structures and 

modify them when necessary. A vast amount of research studies has accordingly been 

I 
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conducted in the few last years to characterize the behavior of FRP-RC members under 

monotonically increased loads, and based on their results, guidelines⸺e.g., CAS S806-12 

(CSA 2012), ACI 440.1R-15 (ACI 2015), and JSCE (2015)⸺were drafted. These 

codes/standards include guidelines for design against only static loads; the development of 

seismic design provisions for FRP-RC members is still hampered by the paucity of 

experimental investigations on their behavior under cyclic lateral loads. 

1.2 Problem Definition 

Reinforced concrete (RC) structural walls are commonly used as the primary lateral-load 

resisting system in buildings in zones of moderate-to-high seismicity because they provide 

substantial strength and stiffness. The behavior of RC walls is significantly controlled by the 

ratio of applied moment-to-applied shear, commonly expressed in terms of the aspect ratio (or 

height-to-length ratio [αs]). Squat (or short) RC walls⸺with an aspect ratio of less than or equal 

two⸺are commonly used in the seismic design of low-rise buildings such as bridges and 

safety-related nuclear facilities, and high-rise buildings where the lateral-load bracing system 

is disrupted near the base to accommodate large open spaces (Paulay et al. 1982; Massone 

2009). The low aspect ratio of this walls usually results in stiff elements with short vibration 

periods (0.2-0.5 sec., even after inelasticity has occurred), putting them in the acceleration-

sensitive range of a typical earthquake response spectrum. Furthermore, the behavior of these 

walls is mostly flexure-dominated up to yielding at the moment-critical zone, by which a 

transition to brittle shear/sliding-shear mode occurs, causing abrupt loss of strength and 

stiffness; this “quasi-brittle” response have made most design codes and experts recommend 

designing squat walls to remain essentially elastic (i.e., they could be designed to yield only 

marginally in a design-basis earthquake [ACI 349-13; Kappos and Penelis 2014; Paulay and 

Priestley 1992]). Investigations on the seismic behavior of squat walls (steel- and GFRP-

reinforced) have indicated that the combination of axial, flexural, and high shear stresses in the 

web of these walls results in a multi-axial stress state, associated with a significant coupling of 

nonlinearities due to flexure and shear. Thus, unlike mid- and high-rise walls (whose behavior 

is controlled mainly by flexural nonlinearities), the modeling parameters selected for shear 

stiffness and strength of a squat wall can have significant effects on the computed response. 
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On the other hand, the elastic nature of FRPs has raised concerns about their applicability in 

earthquake-resistant structures, especially walls. Nevertheless, a previous study by Mohamed 

et al. (2014 a,b) on the seismic behavior of GFRP-RC mid-rise walls has shown that, when 

adequately detailed, GFRP-RC walls can achieve their design strength with a stable hysteretic 

response characterized by minimal cyclic degradation (that is, insignificant reduction in the 

load resistance with successive cycling at the same displacement amplitude), small residual 

deformation, and negligible pinching. The authors reported that the high elastic deformations 

exhibited by the GFRP bars allowed the walls to adequately dissipate the seismic energy, 

compensating for the lack of yielding. A later study by Arafa et al. (2018 a,b) on the seismic 

response of GFRP-RC squat walls with an aspect ratio 1.33 (detailed with different amounts of 

web reinforcement) showed that the elastic nature of GFRP reinforcement can suppress the 

sliding-shear mechanism and associated loss of strength/stiffness (sliding-shear usually occurs 

in steel-RC walls as a result of alternate yielding of the flexural reinforcement, which leads to 

the formation of a continuous horizontal crack [or sliding plane] near the wall-base interface). 

This made the authors strongly recommend the use of FRP as internal reinforcement in squat 

RC walls. Note, however, that the majority of Arafa’s walls failed in a flexural mode and, 

consequently, the effect of the web reinforcement on the wall behavior and strength has not 

been fully assessed. Furthermore, the influence of variables such as the wall, aspect ratio, the 

axial load ratio, and the cross-section geometry on the behavior and strength of GFRP-RC squat 

walls have not been examined yet, calling for further work in this area. 

The present study is intended to supplement the early series of tests conducted by Arafa et al. 

(2018 a,b) at the structural laboratory of the University of Sherbrooke. The main objectives 

and aims of the study are summarized in the following section. 
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1.3 Research Objectives 

The main objectives of this research can be summarized as follows: 

1- To investigate the failure mechanisms of GFRP-RC squat walls under simultaneous 

axial and quasi-static, reversed-cyclic lateral loads. 

2- To examine the effects of aspect ratio, web reinforcement ratio (horizontal and vertical), 

and axial load level on the strength, drift capacity, and energy dissipation characteristics 

of the tested walls. 

3- To develop a mathematics-based model for evaluating the post-cracking shear stiffness 

under cyclic loading conditions. 

4- To propose a strut-and-tie model that can accurately predict the shear strength and 

reflect the effects of the examined parameters (point 2). 

1.4 Research Methodology 

To achieve the aforementioned objectives, a research plan including experimental program and 

analytical studies was conducted. The experimental program involved the construction and 

testing of seven large-scale GFRP-RC squat wall specimens⸺four with αs = 1.14 and three 

with 0.68⸺under combined axial and quasi-static, reversed-cyclic lateral loads. The specimens 

were designed and detailed according to ACI 318-19 (ACI 2019), CSA A23.3-14 (CSA 2014), 

ASCE/SEI 43-05 (ASCE 2005), and CSA S806-12 (CSA 2012), where applicable, which 

resulted in segments with 150 mm thickness, 1400 mm length, and either 1600 mm or 950 mm 

height (for αs = 1.14 and 0.68, respectively). Given the absence of seismic design provisions 

in codes and guidelines pertaining to FRP-RC structures, the design philosophies and strength 

calculation methods in the aforementioned steel-RC codes (ACI 318-19, CSA A23.3-14, and 

ASCE 43-05) were manipulated (based on the experience from previous tests on FRP-RC 

members) and applied in the design process. The specimens were instrumented with a series of 

displacement transducers and strain gauges to monitor the overall movement of the wall, to 

provide a quantitative understanding of the separate mechanisms that contribute to the wall 

deformation, and to gather dense measurements of local deformations needed for continuum 
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analyses. Test results were carefully analyzed in terms of cracking behavior, failure 

mechanism, load-displacement response, reinforcement strain response, stiffness variation, and 

fundamental period shift. Analytical studies were developed in two parallel paths: one included 

the development of a mathematics-based model for evaluating the shear stiffness, while the 

second was focused on introducing a strut-and-tie model that can conveniently be used to 

estimate the wall shear strength. A series of complementary finite element models were 

developed using the new computational framework “FE-MultiPhys”⸺coded at Structural 

Engineering Department of Virginia Tech⸺to assist in the conducted analytical work. 

1.5 Thesis organization 

The thesis consists of eight chapters as described below: 

Chapter 1 presents a brief background of the research topic, states the main objectives of the 

work, and provides a general description of the methodology. 

Chapter 2 describes the main behavioral features of squat RC walls in terms of shear-transfer 

mechanisms and failure modes. A comprehensive  review on previous research on steel-RC 

squat walls and the impact of several design parameters⸺e.g., wall aspect ratio, web 

reinforcement amount, axial load level, and cross-section geometry⸺is presented. An essential 

background regarding the FRP reinforcement and how it would behave if used as shear 

reinforcement in RC structural walls is provided. A summary of previous research on the 

seismic performance of FRP-RC elements is also given in this chapter.  

Chapter 3 presents the details of the experimental program undertaken in the present study. 

Detailed information is provided on the specimens’ design and details, test setup and 

instrumentation, and properties of the materials used. 

Chapter 4 (1st article) provides the results of the four walls with αs = 1.14 in terms of cracking 

behavior, load-displacement (or hysteretic) response, web reinforcement strains, boundary 

reinforcement strains, and energy dissipation characteristics. The effects of the axial load ratio 
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and web reinforcement ratio (horizontal/vertical) on the shear-transfer mechanisms, failure 

mechanism, strength, and drift capacity are also discussed. 

Chapter 5 (2nd article) investigates the effect of aspect ratio on the seismic performance of 

GFRP-RC walls by comparing the results of six walls, three with αs = 1.14 and three with 0.68. 

Comparison was made in terms of cracking behavior, hysteresis characteristics, strength, 

stiffness degradation rates, fundamental period shift, and relative contributions of the flexural 

and shear response modes to the wall lateral deformation. 

Chapter 6 (3rd article) presents an analytical model for evaluating the shear stiffness of GFRP-

RC squat walls in the post-cracking range. The model was achieved by idealizing the shear 

transfer mechanism of the web reinforcement using a continuum, variable-angle truss system 

and that of the web concrete using a direct strut system representing the tied-arch action 

developed in the wall web. Equations were formulated to evaluate the shear stiffness of each 

transfer mechanism, which by superposition could be used to calculate the overall shear 

stiffness of the wall. The validity of the model is examined in this Chapter using the results of 

the αs = 1.14 walls, as well as the results of other walls available in the literature. 

Chapter 7 (4th article) presents the derivation of a strut-and-tie model for GFRP-RC walls. The 

model was achieved by idealizing the shear transfer mechanism of the web concrete using a 

direct strut-and tie mechanism, and that of the web reinforcement using an in-plane truss 

statically indeterminate to the second degree. Streamlined expressions were formulated for 

estimating the shear transfer capacity of each mechanism; this was done by the aid of 

complementary finite element models. The validity of the derived equations is examined in this 

Chapter against the results of the seven walls tests in the present study. 

Chapter 8 summarizes the thesis with a retrospective view on the research study and draws 

conclusions from the experimental and analytical work. Recommendations for future research 

are also given in this Chapter. 



 

CHAPTER 2  

LITERATURE REVIEW 

2.1 General 

einforced concrete (RC) structural walls are widely considered to provide an efficient 

bracing system and to offer great potential for both lateral load resistance and drift 

control. Properly designed and detailed RC walls possess the necessary strength, stiffness, and 

ductility characteristics to ensure near-full protection of non-structural components against 

damage in a service-level earthquake, and to dissipate the seismic energy and prevent complete 

collapse in a design-level earthquake. The most rational way to achieve a ductile wall behavior 

in severe earthquakes is by means of “capacity design”, a deterministic design procedure that 

ensures that when the wall is displaced beyond its elastic limit, only ductile flexural 

deformations would occur in predetermined areas of the structure. This favorable behavior 

may, however, be unachievable if the wall is relatively short (or squat), and its flexure strength 

is far in excess of the shear strength (Paulay and Priestley 1992; Moehle 2014; Terzioglu 2018). 

Squat or short walls⸺with a height-to-length ratio (or aspect ratio [αs]) of less than or equal 

two⸺are typically used in the seismic design of bridges and low-rise buildings, e.g., parking 

structures and safety-related nuclear facilities, and high-rise buildings where the lateral-loading 

bracing system is disrupted near the base to accommodate large open spaces (see Figure 2.1). 

The low aspect ratio of these walls usually results in stiff elements with short natural vibration 

periods (between 0.2 and 0.5 sec.), putting them in the acceleration-sensitive range of a typical 

earthquake response spectrum (Whyte and Stojadinovic 2014). Also, the presence of long 

internal arm, together with the uniform distribution of vertical reinforcement in these walls, 

result in high-magnitude shear forces at their bases, raising the probability of shear failure 

before achieving the wall flexural strength (Section 2.2 reports on the most frequently observed 

failures in squat walls). Furthermore, the combination of axial, bending, and high shear stresses 

R 
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in the web of these walls results in a multi-axial stress state, which, in turn, leads to an intimate 

coupling of flexure and shear nonlinearities (with the degree of interaction depending on the 

wall aspect ratio). Because of this coupling, conventional design approaches⸺based on the 

classical beam theory⸺do not apply to squat walls (Wasiewicz 1988; Doostdar 1994). 

 

Figure 2.1 Squat wall applications: (a) overpass piers, (b) bridge pier, (c) shear wall in 

Finland’s nuclear reactor, and (d) bridge abutment. 

2.2 Mechanism of Load Transfer in Squat Walls 

Since squat walls can be thought of as deep beams oriented in the vertical direction, the load 

transfer mechanism in these walls is assumed to be the same as in deep beams, i.e., the strut-

and-tie mechanism. In the simplest case, the strut-and-tie mechanism involves one diagonal 

compression strut and one tension tie; this form of strut-and-tie action occurs in walls with 

lightly reinforced webs and very flexible or no top beam. However, in cases where the wall 
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web is adequately reinforced, and where a rigid concrete beam exists on the top, the strut-and-

tie action may take the form of several diagonal compression struts and several tension ties, as 

shown in Figure 2.2. 

 

 

Figure 2.2 Multiple strut/tie transfer mechanism (Mestyanek 1983). 
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For the squat wall illustrated in Figure 2.2, the diagonal cracks divide the wall into three 

regions. In region 2, a diagonal compression field involving a series of parallel compression 

struts predominates. Here, the lateral load introduced at the top of the wall is resisted by the 

horizontal component of the diagonal compression, which, in turn, enters the foundation by 

means of direct shear. Tension in the vertical bars equilibrates the vertical component of the 

diagonal compression, while the horizontal bars are generally ineffective in this region (and 

are, therefore, uniformly stressed over the region’s width). 

In region 3, a diagonal compression field similar to that in region 1 exists, but the horizontal 

bars are required to balance the horizontal component of the diagonal compression. The vertical 

bars are also active in this zone because they equilibrate the vertical component of the diagonal 

compression. 

In region 1, a compression fan (i.e., group of struts inclined at different angles) exists. The 

forces generated in the horizontal bars of region 3 are transferred across region 2 to region 1; 

these forces are balanced on the left-hand boundary by the fanning compression struts. The 

horizontal component of the fanning struts enters the foundation by aggregate interlock and 

dowel action at the base of region 1. The vertical component of the fanning compression is 

balanced by tension in the boundary bars. 

The relative effectiveness of three regions can be deduced by considering stiffness. For 

example, region 2⸺which involves direct compression⸺is stiffer than region 3 which involves 

tensile straining of the horizontal bars. Accordingly, region 2 will attract more lateral load. 

Note, however, that in some cases where the wall width is relatively small, only two regions of 

the three may form; therefore, the above explanation is inconclusive. 

2.3 Failures Observed in Steel-RC Squat Walls 

Three types of shear failure are observed in steel-RC squat walls, namely, diagonal-tension, 

diagonal-compression, and sliding-shear failure (Paulay and Priestlety 1992). If a shear failure 

occurs after achieving the nominal flexural strength and experiencing some degree of cyclic 

flexural behavior (e.g., reinforcement yielding, splitting and spalling of the compression toe), 
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the failure mode is considered mixed and termed a flexural-shear failure (e.g., flexural-diagonal 

compression failure). The experimental data compiled by Gulec and Whittaker (2009) showed 

that the failure of walls with αs < 1.0 is generally governed by shear, whereas the failure of 

taller walls with αs between 1.0 and 2.0 is generally governed by mixed modes. Exceptions to 

this classification can exist because the behavior of squat walls is affected by many variables 

other than aspect ratio (e.g., horizontal and vertical web reinforcement ratios, cross-section 

geometry, and axial load ratio). The following subsections present information reported in the 

literature on failures observed in steel-RC squat walls. 

2.3.1 Diagonal-tension Failure 

Diagonal-tension failure is generally observed whenever the horizontal web reinforcement is 

insufficient to carry the shear forces or is inadequately anchored. This failure is characterized 

by one or more wide inclined cracks with respect to each loading direction. The first-formed 

crack (in each direction) divides the wall into two triangular regions (Figure 2.3a), and the final 

failure mechanism involves a horizontal displacement and a slight rotational movement of the 

upper region with respect to the lower one. At advanced load levels, the web horizontal 

reinforcement becomes severely stressed to restrict the horizontal displacement, while the 

rotational movement is counteracted by the tie-down action provided by the vertical web 

reinforcement at the tension side of the wall. Test results (Paulay et al. 1982) demonstrated that 

the orientation of the failure plane (or the first-formed diagonal crack) is influenced by the 

presence of a large beam at the top of the wall and the wall aspect ratio. Walls with a rigid top 

beam tend to develop corner-to-corner cracks. Figure 2.3 presents the final condition of a squat 

wall that failed by diagonal-tension. 
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Figure 2.3 Diagonal-tension failure in Unit 1 tested by Mestyanek et al. (1986): (a) the 1st 

formed diagonal crack, and (b) the final damage state of the unit. 

2.3.2 Diagonal-compression Failure 

A diagonal-compression failure may be triggered when the average shear stress in the wall 

section in high and adequate horizontal web reinforcement has been provided. Resistance of 

the concrete struts in the web of the wall deteriorates as inclined cracks in the two opposite 

directions open and close successively under cyclic loading; and ultimately, failure occurs by 

crushing of these struts near the wall base (note: the crushing occurs when the strain in the strut 

reaches 2 millistrain; the stress corresponding to that strain may be less than the concrete 

cylinder strength). This failure mode is frequently observed in squat walls with boundary 

elements (barbells or flanges) and/or large axial loads. This is because boundary elements can 

accommodate more reinforcement at the wall ends (which provides substantial flexural strength 

and increase the shear demands in the web); and large axial loads increase the compressive 

stresses in the web. In design, the average shear stress in a wall section is limited to prevent 

diagonal-compression failure, which is relatively more brittle than diagonal-tension since it is 

associated with concrete crushing rather than reinforcement yielding. Figure 2.4 presents the 

final condition of a squat walls that failed by diagonal-compression, along with the 

corresponding principal compressive strain (that is, strains in the direction of the struts). 
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Figure 2.4 Diagonal-compression failure in wall SW9 tested by Luna (2018): (a) the final 

damage state of the wall, and (b) the corresponding principal compressive strain (millistrain).  

2.3.3 Sliding-shear Failure 

By limiting the shear stress and providing adequate horizontal web reinforcement, shear failure 

by diagonal-compression or tension can be avoided, as outlined previously. In this case, 

inelastic deformations required for energy dissipation would be expected to originate mainly 

from post-yielding strains generated in the flexural reinforcement. However, after few cycles 

of displacement reversals causing significant yielding in the flexural reinforcement, sliding 

displacements can occur at the base or along flexural cracks that interconnect and form a 

continuous, approximately horizontal path. Grinding and pure shear between the two crack 

surfaces result in loss of the aggregate interlock and mobilizing of dowel action in the vertical 

bars, leading eventually to kinking of those bars. This failure mechanism is known as sliding-

shear failure. 

Figure 2.5 shows the first quadrant load-displacement relationship for Wall 3 tested by Paulay 

et al. (1982), together with its final damage mode. This wall had horizontal and vertical web 

reinforcement ratios of 1.61% and 0.37%, respectively, and an aspect ratio of 0.50, and was 

tested under only quasi-static cyclic lateral loads (no axial load was applied). The wall achieved 

its peak strength during the first cycle of loading to 6.0 mm displacement (0.4% drift), after 

which sliding displacements dominated the behavior (Figure 2.5a). As can be seen in Figure 
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2.5b, the sliding deformation was associated with significant loss of strength and stiffness, 

displayed by significantly pinched hysteresis and modest energy dissipation, which, in turn, 

are indicators of poor seismic behavior. This made some design codes and experts (e.g., ACI 

349-13; Kappos and Penelis 2014) recommend inhibiting this mode by designing squat walls 

for elastic behavior. 

 

Figure 2.5 Sliding-shear failure in Wall 3 tested by Paulay et al. (1982): (a) final damage 

state of the wall, and (b) first quadrant load-displacement relationship.  

2.3.4 Flexural Failure 

According to FEMA 306 (ATC 1998), walls that fail in flexure generally sustain in-plane 

rotations ≥ 2% or displacements of eight times the yield displacement. This mode of failure is 

rare in squat walls but is included herein for completeness. 

Flexural failure is often associated with wide flexural cracks near the bottom of the wall. Minor 

inclined cracks in the web⸺which does not significantly alter the overall response of the 

wall⸺may also occur. Splitting and spalling of concrete at the most heavily compressed fibers 

are often observed after yielding of the flexural reinforcement. Ultimately, failure occurs by 

crushing the compressed concrete and fracturing of the flexural bars located at the tension side 

of the wall. 
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2.3.5 Mixed-mode Failure 

According to FEMA 306 (ATC 1998), a mixed failure is shear failure at a displacement of 2-5 

times the yield displacement and a strength higher than the nominal flexural strength. At low 

levels of response, the behavior of the wall appears similar to a ductile flexural response (i.e., 

flexural cracks, flexural yielding, splitting and spalling of the compressed concrete, and even 

insignificant bar-buckling are observed), although diagonal cracks may be more prominent. At 

higher levels of response, however, diagonal cracking may concentrate in one or two wide 

cracks to indicate a diagonal-tension failure; or web crushing occurs, signaling a diagonal-

compression failure. Figure 2.6 shows the mixed failure of walls RW-A15-P10-S78 and RW-

A15-P2.5-S64 tested by Tran and Wallace (2015), together with their load-displacement 

relationships. 
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Figure 2.6 Flexure-diagonal compression failure (Tran and Wallace 2015) . 

2.4 Tests on Steel-RC Squat Walls 

A series of tests were carried out by Barda et al. (1977) to ascertain the effects of aspect ratio, 

cyclic loading, and web reinforcement ratio (horizontal/vertical) on the shear strength of squat 

walls. Eight walls⸺six with αs = 0.50, one with 0.25, and one with 1.00⸺were tested under 

either monotonic or fully-reversed cyclic lateral loads. The walls were 1900 mm long and 102 

mm thick, and had 610×102 mm heavily-reinforced flanges. The horizontal and vertical web 

reinforcement ratios varied between 0.00 and 0.50%. The web reinforcing bars had yield 

strength of 500 MPa. The lateral load was applied through a 152 mm thick slab cast at the top 
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of each wall. The cyclic loading protocol applied two symmetric force cycles at increasing 

force levels. Normal strength concrete (24 MPa) was used. 

Test results showed that he vertical web bars were uniformly strained over the high, indicating 

that the lateral load was transferred to the base by means of a strut-and-tie mechanism, which 

ultimately failed, indicating a diagonal-compression failure. The horizontal web reinforcement 

did not contribute to the shear strength in walls with αs ≤ 0.50, although it had a noticeable 

effect on the distribution of the diagonal cracks. The vertical web reinforcement had a great 

impact on the shear strength for walls with αs ≤ 0.50 and a slight effect in walls with αs = 1.00. 

The shear strength was found to decrease by increasing the wall aspect ratio (walls with αs = 

1.00 had a 20% less shear strength than those with αs = 0.50). And finally, the cyclic loading 

reduced the shear strength by only 10%, as compared to the monotonic loading cases. 

Paulay et al. (1982) tested four squat walls with αs = 0.50 under cyclic lateral loads. Out of the 

four walls, two were rectangular (one reinforced with orthogonal grid of steel bars [Wall 1] 

and one with orthogonal + additional diagonal reinforcement [Wall 2]), and two included small 

flanges (again, one without and one with diagonal reinforcement [Wall3 and Wall 4, 

respectively]). The four walls had 3000 mm length, 1500 mm height, and 100 mm thickness, 

and were cast with a rigid top beam. The flexural and shear reinforcements were selected in 

such a way as to have a shear strength approximately equal to the nominal flexural strength. 

The horizontal and vertical web reinforcement ratios were 1.68 and 0.80%, respectively, in the 

rectangular walls, and 1.60 and 0.39%, respectively, in the flanged walls. In cases where 

diagonal reinforcement was used, these ratios were slightly reduced to ensure approximately 

equal flexural and shear strength with the sister wall. The horizontal and vertical web bars had 

yield strengths of 380 and 315 MPa, respectively. Normal strength concrete (28 MPa) was 

used. 

Although the web reinforcement strains were indicative of a strut-and-tie behavior, the final 

damage mode was controlled by either a sliding mechanism (walls without diagonal 

reinforcement) or a flexural mechanism (walls with diagonal reinforcement). The diagonal 

reinforcement effectively reduced (but did not prevent) the sliding displacements, resulting in 
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a considerably enhanced response with good energy dissipation characteristics. This can be 

clearly seen in Figure 2.7, which compares the load-displacement relationships of Wall 1 

(without diagonal reinforcement)  and Wall 2 (with diagonal reinforcement). 

 

Figure 2.7 Load-displacement relationships of Wall 1 and Wall 2 (Paulay et al. 1982) . 

Maier and Thürlimann (1985) published results from tests of ten squat walls with αs = 1.0, 

three with rectangular cross-sections and seven with 400×100 mm flanges. The walls were 

1180 mm long, 1200 mm high, and 100 mm thick, and were tested under constant axial and 

increasing lateral loads. Besides the cross-section geometry, test variables included the axial 

load ratio (6.5 and 27.5% of the wall axial capacity), the horizontal web reinforcement ratio 

(0.00, 0.57, or 0.98%), the vertical web reinforcement ratio (0.12% or 0.24%), the lateral 

loading type (monotonic versus cyclic), and the presence of a small opening in the compression 

zone. The percentage of reinforcement in the flanges was approximately 10.5~11.5% (note: for 

rectangular walls, the vertical reinforcement was uniformly distributed over the wall section; 
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no concentrated reinforcement existed at wall ends). The yield strength of the flange and web 

reinforcements was 574 MPa. Normal strength concrete (41 MPa) was used. 

Three different failure modes were observed by Maier and Thürlimann: flexure failure, 

diagonal-tension failure, and diagonal-compression failure (Figure 2.8). Walls with higher 

axial load or vertical web reinforcement ratio tended to fail in diagonal-compression and had a 

significantly higher strength than the other walls. The horizontal web reinforcement ratio had 

negligible effect on the shear strength but demonstrated a strong impact on the measured crack 

widths. The flanged walls had almost twice the shear strength of the corresponding rectangular 

walls. The presence of an opening of 1/16 of the wall area reduced the shear strength by 

approximately 25%. Finally, the cyclically loaded walls had around 5-10% less shear strength 

than the corresponding monotonically loaded ones. 

 

Figure 2.8 Failures observed by Maier and Thürlimann (1985): (a) flexural failure, (b) 

diagonal-tension failure, and (c) diagonal-compression failure. 

Mestyanek (1986) tested three large-scale squat walls under cyclic lateral loads. The walls were 

2500 mm high, 100 mm thick, and 2500, 1670, or 1940 mm long (corresponding to αs of 1.0, 

1.50, and 2.0, respectively), and had 200×150 boundary elements (barbells). The horizontal 

and vertical web reinforcement ratio was 0.16%, while the boundary reinforcement ratio was 

approximately 3.00%. The yield strengths of the boundary and web reinforcements were 450 

and 515 MPa, respectively. Normal-strength concrete (25 MPa) was used. 
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The three walls failed in diagonal-tension. The cracking patterns (Figure 2.3 and Figure 2.9) 

indicated that the lateral load was transferred to the wall base through a 45° single compression 

strut in the αs = 1.0 and 1.5 walls. In the αs = 2.0 wall, the load was transferred via a more 

complex system involving two diagonal compression struts tied together at mid-height by the 

horizontal web bars. 

 

Figure 2.9 Final crack patterns of Unit 1.5 and Unit 2.0 tested by Mestyanek (1986). 

Figure 2.10 shows the typical load-displacement response of the walls. Two types of shear 

pinching can be observed in the response: a limited type (in the pre-peak range), and a severe 

type (in the post-peak range). In the pre-peak range, the behavior of the three walls was 

dominated by straining of the vertical boundary bars and the neighbouring web bars that tied 

down the compression struts. Horizontal bars were also strained severely along the widest 

diagonal cracks, which, in turn, did not close completely upon unloading the walls. The closure 

of these cracks upon load reversal was associated with insignificant shear (because the diagonal 

strut in the new loading direction did not carry loads before the previously opened cracks 

closed), resulting in the fist type of pinching. After the peak, yielding of the horizontal bars 

began to dominate the behavior, associated with excessive opening of the cracks and, thus, 

significant deterioration of the strut-and-tie mechanism. Large slip displacements were also 

 

  



 

2.4 Tests on Steel-RC Squat Walls 21 

 

  

recorded along the diagonal cracks, indicating the deterioration of aggregate interlock. Thus, a 

more severe type of pinching occurred at this stage. 

 

Figure 2.10 Load-displacement relationships (Mestyanek 1986). 

Lefas et al. (1990) published results from thirteen large-scale tests of squat walls with 

rectangular cross-section. The main experimental variables were the axial load ratio (0, 10, or 

20% of the wall axial capacity), the wall aspect ratio (1.0 or 2.0), and the horizontal web 

reinforcement ratio (1.10 or 0.40%). The wall length and thickness were 750 and 70 mm, 

respectively, in the case of αs = 1.0, and 650 and 65 mm, respectively, in the case of αs = 2.0. 

The vertical web reinforcement had a ratio of 2.40%. The boundary longitudinal reinforcement 

had a ratio of 3.20% (embedded boundary elements with 140 mm length and the same thickness 

of the wall were provided). The yield strength of the web and boundary reinforcements were 

520 and 470 MPa, respectively. Normal strength concrete (36 MPa) was used. The lateral load 

was introduced monotonically. 

While the αs = 2.0 walls failed in a flexural mode, the failure of the αs = 1.0 walls was classified 

as “shear-triggered flexural failure, ” in which one of the diagonal cracks penetrated so deeply 

into the compression zone, reducing its depth and initiating failure there by concrete crushing 

and excessive buckling of the boundary bars. The horizontal web reinforcement ratio had 

insignificant effect on the shear strength, whereas the axial load ratio had a great effect (the 
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higher the axial load, the higher the shear strength was). That notwithstanding, walls with 

higher axial loads had more extensive crushing region. 

Salonikios et al. (1999) reported results for eleven rectangular squat walls. Of interest for the 

current study are the results of only six walls, three with αs = 1.00 (denoted as LSW1, LSW2, 

and LSW3) and three with 1.50 (denoted as MSW1, MSW2, and MSW3). The walls were 1200 

mm long, 100 mm thick, and either 1200 or 1800 mm high (for αs = 1.00 and 1.50, respectively). 

The web reinforcement ratio (horizontal/vertical) was 0.565% in LSW1 and MSW1 and 

0.277% in the remaining four walls. Walls LSW3 and MSW3 were subjected to cyclic lateral 

and constant axial loads (axial load ratio = 7.5%); the other four walls were tested under only 

cyclic lateral loads. The boundary reinforcement ratio was 1.7% in LSW1 and MSW1 and 1.3% 

in the remaining walls (embedded boundary elements were provided at the wall ends). The 

yield strength of the flexural and web reinforcement was approximately 600 MPa. Normal 

strength concrete (25 MPa, on average) was used. 

Although the pre-peak behavior of the six walls was controlled by flexural response (i.e., 

yielding of the flexural reinforcement, splitting and spalling of the compressed concrete, and 

buckling of one or two of the flexural bars), the final damage mode was controlled by a sliding-

shear mechanism. Increasing the vertical web reinforcement in LSW2/MSW2 and the axial 

load in LSW3/MSW3 effectively controlled the sliding displacements, which resulted in a 

better hysteretic response with higher amount of dissipated energy, as compared to 

LSW1/MSW1 (see the comparisons made in Figure 2.11 between the LSW walls). 
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Figure 2.11 Failure modes and load-displacement relationships  

of the LSW walls (Salonikios et al. 1999). 

Hidalgo et al. (2002) published results from twenty-six tests of rectangular squat walls subject 

to cyclic lateral loads (no axial load was applied). Test variables included the wall aspect ratio 

(varied from 0.35 to 1.00), the horizontal and vertical web reinforcement ratios (varied from 

0.00 to 0.38%), and the concrete compressive strength. The walls were provided with enough 

flexural reinforcement to ensure shear failure. The test setup was designed to prevent rotation 

at the top and bottom ends of the walls, while the lateral load was applied at mid-height. 

According to the authors, the majority of the walls failed in diagonal-tension. Increasing the 
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horizontal reinforcement postponed the diagonal-tension failure until a higher lateral load and 

displacement, especially in walls with αs ≥ 0.5. Increasing the vertical web reinforcement, on 

the other hand, showed little or no effect on the shear strength.  

Farvashany et al. (2008) tested seven flanged walls under constant axial load and 

monotonically increasing lateral loads. Test variables included the axial load ratio and the 

horizontal and vertical web reinforcement ratios. The walls were 75 mm thick, 880 mm long, 

and 1100 mm high, with a corresponding aspect ratio of 1.25. The width and thickness of the 

flanges were 375 mm and 90 mm, respectively. High-strength concrete (84-104 MPa) was 

used. Overall, the authors reported that the walls failed in diagonal-tension, associated with 

fracture of the horizontal web bars. The axial load ratio had significant effects on the shear 

strength and displacement capacity (the higher the axial load, the higher the shear strength and 

the lower the displacement capacity). The vertical web reinforcement ratio had a noticeable 

effect on the shear strength, while the horizontal reinforcement ratio had little or no effect. 

Zhong et al. (2009) published results from tests on four large-scale squat walls, two with αs = 

0.5 (one rectangular and one with barbells) and two with 1.5 (again, one rectangular and one 

with barbells). The length and thickness of the walls were kept constant (2800 and 120 mm, 

respectively), while the height was varied in such a way as to obtain the aforementioned aspect 

ratios. The web reinforcing bars of the αs = 0.5 walls was oriented at 45° from horizontal. A 

combination of orthogonal and diagonal bars was used to reinforce the αs = 1.5 walls. The web 

reinforcement ratio was 0.5%, while the boundary reinforcement ratio varied between 5.0 and 

9.0% from the boundary area (embedded boundaries were provided in the rectangular walls). 

The flexural and web reinforcements had yield strengths of 329 and 545 MPa, respectively. 

The concrete compressive strength was 36 MPa. 

According to the authors, the two walls with αs = 0.5 failed in diagonal-compression (Figure 

2.12a). The diagonal cracks in these walls developed approximately at the same location of the 

web bars, and the presence of barbells significantly increased the diagonal-compression 

strength. The αs = 1.5 rectangular wall failed in a shear-triggered flexural mode (Figure 2.12b). 

The presence of barbells in the other αs = 1.5 wall altered the failure mode to flexural-diagonal 

compression failure, allowing the wall to accommodate 41% higher drifts, but both walls had 
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approximately the same strength. 

 

Figure 2.12 Failure modes observed by Zhong et al. (2009): (a) diagonal-compression 

failure, and (b) shear-triggered flexural failure. 

Luna (2015) published results from twelve tests of squat walls subject to quasi-static cyclic 

lateral loads (no axial load was applied). Of particular interest for the current study are the six 

wall tests devoted to the effect of the web reinforcement ratio (walls SW5 to SW10). The length 

and thickness of the walls were 3000 and 200 mm, respectively, while the height was varied to 

obtain an aspect ratio of either 0.33 (WS5, WS6, and WS7) or 0.54 (WS8, WS9, and SW10). 

The web reinforcement ratio (horizontal/vertical) in SW5, SW6, and SW7 was 1.00, 0.67, and 

0.33%, respectively. The horizontal web reinforcement ratio in SW8, SW9, and SW10 was 

kept constant (1.5%), while the vertical reinforcement ratio was varied to be 1.5, 0.67%, and 

0.33%, respectively. The yield strength of the horizontal and vertical reinforcements was 460 

MPa. The concrete strength varied between 30 and 45 MPa. 

The failure of SW10, with the 0.33% horizontal reinforcement and αs = 0.54, occurred in a 

shear-triggered flexure mode. Increasing the horizontal web reinforcement ratio from 0.33 to 

0.67% in SW9 restricted the crack penetration into the compression zone, altering the mode of 

failure to diagonal-compression mode and increasing the shear strength by approximately 

25.6%. No strength enhancement was achieved by increasing the horizontal reinforcement ratio 

above 0.67% in SW8. For walls with αs = 0.33, the failure of SW7 (0.33% horizontal/vertical 

reinforcement) and SW6 (0.67% horizontal/vertical reinforcement) occurred by sliding-shear, 
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with the latter having approximately 80% higher strength (mainly due enhanced doweling of 

the vertical bars). Increasing the web reinforcement ratio to 1.00% in SW5 altered the failure 

mode to diagonal-compression failure, with 27% increase in the shear strength. 

Baek et al. (2017) reported results of twelve rectangular walls⸺seven with αs = 1.00 and five 

with αs = 0.50⸺under constant axial load (7% of the wall axial capacity) and quasi-static cyclic 

lateral loads. Test variables included the web reinforcement grade (420 or 550 MPa), the 

horizontal and vertical web reinforcement ratios, and the presence of confinement 

hoops/stirrups at the wall edges. The length and thickness of the walls were 1500 and 200 mm, 

respectively, and the height was either 750 mm (for αs = 0.50) or 1500 mm (for αs = 1.00). The 

concrete compressive strength was, on average, 46 MPa. 

Most of the walls failed in diagonal-compression; only two walls of the αs = 1.00 group failed 

in diagonal-tension (walls with the lowest web reinforcement ratio). The measured strains 

indicated that the relative influence of horizontal and vertical web reinforcements on the shear 

strength varied as a function of αs; the horizontal reinforcement was more influential than the 

vertical reinforcement in walls with αs = 1.00, while the reverse was true for walls with αs = 

0.50. Furthermore, the contribution of shear deformations to the top lateral displacement was 

found to considerably decrease as αs was increased. The web reinforcement grade had no 

influence on the shear cracking response or the wall strength, provided that the quantities ρh fy 

and ρv fy were kept constant. 

Mun et al. (2017) tested six walls with aspect ratio of 1.0 under constant axial (0.07-0.1% of 

the wall axial capacity) and quasi-static cyclic loads. The walls were constructed with barbells 

(250×250 mm), 1200 mm length and height, and 170 mm web thickness. Heavy-weight 

concrete was used. The main test variables were the horizontal reinforcement ratio (0.42 or 

0.84%), the vertical reinforcement ratio (0.42 or 0.84%), the web reinforcement configuration 

(orthogonal grid versus diagonal reinforcement), and the type of the construction joint between 

the wall and its base (cold joint versus monolithic joint). The reinforcement ratio in the barbells 

was approximately 1.6%. The yield strengths of the flexural and web reinforcements were 594 

and 633 MPa, respectively. 

In essence, it was reported that: 1) the failure of all walls was controlled by sliding at the wall-
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base interface; 2) the horizontal and vertical web bars were approximately equally strained in 

the central zone of the web, indicating that for walls with αs = 1.0, the effect of both 

reinforcements on the diagonal crack-control characteristics was comparable; and 3) using the 

diagonal reinforcement reduced the contribution of shear and sliding deformations to the top 

lateral displacement. 

Devine et al. (2020) tested three large-scale walls⸺two with αs = 0.75 (one rectangular [W3] 

and one flanged [W4F]) and one with αs = 0.50 (rectangular and denoted as W2). The walls 

used high-strength reinforcement (yield strength = 850 MPa), high strength concrete (100 

MPa), and the same horizontal and vertical web reinforcement ratio (0.83%). The height of and 

thickness of the walls were 1230 and 203 mm, respectively. 

The failure of W3 was controlled by fracture of the flexural reinforcement (i.e., flexural 

failure), whereas the failure of W4F was controlled by crushing of concrete in the lower zone 

of the web (i.e., diagonal-compression failure). In W2, extensive concrete damage (spalling) 

was observed at the peak load, baring the vertical bars, and resulting in a sliding-shear 

mechanism in the post-peak range. The strain measurements indicated that the flanges in W4F 

contributed to the shear resistance; this was also evident in the more than double measured 

peak strength of W4F as compared to that of W3. The increased aspect ratio of W3 resulted in 

increased flexural deformations and decreased shear deformations as compared to W2; 

however, the largest deformation component was still due to shear (see Figure 2.13). The shear 

deformations were higher in W4F because of the larger ratio of shear stiffness to flexural 

stiffness as compared to W3. 
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Figure 2.13 Relative deformation contributions in W3 and W4F (Devine et al. 2020). 

Taken together, the results of the tests reported in this Section can be summarized in the 

following few points: 

1- Walls with lower aspect ratio have higher shear strength, lower deformation capacity, 

and poorer energy dissipation capacity. The flexural and shear deformations and their 

contribution to wall lateral displacement are also affected by aspect ratio: the lower the 

aspect ratio, the higher the shear deformation and the lower the flexural deformations. 

2- Both horizontal and vertical web reinforcement are necessary for crack control and 

internal-force equilibrium (refer to Section 2.2). The relative effectiveness of both 

reinforcements in transferring the lateral load is function of the wall aspect ratio (the 

horizontal reinforcement is more effective in walls with αs > 1, while the vertical 

reinforcement is more effective in those with αs < 1). This holds true for walls with 

failure controlled by modes other than sliding-shear failure. Whenever sliding-shear 

controls the wall failure, the vertical reinforcement is more effective than the horizontal 

reinforcement. 

3- As long as the wall failure is controlled by diagonal-tension or sliding-shear, increasing 

the axial load will considerably increase the wall shear strength (but will reduce the 

drift capacity), because the higher the axial load, the smaller the crack widths and, 

hence, the higher the frictional forces mobilized along the cracks. However, above 

certain threshold, the increased axial load can alter the mode of failure to a diagonal-
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compression mechanism, which is relatively more brittle than diagonal-tension since it 

is associated with concrete crushing rather than reinforcement yielding. 

4- The presence of boundary elements (barbells or flanges) significantly increases the 

shear strength, especially if the failure is controlled by diagonal-compression. This can 

be explained by the improved end condition of the diagonal strut provided by the 

boundary element. 

2.5 Code Approaches to Steel-RC Squat Walls 

2.5.1 ACI 318-19 (ACI 2019) 

The shear design procedure in ACI 318-19 apply to both squat and slender walls and is 

presented in Sections 11.5 and 22.9 and Chapter 23 of the code. Section 18.10 assumes a 

diagonal-tension failure mechanism with a 45° crack to calculate the shear strength and seeks 

to prevent failure by diagonal compression by specifying an upper limit on the shear stress. 

Section 22.9 deals with failure mechanisms associated with shear transfer across a plane and 

can be used to calculate the sliding-shear strength. Chapter 23 includes a series of strut-and-tie 

provisions that can be applied to calculate the diagonal-compression strength (a detailed 

description of this procedure is given in Chapters 3 and 7 of this thesis and that discussion will 

not be repeated here for brevity).  

The shear (diagonal-tension) strength equation of Section 18.10⸺presented in Equation 

2.1⸺is based on the modified truss analogy (Wood 1990). This analogy was used originally to 

estimate the shear strength of RC beams and assumes that the shear strength is provided by the 

web concrete and the transverse reinforcement (or the horizontal reinforcement in the case of 

walls). The higher shear strength of low aspect-ratio (or squat) walls is recognized by allowing 

higher concrete contribution through the coefficient “αc”.  

0.83n cv c c h y c cvV A f f f A 
  = +  
 

   (2.1) 
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where Vn (N) is the nominal shear strength; Acv (mm2) is the gross area of concrete bounded by 

the web thickness; fc
ʹ (MPa) is the compressive strength of concrete (MPa); ρh is horizontal web 

reinforcement ratio; and fy (MPa) is the yield strength. The coefficient αc equals 0.25 for walls 

with αc ≤ 1.5, 0.17 for aspect ratios ≥ 2.0, and varies linearly between 0.25 and 0.17 for aspect 

ratios between 1.5 and 2.0. Section 18.10 requires the horizontal and vertical reinforcement 

reinforcements to be uniformly distributed across the shear plane to limit the width of the 

inclined cracks. The minimum specified horizontal and vertical web ratio (as per this section) 

is 0.25%, and the vertical reinforcement ratio must be greater than the horizontal reinforcement 

ratio in cases with aspect ratio ≤ 2.0 (squat walls). Section 18.10 also requires that at least two 

curtains of reinforcement be placed in walls to inhibit fragmentation of concrete in the event 

of severe cracking during a design-level earthquake. 

The shear-friction equation in Section 22.9 is based on the work of Mattock (1977) and assumes 

that the shear stress is transferred across interface cracks by means of reinforcement doweling 

and friction between the crack faces. The equation reads: 

( )sin cos 0.83n vf c cvV A f A   = +   (2.2) 

where Avf (mm2) is the area of the total reinforcement crossing the crack; α is the angle between 

this reinforcement and the crack plane; and μ is the coefficient of friction, taken as 1.4 λ for 

concrete placed monolithically, 1.0 λ for concrete placed against hardened concrete with 

surface intentionally roughened, or 0.6 λ for concrete placed against concrete hardened concrete 

not intentionally roughened, where λ = 1.00 for normal-weight concrete. 

2.5.2 CSA A23.3-14 (CSA 2014) 

The shear design procedure CSA A23.3-14 is based on the modified compression field theory 

(MCFT) developed by Vecchio and Collins (1986). In this theory, the shear resistance of a 

concrete member is expressed as the sum of concrete contribution (Vc) and the shear 

reinforcement contribution (Vs). However, due to the significant degradation of concrete shear 

resistance caused by crisscross shear cracks that develops in the web of RC walls, CSA A23.3-

14 ignores the concrete contribution to the shear strength. Following this concept, the shear 
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strength of squat walls can be predicted based on the shear capacity of the shear reinforcement 

only, which can be calculated as follows: 

cotv y v

s

A f d
V

s


=    (2.2) 

where Av (mm2) is the area of the horizontal web reinforcement spaced at the distance s (mm); 

fy (MPa) is the yield strength; dv (mm) is the effective shear depth, taken as the greater of 0.9d 

and 0.72 lw (Clause 21.6.9.3); and θ is the angle of inclination of diagonal compressive stresses 

to the longitudinal axis of the wall. Unlike ACI 318-19, a rotating crack provision is used in 

which the angle of compressive stresses varies depending on the longitudinal strain condition 

and can be calculated using the following equations with a maximum value of 50˚ and a 

minimum value of 30 ˚: 

29 7000 x = +  
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2.5.3 ASCE 41-06 (ASCE 2006) 

ASCE 41-06 (Seismic Rehabilitation of Existing Buildings) uses the same equation of ACI 318-

19 (Equation 2.1) for evaluating the shear strength of RC walls. The only difference between 

ASCE 41 and the ACI code is that in the former, a 0.15% minimum horizontal reinforcement 

ratio is used in the calculations of the shear strength if the actual reinforcement ratio is less 

than 0.15%. 

For linear dynamic analyses, ASCE 41-06 recommends the use of the wall “effective stiffness”, 

defined as the secant stiffness at the first-yield point. In the absence of experimental data, the 

default values of Table 2.1 are permitted to be used, where Ec is the concrete elastic modulus; 

Ig is the gross moment of inertia (calculated neglecting the longitudinal reinforcement); Aw is 

the web cross-section area; and Ag is the gross area of the wall cross-section. 
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 Table 2.1 ASCE 41-06 default values for effective stiffness 

Component Flexural 

Rigidity 

Shear 

Rigidity 

Axial 

Rigidity 

Walls (uncracked) 0.8 Ec Ig 0.4 Ec Aw Ec Ag 

Walls (cracked) 0.5 Ec Ig 0.4 Ec Aw Ec Ag 

2.5.4 ASCE 43-05 (ASCE 2005) 

ASCE 43-05 (Seismic Design Criteria for Structures and Nuclear Facilities and Commentary) 

provides the following equation (which was originally proposed by Barda 1977) for evaluating 

the shear strength of squat walls: 

 8.3 3.4 0.5 20
4

w
n c c se y c w

w w w

h N
V f f f f d t

l l t


  
  = − − + +    

  
     (SI units) (2.5) 

where hw is the wall height (in); lw is the wall length (in); N is the applied axial load (lb); tw is 

the wall thickness (in); ρse = Aρv+ Bρh (in which ρv and ρh are the vertical and horizontal web 

reinforcement ratios, respectively, and the constants A and B are set according to Table 2.2); 

and d (in) is the distance from the extreme compression fiber to the center of the force of all 

reinforcement in tension (if a strain compatibility is not performed, d is set to 0.6lw). It should 

be noted that Equation 2.5 is applicable only to walls with αs ≤ 2.0 and web reinforcement 

ratios ≤ 1.0%; if the reinforcement ratio exceeds this limit, the combined reinforcement ratio 

(ρse) is taken as 1.0%. 

Table 2.2 A and B constants used to calculate ρse 

Aspect ratio A B 

αs ≤ 0.50 1.00 0.00 

0.50 ≤ αs ≤ 1.50 -αs + 1.50 αs - 0.50 

αs ≥ 1.50 0.00 1.00 
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For linear dynamic analyses, ASCE 43-05 recommends using the effective stiffness values 

given in Table 2.3, where Gc is concrete shear modulus (0.4Ec), fb is the bending stress, and fcr 

is the cracking stress. 

Table 2.3 ASCE 43-05 default values for effective stiffness 

Component Flexural 

Rigidity 

Shear 

Rigidity 

Axial 

Rigidity 

Walls (uncracked) Ec Ig (fb < fcr) Gc Aw Ec Ag 

Walls (cracked) 0.5 Ec Ig (fb < fcr) 0.5 Gc Aw Ec Ag 

2.6 Fiber-Reinforced Polymer (FRP) Reinforcement 

While conventional steel bars remain as the most widely used type of reinforcement in the 

construction industry, structures exposed to highly aggressive environments, e.g., sea water 

and de-icing salts, have shown that steel reinforcement can accelerate the structural 

deterioration due expansive corrosion. Therefore, during the past two decades, the civil 

engineering community has been seeking alternative types of reinforcements, including 

stainless steel, epoxy-coated steel, and Fiber-Reinforced Polymer (FRP) bars. In addition to 

their non-corrosive nature, FRP bars have high strength-to-weight ratio, high fatigue resistance, 

and are less expensive that stainless and epoxy-coated steel. These advantages made them a 

potential, cost-effective substitute for conventional steel reinforcement. However, FRP bars do 

have drawbacks, including their generally brittle-elastic behavior (Hoult et al. 2008). An FRP-

RC member designed to fail in flexure by FRP rupture is undesirable, as the lack of yielding 

will result in little warning of failure. Instead, designers are often use reinforcement ratios for 

FRP that are larger than the balanced ratio, to take the advantage of the slightly higher amount 

of energy absorbance associated with concrete crushing rather than FRP rupture. 
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Figure 2.14 Bend zones in FRP reinforcement; (a) CFRP and GFRP stirrups, and (b) failure 

in GRP bend zone 

For shear behavior, test results have shown that at the same shear stress, RC members with 

longitudinal FRP reinforcement develop wider and deeper cracks than steel-RC ones (because 

of the low elastic modulus of FRP), which reduces the contribution of aggregate interlock to 

the shear strength in these members. Also, when used as shear reinforcement, FRP bars are 

usually fabricated with bends to satisfy the anchorage requirements (Figure 2.14a). The tensile 

strength at the bend zones is typically 35-60% of that at the straight portions and, consequently, 

if high stresses are developed in a FRP shear stirrup, failure is expected to occur at the bends 

(Figure 2.14b). An exception to this is members with multiple layers of flexural reinforcement 

(e.g., shear walls). In these, the flexural reinforcement arrangement can reduce the stresses in 

the bend zone (as shown in Figure 2.15), causing rupture to occur in the straight portions and, 

thus, developing the full strength of the bar. However, both CSA S806-12 (CSA 2012) and 

ACI 440.1R-15 (ACI 2015) conservatively use the bend strength in estimating the contribution 

of FRP shear stirrups to the shear strength of all FRP-RC members. The bend strength is limited 

to 40% of the straight-portion strength in CSA S806-12, while it is given by the following 

equation in ACI 440.1R-15: 

0.05 0.3
 

= +  
 

b
fb fu fu

b

r
f f f

d
 (2.6) 

where ffb (MPa) is the bend strength; rb (mm) is the bend radius; db (mm) is the bar diameter; 

and ffu (MPa) is strength of the straight portion. 
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Figure 2.15 Location of stirrup rupture versus number of layers of flexural bars  

(Bentz et al. 2010). 

2.7 Cyclic Tests on FRP-RC Vertical Elements 

2.7.1 Tests on FRP-RC Columns 

Sharbatdar and Saatcioglu (2009) tested three CFRP-RC columns under constant axial load 

(30% of the axial capacity) and quasi-static cyclic lateral loads. The columns had a 355 mm 

square cross-section with either 1900 mm height (which resulted in a 2180 mm shear span 

when measured from the point of load application), or 1000 mm height and 1280 mm shear 

span. The longitudinal reinforcement was kept constant (0.7%) in all columns. The transverse 

reinforcement was provided by pre-manufactured CFRP grids (with 6×8 mm rectangular bars), 

arranged at either 80 or 175 mm over the column height. The tensile strength and elastic 

modulus were 1450 MPa and 122 GPa, respectively, for the longitudinal reinforcement, and 

1230 MPa and 76.3 GPa, respectively, for the transverse reinforcement. 

The failure mechanism of the columns involved spalling of the concrete cover, followed by 



36 Chapter 2: Literature review 

 

compression fracture of the CFRP bars and crushing of the concrete core, after accommodating 

2-3% lateral drift ratio (depending on the shear span and transverse reinforcement spacing). 

According to the authors, the deformability of these columns was sufficiently enough to 

consider the use of FRPs as internal reinforcement for earthquake-resistant structures. And 

given the elastic nature of FRPs, it was suggested that FRP-RC members may be designed for 

elastic behavior while taking the advantage of the low elastic modulus of FRPs in elongating 

the structure’s vibration period and reducing the earthquake-induced forces. 

Tavassoli et al. (2015) tested nine GFRP-RC circular columns under constant axial load and 

quasi-static cyclic lateral loads. The columns were 356 mm in diameter and 1473 mm long. 

The primary tests variables were the axial load ratio (28 or 42% of the nominal axial capacity) 

and the size (12 or 16 mm) and spacing (50, 160, or 275 mm) of the transverse reinforcement 

(spirals). The longitudinal reinforcement ratio was approximately 3%. The concrete 

compressive strength was, on average, 40 MPa. 

Overall, the authors reported that: 1) the GFRP-RC columns behaved in a stable manner and 

achieved high levels of deformability; 2) the moment capacity of the columns increased as the 

spiral spacing was decreased; 3) increasing the axial load considerably reduced the column’s 

deformability and increased the plastic hinge region; and 4) because FRPs do not yield, the 

GFRP spirals provided continuous confinement for the concrete core until failure. 

Ali and El-Salakawy (2016) tested GFRP-RC columns under combined axial and cyclic lateral 

loads. Test variables were the longitudinal reinforcement type (steel versus GFRP) and ratio 

(1.30, 1.90, or 2.60%), the axial load ratio (10, 15, or 20%), and the transverse reinforcement 

spacing (75, 100, or 150 mm). The columns had a 350 mm square cross-section, a 1450 mm 

height, and a 400 mm deep top concrete stub for loading purposes (the column’s shear span 

was 1650 mm, measured from the base to the mid-height of the stub). The tensile strength and 

elastic modulus of the GFRP were 1184 MPa and 62 GPa, respectively, for the longitudinal 

reinforcement, and 1022 MPa and 50 GPa, respectively, for the transverse reinforcement. 

Normal strength concrete (31-35 MPa) was used. 

A flexure-compression failure⸺with the same mechanism discussed in Sharbatdar and 

Saatcioglu (2009)⸺was observed for the GFRP-RC columns. Increasing the axial load had 
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adverse effect on the columns’ strength and drift capacity (because the higher the axial load 

ratio, the faster the compression degradation of the concrete core). Increasing the longitudinal 

reinforcement ratio resulted in higher lateral strength but lower drift capacity. Decreasing the 

transverse reinforcement spacing increased the column’s strength and drift capacity (since the 

lower the transverse reinforcement spacing, the better the confinement of the concrete core). 

And as expected, the GFRP-RC columns had higher strength and drift capacity than the steel-

RC column; this is because the transverse reinforcement in the steel-RC did not restrain the 

lateral expansion of the concrete after yielding, while the GFRP stirrups did that up to failure. 

The authors suggested that the large drift capacity (8.0-12.5%) experienced by the GFRP-RC 

columns can compensate for the lack of ductility (or reinforcement yielding) and the less 

energy dissipation capacity of these members as compared to steel-RC ones. 

Elshamandy et al. (2018) reported results from eleven tests on RC columns (two with steel 

and nine with GFRP reinforcement) subjected to combined axial and cyclic lateral loads. The 

main test variables were the axial load ratio, the longitudinal reinforcement ratio, and the 

transverse reinforcement (spiral) spacing. The columns had a 400 mm square section and were 

1850 mm high (but were tested with a shear span of 1650 mm). The tensile strength and elastic 

modulus of the GFRP were 1125-1392 MPa and 60-69 GPa, respectively, for the longitudinal 

reinforcement, and 962 MPa and 52 GPa, respectively, for the transverse reinforcement. 

Normal strength concrete (40 MPa) was used.  

The authors reported similar results as in Ali and El-Salakawy (2016) regarding the effects of 

the above-mentioned parameters on the column’s strength and drift capacity, and the difference 

in behavior between the steel- and GFRP-RC columns. The failure mechanism was also typical 

of that reported by Ali and El-Salakawy, expect that: 1) interlaminar degradation was observed 

in the longitudinal GFRP bars before they fractured in compression; and 2) the transverse 

reinforcement ruptured at the bend zones right before crushing of the concrete core. Figure 

2.16 presents the major damage states captured by Elshamandy et al. 
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Figure 2.16 Failure progression in the GFRP-RC columns tested by Elshamandy et al. 

(2018): (a) vertical splitting, (b) cover spalling, (c) interlaminar degradation, (d) concrete 

crushing, (e) fracture of the longitudinal GFRP bars, (f) rapture of the GFRP rectilinear 

spirals, and (g) rapture of the GFRP crossties. 

2.7.2 Tests on FRP-RC Shear Walls 

Yamakawa and Fujisaki (1995) published results from seven tests of rectangular squat walls 

subjected to constant axial and cyclic lateral loads. Out of the seven walls, three were reinforced 

with steel bars, three with CFRP grids, and two with hybrid reinforcement (CFRP grids [for 

shear] + extra steel bars at the edges [for flexure]). The walls were 80 mm thick, 800 mm long, 

and 950 mm high, with a corresponding aspect ratio of 1.18. The wall reinforcement was 

provided in two layers, with the horizontal and vertical reinforcement ratios being 0.8%. The 

tensile strength and elastic modulus of the CFRP were 1795 MPa and 99 GPa, respectively. 

Normal strength concrete (23 MPa [on average]) was used. 

Overall, the steel-reinforced walls failed in a flexural mode, characterized by high displacement 

ductility and energy dissipation capacity. The CFRP-reinforced walls failed in flexure-
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compression (i.e., fracture of the most compressed bars and crushing of concrete in the 

compression zone) at approximately the same lateral load as the steel-reinforced walls, but 

showed substantially less energy dissipation characteristics. The hybrid reinforced walls had 

considerably enhanced performance with wider hysteresis loops and larger amounts of 

dissipated energy, as compared with the CFRP-reinforced walls. All seven walls failed at 

approximately the same drift level (1.25%). 

Mohamed et al. (2014 a,b) tested four GFRP-RC rectangular walls⸺two with αs of 2.3 (one 

reinforced with steel and one with GFRP bars), one with αs of 2.9, and one with 3.5⸺under 

constant axial (7% of the wall axial capacity) and cyclic lateral loads. The walls were 200 mm 

thick, 3500 mm high, and 1500, 1200, or 1000 mm long (for αs of 2.3, 2.9, and 3.5, 

respectively). The wall reinforcement was provided in such a way as to achieve the same axial 

stiffness in the steel-reinforced wall and its GFRP counterpart. The resulting flexural 

reinforcement ratio was 0.50 and 1.43% of the boundary elements area (embedded elements) 

in the steel- and GFRP-reinforced walls, respectively. The horizontal and vertical web 

reinforcement ratios were 0.63 and 0.23%, respectively, in the steel-reinforced wall, and 1.58 

and 0.60%, respectively, in the GFRP-reinforced walls. The tensile strength and elastic 

modulus of the GFRP were 1412 MPa and 66.9 GPa, respectively, for the flexural and vertical 

web reinforcements, and 1392 MPa and 52 GPa, respectively, for the horizontal web 

reinforcement. Normal strength concrete (40 MPa) was used. Figure 2.17 shows the test setup 

used and the final damage mode of the GFRP-reinforced walls. 

Overall, the results showed that: 1) the GFRP-reinforced could attain their flexural strength 

with a stable hysteretic response characterized by negligible shear pinching, small residual 

deformation, and minimal cyclic degradation (that is, reduction in the load resistance with 

successive cycling at the same displacement/drift amplitude); 2) the large elastic deformations 

exhibited by the GFRP reinforcement allowed the walls to adequately dissipate the induced 

energy and accommodate lateral drift ratios of at least 3% (which is 15% higher than the steel-

reinforced wall); 3) unlike the steel-reinforced wall in which shear strains (i.e., strains in the 

horizontal bars) were localized near the base due to flexural yielding and subsequent widening 
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of the flexural-shear cracks, the elastic nature of the GFRP bars distributed the strains over the 

wall height; and finally 4) increasing the wall aspect ratio increased the flexural deformations 

and reduced the shear deformations. 

 

Figure 2.17 Test setup and typical failure of the GFRP-RC walls tested by  

Mohamed et al. (2014). 

Arafa et al. (2018 a,b) tested nine GFRP-RC squat walls (one with steel and eight with GFRP 

reinforcement) under quasi-static cyclic lateral loads (no axial load was applied). The walls 

had a rectangular cross-section of 200×1500 mm and a height of 2000 mm (αs = 1.33). Test 

variables were the horizontal web reinforcement ratio (0.00, 0.51, 0.79, 1.58, and 3.58%), the 

vertical web reinforcement ratio (0.00 and 0.59%), and the web reinforcement configuration 

(orthogonal grid versus diagonal reinforcement). The flexural reinforcement ratio was 1.43% 

of the boundary area (embedded boundary). The tensile strength and elastic modulus of the 

GFRP were 1372 MPa and 65 GPa, respectively, for the flexural and vertical web 

reinforcements, and 1037 MPa and 50 GPa, respectively, for the horizontal web reinforcement. 

Normal strength concrete (37 MPa [on average]) was used. 

Figure 2.18 shows the failure modes observed for Arafa’s walls. The authors reported that: 1) 

the steel-reinforced failed in a sliding-shear mode due to alternate yielding of the flexural 

reinforcement, which resulted in a continuous, horizontal crack near the base that did not close 
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upon unloading, forming a potential sliding plane; 2) the elastic nature of the GFRP bars helped 

the cracks realign and close between load reversals, thereby inhibiting the sliding mode, and 

allowing the GFRP-reinforced walls to achieve at least 71 and 50% higher strength and drift 

capacity than the steel-reinforced wall; 3) the diagonal reinforcement configuration was more 

effective in controlling the crack widths than orthogonal web reinforcement; 4) increasing the 

horizontal reinforcement ratio significantly increased the wall strength, as long as failure was 

controlled by diagonal-tension; and 5) the presence of horizontal and vertical web 

reinforcements is essential for controlling the diagonal crack widths.  

 

Figure 2.18 Failures observed by Arafa et al. (2018 a,b): (a) sliding-shear failure (steel-RC 

wall), (b) flexure-compression failure, (c) diagonal-tension failure, and (d) flexure-tension 

failure (wall with 0% horizontal reinforcement). 
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Huang et al. (2020) tested six rectangular squat walls⸺one reinforced with steel bars, two 

with CFRP grids, and three with steel bars in the vertical direction and CFRP (with different 

amounts) in the horizontal direction⸺under simultaneous axial and cyclic lateral loads. The 

walls were 100 mm in thickness, 1000 mm in length, and either 1000 or 1400 mm in height 

(which corresponds to αs of 1.0 and 1.4, respectively). The main findings reported by the 

authors were: 1) the six walls failed by diagonal-compression, with the steel-reinforced wall 

having the lowest strength and drift capacity; 2) walls with αs = 1.0 had higher strength and 

lower drift capacity than those with αs = 1.4; and 3) at the same αs, doubling the horizontal 

reinforcement increased the lateral strength and drift capacity by 45 and 47%, respectively.



 

CHAPTER 3  

LABORATORY TEST PROGRAM  

3.1 Synopsis 

 survey on the body of literature performed in Chapter 2 indicated that insufficient 

information on the seismic behavior of FRP-RC structures, especially walls, is available 

for practicing engineers. Therefore, an extensive research program has been undertaken at the 

university of Sherbrooke to help fill this knowledge gap by characterizing seismic response of 

GFRP-RC squat walls. Seven large-scale specimens⸺four with aspect ratio of 1.14 and three 

with 0.68⸺were constructed and tested under simultaneous axial and quasi-static cyclic lateral 

loads. Besides the wall aspect ratio, test variables included the horizontal web reinforcement 

ratio, the vertical web reinforcement ratio, and the axial load ratio. This chapter presents the 

details of the experimental program. The specimens’ design and details are discussed in 

Sections 3.2 and 3.4. Material properties and details of the construction process are highlighted 

in Sections 3.3 and 3.5. The loading apparatus and testing procedures are described in Sections 

3.6 and 3.7. Finally, the instrumentation used is presented in Section 3.8. 

3.2 Test Specimens 

Given the lack of experimental and analytical research on the seismic performance of FRP-RC 

structures, it was decided to conduct a series of experiments to investigate the behavior and 

strength of GFRP-RC squat walls. Seven large-scale wall specimens⸺four with aspect ratio 

(αs) of 1.14 (MSQ series) and three with 0.68 (SSQ series)⸺were constructed and tested under 

simultaneous axial and quasi-static cyclic lateral loads. The specimens were designed using an 

“inverse procedure” in which the geometry and reinforcement details were assumed and used 

to back-calculate the corresponding flexural and shear capacities (Section 3.4), but with upper-

A 
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bound estimates of the material strengths to establish the maximum wall size (which in turn 

was dictated by the capacity of the loading actuators and the available cycling height at the 

structural laboratory). The design calculations were performed according to ACI 318-19 (ACI 

2019), CSA A23.4-14 (CSA 2014), ASCE 43-05 (ASCE 2005) and CSA S806-12 (CSA 2012), 

where applicable, considering four varying parameters: the wall aspect ratio, the horizontal 

web reinforcement ratio, the vertical web reinforcement ratio, and the axial load ratio. The 

resulting wall dimensions were 150 mm in thickness, 1400 mm in length, and either 950 mm 

or 1600 mm in height (for αs = 1.14 and 0.68, respectively). Each wall was integrated with a 

600×1200×2700 mm concrete base simulating a rigid foundation and to anchor the specimen 

to the laboratory floor. The concrete base was heavily reinforced with 25M grade 60 steel and 

No.8 GFRP bars in the longitudinal and transverse direction, respectively, to prevent premature 

failure due to excessive cracking or base moments. The test matrix is presented in Table 3.1. 

Geometric properties and reinforcement details of the specimens are shown in Figure 3.1. 

Table 3.1 Test matrix 

Specimen lw hw αs %N fc
ʹ sh sv ρl ρs ρh ρv 

MSQ Series 

MSQ1 1400 1600 1.14 7.5 39.8 250 200 4.48 5.0 0.38 0.50 

MSQ2 1400 1600 1.14 15.0 39.0 250 200 4.48 5.0 0.38 0.50 

MSQ3 1400 1600 1.14 7.5 36.7 150 200 4.48 5.0 0.63 0.50 

MSQ4 1400 1600 1.14 7.5 36.8 150 125 4.48 5.0 0.63 0.70 

SSQ Series 

SSQ1 1400 950 0.68 7.5 35.0 250 200 4.48 5.0 0.38 0.50 

SSQ3 1400 950 0.68 7.5 33.0 150 200 4.48 5.0 0.63 0.50 

SSQ4 1400 950 0.68 7.5 33.0 150 125 4.48 5.0 0.63 0.70 

Note: lw and hw are the wall length and height (mm), respectively; αs is the wall aspect ratio;  %N is the 

axial load ratio (%); fc' is the concrete compressive strength (MPa); sh is the horizontal web reinforcement 

spacing (mm); sv is the vertical web reinforcement spacing (mm); ρl is the boundary longitudinal 

reinforcement ratio (%); ρs is the spiral reinforcement ratio (%); ρh is the horizontal web reinforcement 

ratio (%); and ρv is the vertical web reinforcement ratio (%).  
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Figure 3.1 Specimen details. All dimensions in mm. 

According to ACI 349-13 (ACI 2013), Section 21.9.6, boundary zones with special 

confinement detailing are not required for squat walls. As justification, the relative commentary 

states “squat walls are typically shear critical.” ASCE/SEI 43-05 (ASCE 2005) also pointed 

out the same, making a stronger claim that “for low-rise walls, flexural capacity seldom 

governs.” However, non-linear flexural analyses based on ACI 440.1R-15 and CSA S806-12 

have shown that the flexural capacity of the MSQ walls might be slightly smaller or just equal 

to the shear strength, leading to the decision of providing well-confined boundary regions 

(150×228 mm) in all specimens. The longitudinal and transvers reinforcement ratios at the 

boundary zones were kept constant (4.90 and 5.00%, respectively), consisting of 12 No.4 bars 

supported against premature buckling with two overlapped spirals spaced at 80 mm. 
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The web reinforcement in MSQ1, MSQ2, and SSQ1 consisted of two layers of No.3 horizontal 

and vertical bars spaced at 250 and 200 mm, corresponding to horizontal and vertical 

reinforcement ratios of 0.38 and 0.50%, respectively. These web reinforcement ratios far 

exceed the 0.25% minimum of ACI 318-19 and CSA A23.3-14 for controlling the diagonal 

shear crack widths in RC walls, and almost match the 0.4% minimum required by the strut-

and-tie provisions in CSA S806-12 for controlling the crack widths GFRP-RC short members. 

The only difference between MSQ1 and MSQ2 is that they were tested under different axial 

load levels: 7.5 and 15%, respectively, of the wall axial capacity (that is, fc
ʹ×Ag, where fc

ʹ is the 

concrete compressive strength and Ag is the wall gross-section area). Specimens MSQ3 and 

SSQ3 were identical to MSQ1 and SSQ1, expect that the horizontal reinforcement ratio was 

increased to 0.63% by arranging the horizontal bars at 150 mm. On the other hand, specimens 

MSQ4 and SSQ4 were similar to MSQ3 and SSQ3 in every respect, except that the vertical 

reinforcement ratio was increased to 0.70% by arranging the vertical bars at 125 mm. All the 

aforementioned reinforcement ratios were calculated considering the actual tributary area of 

the boundary and web regions. The boundaries’ tributary was considered as the area including 

the longitudinal bars in addition to a 35 mm concrete cover, while the remaining wall area was 

considered as the web tributary (refer to ACI 318-19, Figure R18.10.6.4a). 

3.3 Summary of Material Properties 

The specimens were cast from normal-weight, ready mixed concrete with a specified 28-day 

compressive strength of 35 MPa and a maximum aggregate sized of 14 mm. The actual concrete 

strengths, determined by testing 100×200 mm cylinders according to ASTM C39 (ASTM 

2018), varied widely and are reported in Table 3.1. A total of 52 cylinders (42 for the walls and 

10 for the bases) were used for the determination of the concrete strength; these were cast 

simultaneously with the walls/bases and were tested at 7 days from casting and on the same 

day of wall testing. The reported values of fc
ʹ (Table 3.1) have been generated from test-day 

cylinder data and were used to determine the magnitude of axial force used in the tests. Figure 

3.2 shows a concrete cylinder during and after a compression test. 
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Figure 3.2 Concrete cylinder testing. 

Sand-coated GFRP bars and spirals, made of high-strength (Grade III) fibers impregnated with 

a thermosetting vinyl-ester resin, were used to reinforce the walls. The mechanical properties 

the GFRP reinforcement, as reported by the manufacturer (Pultrall Inc. 2018), are summarized 

in Table 3.2. These properties were confirmed by testing five representative bars for each 

diameter according to ASTM D7205M (ASTM 2011) (Figure 3.3 shows the test setup and 

observed rupture modes). The horizontal web bars had 90° end hooks with an extension length 

of ten times the bar diameter to ensure proper anchorage at the wall ends. The 25M steel bars, 

used for reinforcing the base, had yield and ultimate strengths of 420 and 600 MPa, 

respectively, and an elastic modulus of 200 GPa. 

Table 3.2 Mechanical properties of GFRP reinforcement 

Bar size & location Diameter 

(mm) 

Area 

(mm2) 

Tensile 

modulus (GPa) 

Rupture 

stress (GPa) 

Rupture 

strain (%) 

No.4  

Boundary longitudinal 
12.70 126.0 60 ± 6 1100 ± 20 1.83 

No.3  

Web vertical 
9.50 71.3 60 ± 6 1100 ± 20 1.83 

No.3  

Web horizontal 
9.50 71.3 50 ± 6 1022 ± 10 2.00 

No.3  

Boundary spiral 
9.50 71.3 50 ± 6 1022 ± 10 2.00 
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Figure 3.3 GFRP bar testing. 

3.4 Preliminary Strength Calculations 

The following code approaches were used to calculate the peak lateral strength of the 

specimens: 1) shear (diagonal-tension) strength based on ACI 318-19, Section 11.5.4; 2) shear 

(diagonal-tension) strength based on ACI 318-19, Section 18.10.4; 3) shear (diagonal-tension) 

strength based on ASCE 43-05, Section 4.0; 4) Shear (diagonal-tension) strength based on CSA 

S806-12, Section 8.4.4; 5) shear (diagonal-compression) strength based on the strut-and-tie 

provisions in ACI 318-19, Chapter 23; and 6) flexural strength based on CSA S806-12, Section 

8.4.1. Table 3.3 summarizes the equations of these approaches.  

Note that the Vn equations in Sections 11.5.4 and 18.10.4 of ACI 318-19, Section 4.0 of ASCE 

43-05, and Section 8.4.4 of CSA S806-12 are meant to provide the wall diagonal-tension 

strength, but Vn is not allowed to exceed the strength limits for diagonal-compression. As such, 

Vn values that were governed by these limits indicated that diagonal-compression failure is 

expected to occur prior to diagonal-tension failure. The yield stresses of fyh and fyv in Equations 

3.1, 3.2, and 3.3 were replaced by 0.4 ffu and 0.005 Ef, respectively, in the calculations of the 

MSQ walls, and 0.005 Ef  and 0.01 Ef, respectively, in the calculations of the SSQ walls [where 

0.4 ffu is the bend strength, 0.005 is the strain limit specified in CSA S806-12 for controlling 
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the diagonal crack widths, and 0.01 is the strain limit suggested by Zadeh and Nanni (2013) 

for maintaining the structural integrity and avoiding unacceptably large deformations in GFRP-

RC members]. These values were used as only tentative values and were selected in accordance 

with the conclusion made in Chapter 2 that “the vertical reinforcement contribution to the shear 

strength is not as significant as the horizontal reinforcement in walls of αs > 1.0, while the 

reverse is true for walls with αs < 1.0.” The longitudinal strain ϵl (Equation 3.6) was solved for 

iteratively by guessing its value and solving Equation 3.4 to determine the corresponding shear 

strength of the wall; Equation 3.8 was then used to test the appropriateness of the guessed ϵl. 

This process was repeated until convergence was obtained between the guessed and calculated 

ϵl values. 

For the strut-and-tie calculations, the ACI 318-19 assumes that the shear force will be 

transmitted to the base via a single, direct strut running from the point of load application to 

the opposite corner of the wall. The effect of the web reinforcement on the stress paths (Section 

2.2 of this thesis) is implicitly considered in the code by adding extra strength to the direct strut 

if the web reinforcement ratio in the horizontal and vertical directions exceed 0.25%. The strut 

width (wst) was assumed to be equal to the compression zone depth (c) at the wall base, 

calculated by Equation 3.10. This equation was proposed by Paulay and Priestley (1992) for 

estimating the compression zone depth in elastic steel-RC columns. 

0.25 0.85st w

g c

N
w c l

A f

 
 = = +
 
 

 (3.10) 

where N is the axial load (N) applied at the wall top; and Ag is the wall gross-section area. 

For the flexural strength calculations, strain compatibility analyses were implemented with an 

extreme concrete compression strain of 0.003 for unconfined concrete (before making the 

decision of confining the boundaries) and 0.008 for confined concrete (after making the 

decision), as suggested by Mohamed et al. (2014a).The contribution of the longitudinal bars in 

compression was taken as 50% of their tensile strength (Deitz et al. 2003). 
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Table 3.3 Code strength equations 

Approach 1 

ACI 318-19 

Section 11.5.4 

n cv c c h h vy c cf AV A f f 
 = +  
 

0.66         (N)                                       (3.1) 

where all symbols have been previously identified in Section 2.5 of this 

thesis. 

Approach 2 

ACI 318-19 

Section 18.10.4 

n cv c c h h vy c cf AV A f f 
 = +  
 

0.83          (N)                                      (3.2) 

where all symbols have been previously identified in Section 2.5 of this 

thesis. 

Approach 3 

ASCE 43-05 

Section 4.0 
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where fyh and fyv are the yield stresses of the web horizontal and vertical 

reinforcements, and other symbols have been previously identified in 

Section 2.5 of this thesis. 

Approach 4 

CSA S806-12 

Section 8.4.1 
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where the product 1
14

a

g

N
k

A
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 shall not be taken greater than 3.0, 

and where N is the axial load (N); ffu is the tensile strength of the GFRP 

bars (MPa); sh is the web horizontal reinforcement spacing (mm); Ag is 

the wall gross-section area (mm2); bw is the wall thickness (mm); and θ 

is the diagonal crack angle (from vertical).  

The factors km, kr, ka, and ks are to account for the moment-shear 

interaction, longitudinal reinforcement rigidity, arch (or direct-strut) 

action, and size effect, respectively, and can be calculated as follows: 

 ( )
1/2

/ 1.0mk d a=        (3.5a)          ( )
1/3

1r f lk E = +    (3.5b) 

       ( )2.5 / 2.5ak d a=     (3.5c)     750 / (450 ) 1.0sk d= +     (3.5d) 
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Table 3.3 Code strength equations (Cont’d) 

Approach 4 

CSA S806-12 

Section 8.4.1 

(Cont’d) 

Finally, the diagonal crack angle, θ, can be calculated as: 

θ 30 7000 60l= +                                                                                            (3.6) 

where 
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, in which Mu and Vu are the moment and shear capacity of the wall, and 

Afl is the area of the boundary longitudinal bars.  

Approach 5 

ACI 318-19 

Chapter 23 

0.85 sinn c s c w st stV f b w  =          (N)                                                                (3.9) 

where βc and βs are the strut confinement and efficiency factors, 

respectively, taken as 1 and 0.75, respectively; wst is the strut width; and 

αst is the strut inclination (from vertical). For walls with web 

reinforcement ratio (horizontal or vertical) < 0.25%, βs should be 

reduced to 0.4. 

Note: A unified notation system (instead of the actual notations) has been used in the table for simplicity.  
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3.5 Specimen Construction 

The specimens were constructed in the Civil Engineering Laboratory at the University of 

Sherbrooke over a period of seven months (September 2018-March 2019). The construction 

process started with preparing the base reinforcement and formwork. The base formwork was 

made of two layers of 17 mm plywood supported laterally by 100×50 mm horizontal backs. 70 

mm in diameter PVC tubes were provided near the corners of the base for test-related purposes. 

Four 15M steel lifting hooks were installed in the base reinforcement cage to facilitate later 

movement of the specimen. Figure 3.4a shows a base reinforcement cage. 

Upon completing the bases, the wall reinforcement cages were constructed, gauged, and placed 

in the bases (Figure 3.4b), and the wall formwork was then prepared (Figure 3.5). The 

formwork was constructed initially for the MSQ specimens and was subsequently shortened 

for the SSQ ones. The formwork was made of two layers of 17 mm plywood backed by 

50×50×5 mm horizontal steel angles spaced vertically at 450 mm. Non-removable 10 mm 

treaded rods (through-bolts), passing through the wall (in the thickness direction), acted to 

clamp the two facing sides of the formwork together. The wall formwork was fastened to the 

hardened base (bases were cast seven days before walls) by means of six steel angles (attached 

to the wall sides) and a group of threaded rods (embedded 600 mm inside the base). Silicon 

caulking was also used to seal joints in formwork. 

Each specimen was cast in two concrete placements, one for the base and the second for the 

wall (Figure 3.6 shows the casting procedure). Between the two placements, the foundation 

was allowed to cure seven days prior to the second placement. The multiple placements allowed 

the specimens to critically develop a “cold joint” at the wall-base interface. The footprint of 

the walls was left unfinished, but not intentionally roughened, consistent with state-of-practice 

construction methods. On the day of wall casting, slump tests were made once the concrete 

truck arrived, and when needed, superplasticizer was added. One day after casting, the forms 

were stripped, and the walls were covered with wet burlap for seven days. 
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Figure 3.4 Base and wall Reinforcement. 
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Figure 3.5 Formwork of the MSQ series. 



 

3.5 Specimen Construction 55 

 

  

 

Figure 3.6 Specimen casting. 
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3.6 Test Setup 

Before each test, the test specimen was rigidly mounted to the laboratory floor using four 64 

mm Dywidag tie-downs prestressed to 45% or 80% of their yield strength (in the MSQ and 

SSQ series, respectively). These tie-downs passed through the specimen’s base (PVC pipes 

with 70 mm diameter were used to provide holes in the base) and were threaded into 2H nuts 

reacting against the soffit of the laboratory floor through 50 mm thick steel plates. Large 

hydraulic jacks (with 2000 kN capacity) were used to prevent base sliding along the laboratory 

floor (two jacks [one at each end of the base] were used in the MSQ tests and four [two at each 

end] in the SSQ tests). Before testing began, these jacks were used to compress the base to a 

force higher than the lateral load capacity of the specimen; and during testing, the compression 

force was maintained constant by manually controlled the hydraulic pressure in the jacks. This 

way, the specimen’s base was effectively packed, eliminating the probability of sliding along 

the laboratory floor. In some cases where irregularities were observed on the bottom of the 

specimen’s base, a layer of cement grout was placed between the base and the laboratory floor 

to ensure a uniform contact and load distribution. 

Two different setups were used to test the walls (Figures 3.7 and 3.8). In the MSQ setup (Figure 

3.7), a specially fabricated steel beam was used to transfer the axial and lateral loads to the wall 

specimen. The axial load was applied by means of two hydraulic jacks applying tension on two 

32 mm high-strength steel rods, one at each end of the wall. The lateral load was applied with 

a single hydraulic actuator (with 250 mm total stroke and +1300/-1000 kN load capacity) 

attached to the beam 550 mm above the wall. The lateral load was transferred from the beam 

to the wall via two 50 mm thick plates jointly connected to the beam; these were designed to 

have a 350 mm height (which resulted in a wall shear span of 1450 mm) and were clamped to 

the wall top by means of six 32 mm high-strength steel rods, each prestressed to 100 kN. An 

out-of-plane bracing system was used to prevent twisting and ensure that only uniaxial lateral 

displacements were applied. 



 

3.6 Test Setup 57 

 

  

 

Figure 3.7 MSQ Setup. 

For the SSQ series, a pilot test (an extra specimen that is not included in Table 3.1) has shown 

that the high stiffness of these walls⸺together with the eccentric nature of lateral load transfer 

system shown in Figure 3.7⸺can cause uplifting of the steel beam on the tension side of the 

wall and disrupt the axial load distribution over the wall top. To tackle this issue, the test setup 

was changed in the SSQ tests to become as shown in Figure 3.8. As the figure depicts, the 

hydraulic actuator was lowered to directly apply the load at 725 mm above the base. Two 

450×450×50 mm steel plates, clamped to the top of the wall specimen by means of four 32mm 

high-strength steel rods, served as connection plates for the hydraulic actuator. The axial load 

was applied with four hydraulic jacks and four 25 mm high-strength steel rods anchored to the 

base. The axial load transfer assembly included two transverse I-shaped steel beams rested on 

a massive third one, twenty-six steel rollers (diameter = 25 mm & spacing = 50 mm), and 10 

mm thick plate grouted to the wall top, which all were conservatively designed to warrant a 

uniform load distribution and to accommodate the wall movements with minimal frictional 

resistance. No out-of-plane bracing was used in this series. 
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Figure 3.8 SSQ Setup. 

3.7 Loading Procedure 

The specimens were subjected to a combination of constant axial load and quasi-static, 

reversed-cyclic lateral loads. The lateral loading protocol applied sets of two fully reversed 

lateral drift cycles at increasing drift levels, as per FEMA 461-07 (FEMA 2007). As shown in 

Figure 3.9, the drift levels were initially increased with increments of 0.05% up to 0.2% drift, 

followed by increments of 0.1% up to 0.6% drift. Afterwards the increments were increased up 

to 0.2% up to 1.4% and then 0.3% up to failure. The first three levels in this protocol (i.e., 0.05, 

0.10, and 0.15%) were selected to lower than that required induce cracking in the specimens. 

The cracking drift level was determined based on preliminary Finite Element (FE) analyses 

using the computational framework “FE-MultiPhys” developed at Virginia Tech 

(Koutromanos and Farhadi 2018). A loading rate of 1.60 mm/min was maintained during the 

tests until the specimens experienced significant loss of strength. Hydraulic pressure was 

supplied to the actuator by an electric pump; whereas, the hydraulic jacks used for the axial 

loading were controlled through the use of hand pumps. 

Note: since testing was operated over two days, the axial load was reduced to 100 kN at the 

end of the first day; and on the second day, the full axial load was re-applied and the specimen 

was given a warmup cycle to the closing drift of the first day before applying the new drift. 
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Figure 3.9 Lateral loading protocol. 

3.8 Test Measurements 

All the specimens were heavily instrumented to monitor the overall movement of the wall, to 

provide a quantitative understanding of the separate mechanisms that contribute to the wall 

deformation, and to gather dense measurements of the local deformations needed for 

continuum analyses. Figure 3.10 shows the layout of the LVDTs used, while the locations at 

which strain gauges were affixed to reinforcing bars are depicted in Figure 3.1. As shown in 

Figure 3.10, two LVDTs were used to measure sliding displacements between the wall and its 

base as well as between the base the laboratory floor. Two LVDTs were mounted vertically at 

the wall boundaries to measure axial displacements, allowing for the computation of flexural 

deformations. Two other LVDTs were mounted diagonally in an “X” configuration to measure 

shear distortion. The lateral displacement was measured using two (or one) LVDTs mounted 

horizontally between the wall and an external steel frame. The diagonal crack widths were 

monitored in both loading directions (pushing/pulling) using two high-accuracy LVDTs. Two 

further high-accuracy LVDTs were used to monitor the concrete strains at the bottom of the 

boundary elements. And lastly, two LVDTs were used to monitor the out-of-plane 

displacements at the level of the steel beam in the MSQ tests (although unlikely to occur). 

An average of 35 and 30 strain gauges were used to monitor strain in the MSQ and SSQ 
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specimens, respectively. The boundary reinforcing bars were instrumented at three (or two) 

levels over the height (70 mm, 800, and 1370 mm from the base), to obtain the longitudinal 

strain profiles. The web reinforcing bars were instrumented with several pairs of strain gauges 

along the main diagonal (that is, the line joining opposite corners) of the walls to quantify their 

contribution to the shear carrying capacity. 
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Figure 3.10 Layout of LVDTs used. 
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Abstract 

 laboratory test program was undertaken to characterize the seismic performance of 

concrete squat walls entirely reinforced with Glass Fiber-Reinforced Polymer (GFRP) 

bars. Four large-scale specimens were constructed and tested under the combined action of 

constant axial and quasi-static, reversed-cyclic loads. The specimens were 150 mm in 

thickness, 1400 mm in length, and 1600 mm in height, with a corresponding aspect ratio of 

1.14. Test variables were the axial load ratio (ALR) and the web reinforcement ratio (horizontal 

and vertical). Test results were analyzed in terms of cracking behavior, failure mechanisms, 

hysteretic response, and web and boundary reinforcement strains. The effects of the test 

variables on the shear strength, drift capacity, energy dissipation, and deformability aspects 

were carefully examined. Overall, the ALR impacted neither the shear strength and drift 

capacity nor the energy dissipated by a specimen prior to failure. The web reinforcement, on 

the other hand, had a direct impact on the shear strength and drift capacity as well as the wall 

deformability and energy dissipation characteristics. 
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4.1 Introduction 

Reinforced concrete (RC) structural walls are widely used to resist the earthquake-induced 

actions on buildings because of their high strength and stiffness. During a low-intensity 

earthquake, the elastic response of a wall can ensure near-full protection of nonstructural 

components against damage, which, on the other hand, cannot be ensured by an open-frame 

structure because of its higher flexibility. In the event of a severe earthquake, however, it is 

necessary for the wall to perform in a ductile (inelastic) manner in order to dissipate the seismic 

energy and ensure the structural survival. Therefore, an adequate design of RC walls requires 

that shear failure does not occur, and the wall experience a ductile flexural response. This 

behavior may however be unachievable if the wall is relatively short (or squat), and its response 

is dominated mainly by shear distortion (Paulay and Priestley 1992; Moehle 2014).  

Squat (or short) walls⸺with a height-to-length ratio (aspect ratio [αs]) of less than two⸺are 

commonly used in the seismic design of low-rise buildings such as parking structures and 

safety-related nuclear facilities, and high-rise buildings where the lateral-load bracing system 

is disrupted near the base to accommodate large open spaces (Gulec and Whittaker 2009; Luna 

et al. 2015). The low aspect ratio of these walls usually results in stiff elements with short 

natural vibration periods (0.2-0.5 sec, even after inelasticity has occurred), putting them in the 

acceleration-sensitive range of a typical earthquake response spectrum (Whyte and 

Stojadinovic 2014). Furthermore, depending on different attributes such as the wall aspect 

ratio, loading conditions, and reinforcement characteristics, these walls generally experience 

one of three brittle shear failures: diagonal-tension, diagonal-compression (that is, crushing of 

the inclined struts), or “premature” sliding near the wall-base interface. The latter mode is very 

common in walls with αs ≤ 1 and is usually initiated by alternate yielding of the flexural 

reinforcement, which results in a continuous horizontal crack near the base that does not close 

upon unloading, forming a potential sliding plane. Because this mode represents the most 

significant cause of loss of strength and stiffness and consequent reduction in the wall ability 

to dissipate the seismic energy (Paulay et al. 1982), most design codes and experts recommend 
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designing squat walls to remain “essentially elastic” (that is, they could be allowed to yield 

only marginally in a design-basis earthquake [ASCI 349 2013; Kappos and Penelis 2014]). 

On the other hand, corrosion of steel reinforcement stands out as a significant factor limiting 

the life expectancy of RC structures exposed to harsh environmental conditions. Over the past 

two decades, a vast amount of research has demonstrated the feasibility and advantages of 

replacing steel bars with Fiber-Reinforced Polymer (FRP) bars to inhibit corrosion-related 

problems and reduce the life-cycle maintenances cost (ACI 440.1R 2015; CSA S806 2012). 

Unlike steel bars, however, FRP bars behave elastically without exhibiting a ductile phase 

before their brittle rupture. This behavior has raised many concerns about their applicability in 

earthquake-resistant elements and, accordingly, very limited information can be found on the 

seismic performance of FRP-RC elements, especially walls (Mohamed et al. 2014a; Arafa et 

al. 2018 a,b; Hassanein et al. 2019). 

Mohamed et al. (2014a) investigated the seismic behavior of four mid-rise shear walls with 

different aspect ratios: one reinforced with steel and four with GFRP bars. The authors reported 

that the large elastic deformations exhibited by the GFRP bars allowed the GFRP-reinforced 

walls to adequately dissipate the seismic energy, compensating for the lack of yielding. 

Furthermore, the walls could accommodate drift levels up to 3.4%, exceeding the drift capacity 

of the steel-reinforced wall by more than 15.5%. More recently, Arafa et al. (2018a, b) tested 

nine squat walls: one reinforced with steel and eight with GFRP bars (detailed with different 

web reinforcement amounts). The authors reported that: 1) The steel-reinforced wall failed in 

a premature sliding mode due to alternate yielding of the flexural reinforcement which resulted 

in a wide horizontal crack near the base that did not close, forming a potential sliding plane; 2) 

the elastic nature of the GFRP bars allowed the cracks to realign and close between load 

reversals, thereby inhibiting the sliding mode, and allowing the walls to achieve at least 71 and 

50% higher strength and drift capacity than the steel-reinforced wall; and 3) the GFRP-

reinforced walls had considerably lower stiffness, indicating that for any ground motion, the 

vibration period of a GFRP-RC wall would be longer than that of an equivalent steel-reinforced 

wall (and, consequently, the spectral forces would be lower). These results⸺together with 

recommendation of designing RC squat walls for elastic behavior⸺have strongly supported 

the applicability of FRPs in such a type of structures. 
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4.2 Research Significance 

This paper investigates the effects of axial load and web reinforcement ratio on the seismic 

response of GFRP-RC squat walls. The results reported in this paper represent a significant 

contribution to the relevant literature and provide designers, engineers, and members of code 

committees with much-needed data and recommendations to advance the use of FRP 

reinforcement in squat RC walls. 

4.3 Experimental Program 

4.3.1 Test Specimens 

Four large-scale walls entirely reinforced with GFRP bars and spirals were constructed and 

tested under the combined action of constant axial and quasi-static, reversed-cyclic lateral 

loads. The specimens were designed and detailed to fail in shear according to CSA S806-12 

(CSA 2012), CSA A23.3-14 (CSA 2014), and ACI 318-19 (ACI 2019), where applicable. The 

design process was implemented using an “inverse” procedure in which the geometry and 

reinforcement details were assumed and used to back-calculate the corresponding flexural and 

shear capacities, but with upper-bound estimates of the material strengths, to establish the 

maximum size (which, in turn, was dictated by the capacity of the loading actuators and the 

available cycling heights at the testing laboratory). Two variables were varied and considered 

in specimen design: the axial load ratio (ALR) and the web reinforcement ratio (horizontal and 

vertical). The resulting wall dimensions were 150 mm in thickness, 1400 mm in length, and 

1600 mm in height, with a corresponding aspect ratio of 1.14. The test matrix is presented in 

Table 4.1. The concrete dimensions and reinforcement details are shown in Figure 4.1. 

All the specimens were identically reinforced at the boundary zones with 12 No. 4 longitudinal 

bars tied together using No. 3 overlapped rectilinear spirals with a pitch of 80 mm (longitudinal 

and transverse reinforcement ratio of 4.48% and 5%, respectively). Specimens MSQ1 and 

MSQ2 had the same web reinforcement, consisting of two layers of No. 3 horizontal and 
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vertical bars spaced at 250 mm and 200 mm, respectively, corresponding to horizontal and 

vertical web reinforcement ratios of 0.38 and 0.5%, respectively. These ratios exceeded the 

0.25% minimum of ACI 318-19 and CSA A23.3-14 for controlling the shear crack widths in 

RC walls, and almost matched the 0.4% minimum required by CSA S806-12 for GFRP-RC D-

regions. The only difference between MSQ1 and MSQ2 is that they were subjected to 7.5% 

and 15% ALRs, respectively. Specimen MSQ3 was similar to MSQ1 in every respect, except 

that the horizontal web reinforcement ratio was increased to 0.63% by arranging the horizontal 

bars at 150 mm. Specimen MSQ4 was identical to MSQ3, except that the vertical web 

reinforcement ratio was increased to 0.7% by arranging the vertical bars at 125 mm. The 

aforementioned boundary and web reinforcement ratios were calculated using the tributary area 

of each zone. The tributary area of the boundary zone was considered as the area including the 

longitudinal bars in addition to a 35 mm thick cover. The wall area excluding the boundaries’ 

tributary was taken as the web tributary (ACI 318-19, Figure R18.10.6.5). 

Each specimen was cast with a 700×1200×2700 mm concrete base functioning as an anchorage 

for the longitudinal/vertical bars and to fasten the specimen to the laboratory floor. The 

concrete base was overly reinforced with a combination of 25M Grade 60 steel and No. 8 GFRP 

bars to prevent excessive cracking or premature failure due to base moments. 

Table 4.1 Test matrix 

Specimen lw hw αs % N fc
ʹ sh sv ρl ρs ρh ρv 

MSQ1 1400 1600 1.14 7.5 39.8 250 200 4.48 5.0 0.38 0.50 

MSQ2 1400 1600 1.14 15.0 39.0 250 200 4.48 5.0 0.38 0.50 

MSQ3 1400 1600 1.14 7.5 36.7 150 200 4.48 5.0 0.63 0.50 

MSQ4 1400 1600 1.14 7.5 36.8 150 125 4.48 5.0 0.63 0.70 

Note: lw and hw are the wall length and height (mm), respectively; αs is the wall aspect ratio;  %N is the 

axial load ratio (%); fc' is the concrete compressive strength (MPa); sh is the horizontal web reinforcement 

spacing (mm); sv is the vertical web reinforcement spacing (mm); ρl is the boundary longitudinal 

reinforcement ratio (%); ρs is the boundary spiral reinforcement ratio (%); ρh is the horizontal web 

reinforcement ratio (%); and ρv is the vertical web reinforcement ratio (%).  

 

 



 

4.3 Experimental Program 69 

 

  

 

Figure 4.1 Geometry and reinforcement details. All dimensions in mm.  

4.3.2 Material Properties 

The specimens were cast from normal-weight, ready-mixed concrete with a target 28-day 

compressive strength of 35 MPa. Table 1 gives the actual concrete compressive strengths based 

on the average of at least three tests performed on 100×200 mm cylinders on the same day of 

testing. Grade III, sand-coated GFRP bars and spirals (CSA S807 2019) were used to reinforce 

the walls. The horizontal web bars had a U shape with 90° end hooks to ensure proper 

anchorage at the wall ends. The boundary longitudinal and vertical web bars were embedded 

in the foundation and ran continuously up to the specimens’ top without any splices. Table 4.2 

provides the mechanical properties of the GFRP reinforcement as reported by the manufacturer 

(Pultrall Inc. 2018). Figure 4.2 shows a photographic view of the GFRP bars and a typical 

assembled reinforcing cage. 

 

 



70 Chapter 4: Effect of Axial Load and Web Reinforcement Ratio 

 

Table 4.2 Mechanical properties of GFRP reinforcement 

Bar size & location Diameter 

(mm) 

Area 

(mm2) 

Tensile 

modulus (GPa) 

Rupture 

stress (GPa) 

Rupture 

strain (%) 

No.4  

Boundary longitudinal 
12.70 126.0 60 ± 6 1100 ± 20 1.83 

No.3  

Web vertical 
9.50 71.3 60 ± 6 1100 ± 20 1.83 

No.3  

Web horizontal 
9.50 71.3 50 ± 6 1022 ± 10 2.00 

No.3  

Boundary spiral 
9.50 71.3 50 ± 6 1022 ± 10 2.00 

 

 

 

Figure 4.2 GFRP reinforcement and a typical assembled cage.  

4.3.3 Test Setup and Loading Procedure 

Figure 4.3 shows the test setup. Before each test, the base of the test specimen was anchored 

to the laboratory strong floor using four 65 mm Dywidag tie-down rods, post-tensioned to 

approximately 45% of their yield strength. A specially-fabricated steel beam was used to 

transfer both axial and lateral loads to the wall specimen. The axial load was applied by means 
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of two hydraulic jacks  and two 32 mm diameter high-strength steel rods, one on each side of 

the wall. The lateral load was applied 2150 mm above the base using a single hydraulic actuator 

with a load capacity of 1000 kN and a total stroke of 500 mm. The lateral load was transmitted 

to the wall via a pair of 50 mm thick plates jointly connected to the steel beam. The steel plates 

were designed to have a 300 mm height, which resulted in a wall shear span of 1450 mm. An 

out-of-plane bracing system was used to prevent twisting of the specimen and ensure that only 

uniaxial displacements were applied during the test. Moreover, sliding of the wall base along 

the laboratory floor was resisted by two hydraulic jacks, one at each end of the base. 

 

Figure 4.3 Test setup: (a) 3D schematic, and (b) photo showing the setup side-view. All 

dimensions in mm. 

The lateral loading protocol imposed to the test specimens comprised the application of sets of 

two fully reversed lateral drift cycles at increasing drift levels. Figure 4.4 presents the loading 

protocol in which a positive sign corresponds to the actuator pushing the specimen. As the 

figure depicts, the drift levels were gradually increased in increments of 0.05% up to 0.2% 

drift, followed by increments of 0.1% up to 0.6% drift. Afterwards, the increments were 

increased to 0.2% up to 1.4% drift and then 0.3% up to failure. In compliance with the interim 

testing protocols in FEMA 461 (FEMA 2007), the first three drift levels in the protocol (i.e., 
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0.05%, 0.1%, and 0.15%) were selected to be conservatively lower than that required to induce 

the lowest probable damage in the specimens (typically, flexural or flexural-shear cracking). 

 

Figure 4.4 Lateral loading protocol. 

4.3.4 Instrumentation 

The specimens were heavily instrumented with a series of Linear Variable Displacement 

Transducers (LVDTs) and strain gauges, as illustrated in Figure 4.5. One LVDT was used to 

measure sliding displacements at the construction joint between the wall and its base. Two 

LVDTs were mounted in an “X” configuration to measure the shear distortion within a distance 

of 1000 mm above the base. Two other LVDTs were mounted vertically at the wall boundaries 

to compute the flexural deformation. The lateral displacement was measured with two LVDTs 

mounted horizontally at the specimen top and 1000 mm above the base. The shear crack widths 

(wcr) were monitored using two high-accuracy LVDTs that were installed on the wall surface 

upon the formation of the first shear crack in both loading directions. Moreover, two LVDTs 

were used to capture the unlikely out-of-plane displacements at the level of the transfer beam. 

A total of 35 strain gauges were mounted directly on the boundary and web reinforcing bars to 

monitor the developed strains (Figure 4.5b). The boundary longitudinal bars were instrumented 

at three different levels: 70 mm, 820 mm, and 1370 mm above the base, to obtain the 

longitudinal strain profiles. The web reinforcing bars, on the other hand, were instrumented 
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with several pair of strain gauges through the main diagonal (that is, the line joining opposite 

corners) of the specimens, to assess their contribution to the shear carrying capacity. 

 

Figure 4.5 Instrumentation: (a) layout of LVDTs used, and (b) layout of strain gauges. All 

dimensions in mm. 

4.4 Experimental Results and Discussion 

4.4.1 General Behavior and Failure Mechanism 

In this section, the qualitative observations made during the tests are reported according to the 

occurrence and extent of visible cracking damage, concrete deterioration signs due to high 

compressive straining, and failure mechanisms. Figure 4.6 shows the final damage state of each 

specimen; the major shear cracks are numbered in the figure in order of appearance. Figure 4.7 

presents close-ups for the major damage events noticed during the tests. 

The first sign of damage was observed in the form of flexural-shear cracks in the bottom third 

of each specimen at an average drift level of 0.17%. These cracks were predominantly flexural 

within the tensile boundary element and were 80-100 mm apart, indicating that the rectilinear 

spirals acted as crack initiators. Outside the boundary elements, the cracks acquired inclination 
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while extending into the wall web, owing to the effect of shear stresses. At 0.2% drift, a faint 

crack appeared along the construction joint to within 600 mm from the wall tension edge. The 

first shear crack (number 1 in Figure 4.6) appeared independently from flexural cracks at 0.35% 

drift, associated with a momentary drop in the lateral load, thudding noise, and sharp increase 

in the nearby web reinforcement strains. As the load progressed, additional shear cracks formed 

above crack number 1 at progressively increased angles, defining the direction of the 

compressive struts, which in turn governed the specimens’ behavior. The shear domination of 

the behavior was demonstrated by the abrupt formation of shear cracks; and immediately upon 

forming, the cracks extended over at least 80% of the wall length. Note that the cracks were 

skewed slightly either towards the vertical direction (MSQ1, MSQ2, and MSQ3) or towards 

the horizontal direction (MSQ4), perhaps due to the stiffness anisotropy resulting from the 

unequal reinforcement ratios in the two directions. Also, the crack density was generally lower 

in MSQ2 and higher in MSQ3 and MSQ4 compared to MSQ1. 

At 0.6-0.8% drift, splitting cracks were observed at the most heavily compressed fibers of the 

boundary elements, associated with near-vertical propagation of the shear cracks in the 

compression zone (Figure 4.7a). At this stage, the flexural cracks became more intensive and 

covered up to 70% of the boundary height. The shear crack widths ranged mostly up to 1.25 

mm (on average) in MSQ1, MSQ2, and MSQ3, and 0.75 mm in MSQ4. The largest crack 

widths occurred in the central zone of the web, while at the wall boundaries, the widths only 

reached values of about 0.4 mm. The construction crack width reached roughly 0.8-1 mm at 

this stage. 

Concrete-cover spalling started at 0.8-1% drift, announcing the onset of inelastic compression 

behavior at the wall toes (Figure 4.7b). From this point onward, the developed crack patterns 

did not change; and up to failure, no significant shear distress was visible along the major shear 

cracks because the damage was rather concentrated to loss of concrete in the flexural 

compression zone. The major shear cracks did not open up more than 2.1 mm prior to failure 

in all specimens. 

All the specimens failed in a brittle shear-mode, showing different failure mechanisms, 

depending on the ALR and web reinforcement ratio. The failure mechanism of each specimen 

is explained in the following. The experimental test results are summarized in Table 4.3. 
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Specimen MSQ1  

This specimen failed in a shear-triggered flexural mode during the attempt to complete the first 

excursion to -1.2%. Exactly at -1.13%, one of the major shear cracks penetrated so deeply into 

the compression zone, reducing its depth and initiating failure there by concrete crushing and 

fracturing of six of the boundary longitudinal bars (Figures 4.6a and 4.7c). The failure 

coincided with  48% drop in the lateral load, but the specimen was still able to carry the full 

axial load of 614 kN. 

 

Figure 4.6 Final damage states. Note: cracks in bold lines are the widest 
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Specimen MSQ2  

Increasing the ALR in MSQ2 altered the failure mode to a clear strut failure, as evidenced by 

the extensive web crushing over approximately 70% of the wall length (Figure 4.6b). During 

the first excursion to -1.2% drift, the concrete spalling at the flexural compression zone had 

advanced diagonally so far that the diagonal compression strut⸺carrying the shear force into 

the concrete base⸺started losing its integrity. Concurrently, the boundary longitudinal bars 

were excessively compressed to compensate the concrete loss, and soon afterwards, a massive 

sequential fracturing of eight bars was observed at -1.05% drift. Further loading resulted in 

crushing of the strut and fracturing of the two vertical web bars located nearest the compressed 

boundary element at -1.17% drift (Figure 4.7d). The test was terminated at this point, after the 

lateral load capacity had dropped by approximately 50%. 

 

Figure 4.7 Close-up photos for the major damage states. 

Table 4.3 Test results 

Specimen 

* Initial 

cracking 

* Shear 

cracking 

 

* Cover 

splitting 

* Cover 

spalling 
Peak 

P δ P δ P δ P δ P δ 

MSQ1 302 0.17 367 0.30 449 0.58 497 0.80 +561/-505 +1.13/-1.13 

MSQ2 335 0.17 430 0.41 490 0.63 530 0.80 +590/-550 +1.10/-1.17 

MSQ3 257 0.17 338 0.36 528 0.82 576 1.0 +683/-673 +1.54/-1.40 

MSQ4 286 0.18 353 0.31 548 0.80 638 1.1 +732/-615 +1.81/-1.13 

Note: P and δ are lateral load (kN) and corresponding drift (%). 
*Average from both directions of loading 

Specimens MSQ3 and MSQ4 

The failure of MSQ3 and MSQ4 occurred by crushing at the bottom end of the diagonal strut 
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(i.e., strut failure), coinciding with fracturing of the boundary longitudinal bars as well as the 

vertical web bars located nearest the compressed boundary element. Specimen MSQ3 failed 

after attaining 1.54% drift (in +ve direction), whereas the failure of MSQ4⸺having the 40% 

higher vertical web reinforcement ratio than MSQ3⸺occurred upon achieving +1.81% drift. 

Because the damage states in Figure 4.6 do not clearly show the difference in the failure modes 

of MSQ3/MSQ4 and MSQ1, close-up photos of the crushing bands at the back-face of these 

walls are presented in Figure 4.8a,b. These photos illustrate the crushing band widths at the 

onset of crushing and better reflect the difference. Also shown in Figure 4.8c is the progression 

of compressive strains in the vertical web bars nearest the compressed boundary element of the 

three walls. As can be seen, the vertical web bars in MSQ3 and MSQ4 were excessively 

strained to resist the diagonal compressive stresses in the strut, experiencing a maximum strain 

of approximately -7500 μϵ prior to their fracture. Meanwhile, the vertical web bars in MSQ1 

did not experience more than -4400 μϵ and did not fracture, indicating that the failure was 

concentrated only to the boundary element of that wall. 
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Figure 4.8 Differentiation between shear-flexure and strut crushing failure modes. 

4.4.2 Hysteretic Response 

Figure 4.9 presents the hysteretic load-displacement/drift response of the specimens. Since all 

the specimens showed a high degree of repeatability (that is, insignificant changes in the 

measured load resistance) with successive loading at the same displacement/drift amplitude, 

only the first loading cycles are presented in Figure 4.9 for clarity. The occurrence of special 

events, e.g., flexural and shear cracking, cover splitting and spalling, and concrete crushing are 

identified with symbols in the figure. 
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Figure 4.9 Lateral load-displacement/drift response. 

In essence, the hysteretic response of all specimens appears to be self-centering with no 

significant load or displacement residuals during a large part of the test. This behavior stems 

mainly from the elastic nature of the GFRP bars, which allowed the cracks to realign and close 

(with negligible mismatching) between load reversals. Also, none of the test specimens showed 

any sign of strength degradation or significant shear pinching, despite their shear-dominated 

behavior. Table 4.3 provides the peak lateral loads and drifts of the specimens. 
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A close inspection of Figure 4.9 revealed that the “characteristic shape” of the hysteresis loops 

changed at different loading stages. Figure 10 shows the typical shape of the loops at three 

distinct stages, namely, the initial pre-cracking stage, the post-cracking-to-spalling stage, and 

the post-spalling stage. From these plots, the change in the loop shape with increased loading 

can be easily discerned.  

 

Figure 4.10 Characteristic shape of the hysteresis loop at different loading stages. 

Prior to cracking (drift levels ≤ 0.18%), the specimens exhibited an initially stiff behavior, 

having very thin loops with negligible amounts of dissipated energy that could be attributed to 

the occurrence of microcracking or any other internal damage that was invisible to the naked 

eye. As cycling progressed, flexural-shear cracking was observed at 0.18% drift, with a 

consequent stiffness reduction displayed by gradual flattening of the hysteresis loops over the 

subsequent loading cycles. At this stage, the load-displacement response settled into relatively 

wider loops with higher amounts of dissipated energy (Figure 4.10b). The loading and 

unloading branches in each loading direction resembled an approximately bilinear response, 

and both had almost the same stiffness (i.e., were parallel to each other). Therefore, the 

hysteretic breadth⸺defined as the normal distance between the loading and unloading 

branches⸺was approximately constant over the loop area. With the occurrence of cover 

spalling at 0.8-1% drift (Figure 4.10c), the hysteresis loops opened considerably, indicating the 

loss of self-centering ability. In contrast to a pinched response, at this stage, the largest 

hysteretic breadth in all specimens, except MSQ2, occurred around the graph origin. 

Increasing the ALR in MSQ2 resulted in narrower hysteresis loops with limited shear pinching, 
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manifested by near-zero stiffness around the graph origin (but within a small displacement 

range). The pinched hysteresis of MSQ2 is attributed mainly to the effect of the increased ALR 

on the shear crack-associated kinematics. As shown in Figure 4.11, increasing the ALR tended 

to restore the vertical component of the shear crack opening (wv) before the full recovery of the 

horizontal component (wh) while unloading the specimen; this led to the imperfect alignment 

and closure of the cracks at zero load levels. The completion of the crack closure upon load 

reversal was associated with insignificant shear force and hence stiffness, but once all the 

cracks locked up completely, the stiffness was regained until hitting the apex of the new cycle 

and unloading to have the same behavior repeated. 

 

Figure 4.11 Shear crack-associated kinematics. 

4.4.3 Web Reinforcement Strains 

In general, the web reinforcement strains (horizontal and vertical) were greatly affected by the 

presence of a nearby shear crack and, accordingly, the largest strain values were recorded along 

the main diagonals of the specimens. Away from the main diagonals, no considerable strain 

values were recorded in the web reinforcing bars. It was also noticed that in all specimens, 

strains measured in the horizontal web bars were considerably higher than those measured in 

the corresponding vertical bars, which might be explained by the tensile strain in the vertical 

bars being counteracted by the axial compression load.  
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Figure 4.12 Web reinforcement strain response. 

Figure 4.12 shows the strain-displacement/drift response of the web reinforcing bars of MSQ2 

and MSQ4. The plots of MSQ1 and MSQ3 are omitted herein for brevity; they demonstrated 

similar trends as MSQ2 and MSQ4. Figure 4.12 shows that the web reinforcing bars (horizontal 

and vertical) experienced negligible tensile straining at early loading up to +0.35% drift, which 

coincided with the formation of the first shear crack in the positive loading direction. 

Subsequently, the measured strains increased noticeably in this direction with a gradual 

accumulation of residual strains in the horizontal bars; no appreciable residual strains were 

recorded in the vertical bars. In the negative loading direction, the strain readings in the 

horizontal bars appeared to be controlled by residual straining from the positive direction 

(Figure 4.12a), unless a shear crack had already formed in the negative direction, leading to an 

approximately axisymmetric strain response, as can be seen for MSQ4 (Figure 4.12b). 

The substantially higher strains experienced by the horizontal over the vertical web 

reinforcement suggest that it was more effective in resisting the applied shear. However, the 

relative effectiveness of the two reinforcements is function of the ALR and the wall aspect ratio 

(αs), and it is thought that the vertical reinforcement would be more effective for walls with αs 

< 1 (Baek et al. 2017; Mun et al. 2017). 
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Figure 4.13 Horizontal reinforcement strain: (a) Maximum horizontal strain versus 

displacement/drift envelopes , and (b) horizontal strain distribution over the wall height. 

Figure 4.13a presents the envelope curves of the lateral displacement/drift versus the maximum 

measured horizontal strain. As can be noted, the horizontal strain commenced with shear 

cracking and increased almost linearly with the lateral displacement/drift, but at different rates, 

depending on the ALR and the horizontal web reinforcement ratio. Increasing the ALR in 

MSQ2 or the horizontal web reinforcement ratio in MSQ3 significantly reduced the rate of 

strain increase as compared to MSQ1. On the other hand, the vertical web reinforcement ratio 

appeared to have a little effect on the horizontal strain increase rate, which can be clearly seen 

by comparing the trends of MSQ3 and MSQ4. The maximum strain recorded prior to the 

specimens’ failure ranged between 7000µϵ and 9500µϵ, which correspond to 35 and 47.5%, 

respectively, of the bare-bar rupture strain (20000µϵ). 

Figure 4.13b shows the horizontal strain distribution over the specimens’ height. As can be 

seen, the elastic nature of the GFRP bars resulted in a gradual distribution of strains over the 

specimens’ height, with a maximum strain moving towards the mid-height as the horizontal 

web reinforcement ratio was increased. This finding supports the earlier observations made by 

Mohamed et al. (2014a) and Arafa et al. (2018a) for GFRP-RC mid-rise and squat walls, 

respectively. 
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4.4.4 Boundary Reinforcement Strains and Shear Resistance 

Mechanisms 

Since structural walls can be thought of as deep beams oriented in the vertical direction, their 

shear resistance is provided by the same mechanisms as in deep beams, i.e., the truss and direct-

strut mechanisms. For mid- and high-rise walls, the direct strut is quite steep and hence rather 

ineffective, which makes the truss mechanism predominant in these walls. For squat walls, on 

the other hand, the direct strut is quite effective and can attract a larger portion of the laterally 

applied load than the truss mechanism. The relative influence of the two mechanisms can be 

deduced by measuring the change in the strain of the boundary longitudinal reinforcement 

along the wall height. The more the strain changes with height, the more influential is the truss 

mechanism. 

Figure 4.14 presents the typical strain profiles of the boundary longitudinal reinforcement at 

different drift levels. As can be seen, the strains are approximately uniform with height, 

indicating that the direct-strut mechanism was predominant in the tested walls, even at low 

loading levels. Prior to failure, the longitudinal-reinforcement strain averaged 5800, 4700, 

5900, and 6000µϵ over the height of MSQ1, MSQ2, MSQ3, and MSQ4, respectively. These 

values did not exceed 31% of the bare-bar rupture strain of the longitudinal GFRP bars. 

 

Figure 4.14 Typical longitudinal strain profiles. 
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4.4.5 Energy Dissipation 

It is generally accepted that energy dissipation by hysteretic damping is a viable means by 

which structural survival of large earthquake-imposed displacements can be assured. For mid- 

and high-rise walls failing in a purely flexural mode, the main source of energy dissipation is 

flexural hinging near the wall base. For squat walls, however, flexural hinging cannot be 

ensured (due to their low aspect ratio) and, thus, recognition must be given to other mechanisms 

of energy dissipation, such as multi-directional cracking and nonlinear shear deformations. 

Accordingly, the energy dissipation characteristics of the test specimens were analyzed 

considering the individual contributions of both flexural and shear deformations to the 

dissipated amounts. 

As a first step in the analysis, the lateral displacement measured at the top of the specimens 

was decoupled into flexural and shear displacement components, following the procedure 

illustrated by Mohamed et al. (2014b). Second, the energy dissipated by each mechanism over 

the first cycle of each drift level (Ei-f and Ei-sh for flexure and shear, respectively) was calculated 

as the area enclosed by the cycle’s hysteresis loop. And third, the “cumulative” amounts of 

energy dissipated by each mechanism (Eac-f and Eac-sh) were calculated by summing up the 

dissipated energies (Ei-f and Ei-sh) over the consecutive drift cycles and plotted against the lateral 

displacement/drift in Figure 4.15. The out bold-line labeled “Eac-tot” in Figure 4.15 represents 

the “total cumulative” energy dissipated by both mechanisms at each drift level (i.e., the sum 

of Eac-f and Eac-sh). Table 4.4 summarizes the Eac-f, Eac-sh, and Eac-tot values calculated prior the 

failure of each specimen. 
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Figure 4.15 Energy dissipation versus lateral displacement/drift plots. 

 

Table 4.4 Deformability and energy dissipation 

Specimen J 
Cumulative dissipated energy at failure 

Eac-tot Eac-f Eac-sh % Eac-f % Eac-sh 

MSQ1 2.44 21.1 9.5 11.6 45.0 55.0 

MSQ2 1.86 19.7 14.7 5.0 74.7 25.3 

MSQ3 2.55 30.1 20.6 9.5 68.0 32.0 

MSQ4 3.03 26.1 21.8 4.3 83.5 16.5 

Note: J is the deformability factor; Eac-tot is the total dissipated amount (kN.m); 

Eac-f and Eac-sh are the amounts dissipated by flexure and shear, respectively, and 

%Eac-f and %Eac-sh are relative contribution (in %) of both mechanisms to Eac-tot. 
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The Eac-tot trends plotted in Figure 4.15 indicate that the specimens dissipated negligible 

amounts of energy at small drift levels up to flexural-shear cracking at 0.18% drift. After 

cracking, the dissipated energy increased consistently with the lateral drift (as demonstrated by 

the semi-linear Eac-tot trends) until the occurrence of cover spalling, which coincided with 

significant opening of the hysteresis loops and sharp increase in the Eac-tot values. Prior to 

failure, specimens MSQ1 and MSQ2 showed similar values of Eac-tot in spite of the narrower 

hysteresis loops of MSQ2 (refer to Figure 4.15 and Table 4.4). The reason is that increasing 

the ALR in MSQ2 resulted in higher load resistance at the end of each cycle than MSQ1, which 

compensated for the effect of the narrower loops on the dissipated amounts. Increasing the 

horizontal web reinforcement ratio substantially enhanced the energy dissipation capacity of 

the specimens as for instance, specimen MSQ3⸺with the 65% higher horizontal reinforcement 

ratio than MSQ1⸺dissipated 42.5% higher amount of energy before failure. Increasing the 

vertical web reinforcement ratio, meanwhile, had insignificant effect on the energy dissipation 

capacity, which can be clearly seen by comparing the Eac-tot values of MSQ4 and MSQ3 given 

in Table 4.4. 

Figure 4.15 also shows that in all specimens, the shear contribution to Eac-tot was quite small at 

initial loading levels but increased markedly upon the formation of the first shear crack at 

0.35% drift. In MSQ1, the contributions from shear and flexure to Eac-tot were approximately 

equal throughout the test. Increasing the ALR in MSQ2 significantly reduced the shear crack 

widths and number, which, in turn, decreased the shear contribution to Eac-tot as compared to 

MSQ1. At the end of the test, the energy dissipated by shear alone in MSQ2 (Eac-sh) made only 

25% of Eac-tot (refer to Table 4.4). Similarly, increasing the web reinforcement ratio 

(horizontal/vertical) substantially decreased the shear contribution, which made 32% and 

16.5% of Eac-tot prior to the failure of MSQ3 and MSQ4, respectively. 

4.5 Effect of Test Variables on the Wall General Response 

The effect of test variables on the cracking behavior and amount of damage experienced by the 

specimens can be clearly inferred from Figure 4.6 and Figure 4.16. Although increasing the 
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ALR in MSQ2 yielded in better crack control (as compared to MSQ1), it resulted in much more 

extensive damage, as evidenced by the wider crushing band and the larger number of fractured 

GFRP bars at the end of the test. Increasing the web reinforcement ratio in MSQ3 and MSQ4 

reduced the crack widths, as did the axial load, but by redistributing the cracks at closer spacing 

(the average crack spacing was 105 and 115 mm in MSQ3 and MSQ4, respectively, versus 150 

mm in MSQ1 and MSQ2). This is because increasing the web reinforcement decreased the 

effective concrete area in which the shear crack width was controlled by the web bar and, thus, 

enhanced the bond effects. This, in turn, reduced the transfer length along which the crack-

causing forces were transferred to the intact concrete between the cracks by bond stresses (i.e., 

the crack spacing). Since the four specimens failed in different modes and at different drift 

levels, it would be unfair to compare the crack widths at the ultimate state. Instead, they could 

be compared at 1% drift, which is lower than the drift level corresponding to the failure of 

MSQ1 and MSQ2. At 1% drift, the crack width in MSQ2, MSQ3, and MSQ4 was smaller than 

the crack width in MSQ1 by 14%, 18%, and 40%, respectively. 

 

Figure 4.16 Shear crack width versus later displacement/drift envelope. Note: the figure 

render’s the crack width measured in the positive loading direction. 

Figure 4.17 compares the envelope load-displacement/drift curves of the specimens. As can be 

seen, the curves present a nearly bilinear response defined by concrete cracking and post-

cracking stages. The four specimens had almost the same initial stiffness up to the occurrence 

of flexural-shear cracking, followed by a stiffness reduction, but with different tendencies, 
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depending mainly on the horizontal web reinforcement ratio. The ALR and vertical web 

reinforcement ratio appeared to have an insignificant effect on the post-cracking tangent 

stiffness (that is, the slope of the second segment of the bilinear response). 

Figure 4.17 shows that increasing the ALR in MSQ2 postponed the first occurrence of cracking 

but had negligible effect on the shear strength and drift capacity. In contrast, increasing the 

web reinforcement ratio (horizontal/vertical) showed a direct impact on the shear strength and 

drift capacity, but with the vertical reinforcement being less influential than the horizontal 

reinforcement. For instance, increasing the horizontal web reinforcement ratio by 65% in 

MSQ3 increased the shear strength and drift capacity by 22% and 36%, respectively, as 

compared to MSQ1; whereas a 40% increase in the vertical web reinforcement ratio in MSQ4 

resulted in only 7% and 17.5% higher strength and drift capacity, respectively, as compared to 

MSQ3. 

 

Figure 4.17 Lateral load–displacement/drift envelopes. 

To further investigate the effects of the test parameters, the lateral-displacement deformability 

factor J (an analogous to the lateral displacement ductility [µ] of steel-RC walls) was evaluated 

using the procedure suggested by Tomăzevič (1999) for shear-critical RC walls. In this 
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procedure, the envelope load-displacement curve is bilinearly idealized as shown in Figure 

4.18. The first line segment of the idealized envelope is a secant passing through the point of 

loading which corresponds with the observation of the first shear crack. The second line 

segment (plateau) of the idealized envelope begins at the intersection of the first line segment 

and the idealized ultimate load (Pe), and ends at the ultimate displacement (Δu) with zero slope. 

The value of Pe is determined by equating the total strain energy of the experimental and 

idealized load-displacement envelopes, defined as the area under each load-displacement 

envelope. Finally, the deformability factor J is calculated as the ratio Δu/Δe, where Δe is the 

displacement corresponding to Pe. Table 4.4 lists the calculated deformability factors. As 

indicated in the table, increasing the axial load negatively affected the wall deformability; the 

doubled ALR in MSQ2 resulted in a 23% lower deformability factor compared to MSQ1. 

Increasing the horizontal web reinforcement ratio, on the other hand, did not significantly affect 

wall deformability, while increasing the vertical web reinforcement ratio by 40% in MSQ4 

increased the deformability by 24% as compared to MSQ3. 

 

Figure 4.18 Bilinear idealization of the lateral load-displacement/drift envelope (MSQ3). 

 



 

4.6 Summary and Conclusions 91 

 

  

4.6 Summary and Conclusions 

Four large-scale squat concrete walls reinforced solely with GFRP bars were tested under 

combined axial and reversed-cyclic lateral loads. The specimens were designed and detailed 

according to ACI 318-19, CSA A23.3-04, and CSA S806-12, where applicable, dictated by the 

capacity of the lateral loading system, which resulted in wall segments measuring 150 mm in 

thickness, 1400 mm in length, and 1600 mm in height. The tests aimed at investigating the 

influence of axial load ratio (ALR) and web reinforcement ratio (horizontal and vertical) on 

the seismic response of GFRP-RC squat walls. Observations and conclusions include the 

following: 

1. All the specimens could achieve their peak strength with a stable hysteretic response, 

characterized by negligible shear pinching and no strength degradation up to failure. 

No signs of premature failure (anchorage or sliding shear failure) were observed. 

Furthermore, no significant reductions in the load resistance or increases in the 

measured strains were recorded with successive loading at the same displacement/drift 

amplitude, indicating that FRP-RC elements may be less susceptible to low-cycle 

fatigue problems than steel-RC ones. 

2. All the specimens experienced a shear mode of failure, characterized by severe web 

cracking and concrete crushing at the most compressed fields, as well as fracturing of 

the boundary longitudinal bars and the vertical web bars closest to the compressed 

boundary element. 

3. Increasing the ALR significantly reduced the shear-cracking intensity and width, in 

addition to postponing the first-crack occurrence until a higher load. However, it had 

almost no effect on the shear strength and drift capacity as well as the energy dissipation 

characteristics of the specimens. 

4. Increasing the web reinforcement ratio (horizontal/vertical) was shown to have a direct 

impact on the shear strength and drift capacity, but with the vertical reinforcement being 

generally less influential than the horizontal reinforcement. For instance, a 65% 
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increase in the horizontal reinforcement ratio increased the shear strength and drift 

capacity by 22% and 36%, respectively, whereas a 40% increase in the vertical 

reinforcement ratio resulted in 7% and 17.5% increases in the same response 

parameters. The shear crack widths were also found to considerably decrease by 

increasing the web reinforcement ratio (horizontal/vertical). 

5. The strains measured in the horizontal web bars were generally higher than those 

measured in the corresponding vertical bars, indicating that the horizontal 

reinforcement was more effective in resisting the shear forces for the tested walls (this 

point is in complete agreement with the previous concluding point). 

6. The elastic nature of the GFRP bars resulted in a gradual distribution of horizontal 

strains over the specimens’ height, with a maximum that tended to move towards the 

wall mid-height as the web horizontal reinforcement ratio was increased. 

7. The contribution of shear deformations to the cumulative energy dissipated prior to 

failure varied between 16.5% and 50%, depending on the ALR and web reinforcement 

ratio. Increasing the ALR or the web reinforcement ratio notably reduced the shear 

contribution. 

8. The wall deformability was found to increase by increasing the vertical web 

reinforcement ratio and decrease by increasing the ALR. The horizontal web 

reinforcement ratio had an insignificant impact on the specimens’ deformability. 
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Abstract 

his paper investigates the effect of aspect ratio (αs) and web reinforcement amount on 

the behavior of squat concrete walls reinforced entirely with glass fiber-reinforced 

polymer (GFRP) bars. Quasi-static, reversed-cyclic lateral load behavior of six large-scale 

walls―three with an aspect ratio of 1.14 and three with 0.68, detailed with different web 

reinforcement amounts―are compared. The specimens were designed and detailed as per CSA 

S806-12, CSA A23.3-14, and ACI 318-9, which resulted in segments with 150 mm in 

thickness, 1400 mm in length, and either 1600 mm or 950 mm in height (for αs = 1.14 and 0.68, 

respectively). It is shown that: 1) the GFRP-reinforced squat walls are able to achieve their 

peak lateral strength with a stable hysteretic response, characterized by negligible shear 

pinching and no strength degradation up failure; 2) the relative effectiveness of the web 

horizontal and vertical reinforcements in resisting the applied shear is a function of the wall 

aspect ratio; 3) increasing the web reinforcement amount substantially decrease the shear crack 

widths as well as the shear-induced deformations; 4) the fundamental period of GFRP-

reinforced squat walls can reach 2-to-3 times their original values prior to failure; and 5) until 

the development of new design provisions, the strut-and-tie calculations in CSA S806-12, 

Section 8.5 and ACI 318-19, Chapter 23 can be applied to the GFRP-reinforced squat walls. 
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5.1 Introduction 

Reinforced concrete (RC) walls are widely considered to provide an efficient bracing system 

and to offer great potential for both lateral load resistance and drift control. Squat RC 

walls⸺with a height-to-length ratio (aspect ratio) of less than two⸺are commonly used in the 

seismic design of bridges and low-rise buildings such as parking structures and safety-related 

nuclear facilities, and high-rise buildings where the lateral-load bracing system is disrupted 

near the base to accommodate large open spaces (Lefas et al. 1990; Luna and Whittaker 2019). 

The low aspect ratio of these walls usually results in short natural vibration periods (ranging 

between 0.1 and 0.5 sec, even after inelasticity has occurred), putting them in the acceleration-

sensitive range of a typical response-spectrum (Whyte and Stojadinovic 2014). Moreover, the 

behavior of these walls is initially flexure-dominated until the onset of inelasticity at the 

moment-critical zone, by which a transition to brittle shear/sliding-shear mode occurs, causing 

abrupt loss of strength and stiffness. Accordingly, they have long been judged as poorly 

responding structures that should be designed to remain “essentially elastic” (that is, they could 

be allowed to yield only marginally in a design-basis earthquake [ACI 349 2013; Kappos and 

Penelis 2014]). 

While conventional steel bars remain as the most widely used type of reinforcement, structures 

exposed to harsh environments, e.g., sea water and de-icing salts, have shown that the use of 

steel reinforcement can accelerate the structural deterioration due to expansive corrosion. 

Therefore, during the last two decades, the Civil Engineering community has been seeking 

alternative types of reinforcement whose physicochemical properties surpass those of steel, 

aiming to prolong the structures’ surface life. Apart from being corrosion-free, Fiber-

Reinforced Polymers (FRPs) are non-ferromagnetic and have high strength-to-weight ratio and 

high fatigue resistance, which made them a potential substitute for conventional steel (ACI 

440.1R 2015; CSA S806 2012). Unlike steel, however, these materials behave elastically 

without experiencing a ductile phase before their brittle rupture, raising many concerns about 

their applicability in earthquake-resistant elements. Consequently, a few studies can be found 

in the literature on the seismic performance of FRP-RC elements (Mohamed et al. 2014 a; 
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Arafa et al. 2018a,b; El-Gendy and El-Salakawy 2019; Ghomi and El-Salakawy 2019; Eladawy 

et al. 2020a,b; Huang et al. 202). 

Mohamed et al. (2014a) investigated the feasibility of using GFRP bars as internal 

reinforcement in mid-rise shear walls. The authors reported that: 1) the GFRP-RC walls could 

achieve their design strength with a stable hysteretic response characterized by minimal 

residual deformations and no strength degradation up to failure; 2) the large elastic 

deformations exhibited by the GFRP bars allowed the walls to adequately dissipate the seismic 

energy; and 3) the walls could accommodate lateral drifts up to 3.4%, exceeding the minimum 

drift capacity required by most design codes. More recently, Arafa et al. (2018a,b) examined 

the seismic behavior of nine squat walls with αs = 1.33: one reinforced with steel and eight with 

GFRP bars (detailed with different amounts of web reinforcement). The following observations 

were reported: 1) the steel-reinforced wall failed in a “premature” sliding mode due to alternate 

yielding of the flexural reinforcement, which resulted in a wide horizontal crack near the base 

that did not close upon unloading, forming a potential sliding plane; 2) using the GFRP bars 

allowed the cracks to realign and close between the load reversals, thereby inhibiting the sliding 

mode, and allowing the GFRP-reinforced walls to achieve higher strength and drift capacity 

than the steel-reinforced one; and 3) the web reinforcement amount had significant effect on 

the strength and drift capacity of the walls. Also, Huang et al. (2020) investigated the effect of 

aspect ratio on the seismic response of Carbon FRP (CFRP)-RC and hybrid-RC (CFRP/steel) 

squat walls. The authors concluded that: 1) the larger the aspect ratio, the higher the strength, 

and the lower the drift capacity; and 2) combining the damping capabilities of steel with the 

super-elasticity and restoration capacity of FRPs represents a reliable technology that can be 

used to mitigate the seismic damage in important elements which must operate after 

earthquakes, e.g., bridge piers. 

The laboratory tests presented in this paper were conducted to investigate the effect of aspect 

ratio and web reinforcement amount (horizontal/vertical) on the seismic response of GFRP-RC 

squat walls. Salient test results are presented and compared with the results of various analysis 

methods commonly used to estimate the shear strength and stiffness of RC walls. The study 

results provide valuable information to researchers and members of code committees regarding 
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the strength and deformation characteristics of GFRP-RC squat walls and represent a 

significant contribution to the relevant literature. 

5.2 Laboratory Test Program 

5.2.1 Test Specimens 

Six large-scale GFRP-RC squat walls―three with an aspect ratio (αs) of 1.14 (series MSQ) and 

three with 0.68 (series SSQ)―were constructed and tested under simultaneous axial (7.5% of 

the wall uniaxial capacity) and lateral reversed cyclic loads. The specimens were designed and 

detailed according to CSA S806-12 (CSA 2012), CSA A23.3-14 (CSA 2014), and ACI 318-19 

(ACI 2019), where applicable, which resulted in segments with 150 mm thickness, 1400 mm 

length, and either 1600 mm or 950 mm height (corresponding to αs = 1.14 and 0.68, 

respectively). The design process was implemented using an “inverse” procedure, in which the 

geometry and reinforcement details were assumed and used to back-calculate the 

corresponding flexural and shear capacities, but with upper-bound estimates of the material 

strengths, to establish the maximum wall size (which, in turn, was dictated by the capacity of 

the loading actuators). Each wall was integrated with a massive concrete base simulating a rigid 

foundation and to anchor the wall to the laboratory floor. The concrete base was overly 

reinforced with a combination of 25M grade 60 steel and No.8 GFRP bars in the longitudinal 

and transverse direction, respectively, to prevent premature failure or excessive cracking due 

to base moments. The specimen details are provided in Table 5.1 and Figure 5.1. 

 All the specimens were identically reinforced at the boundary zones with 12 No.4 longitudinal 

bars tied together using two overlapped No.3 rectilinear spirals with a pitch of 80 mm. The web 

reinforcement in specimens MSQ1 and SSQ1 consisted of two curtains of No.3 horizontal and 

vertical bars spaced at 250 mm and 200 mm, corresponding to web horizontal and vertical 

reinforcement ratios of 0.38 and 0.5%, respectively. These reinforcement ratios exceeded the 

0.25% minimum of CSA A23.3-14 and ACI 318-19  for controlling the shear crack widths in 

RC walls, and almost matched the 0.4% minimum required by the strut-and-tie provisions in 
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CSA S806-12 for GFRP-RC elements. Specimens MSQ3 and SSQ3 were identical to MSQ1 

and SSQ1, except that the web horizontal reinforcement ratio was increased to 0.63%. On the 

other hand, specimens MSQ4 and SSQ4 were similar to MSQ3 and SSQ3, except that the web 

vertical reinforcement ratio was increased to 0.7%. The aforementioned reinforcement ratios 

were calculated considering the actual tributary area of the boundary and web zones. The 

boundaries’ tributary was considered as the area including the longitudinal bars in addition to 

a 35 mm concrete cover, while the remaining wall area was taken as the web tributary (see ACI 

318-19, Figure R18.10.6.4a). 

The specimens were cast using normal-weight, ready-mixed concrete with a target 28-day 

compressive strength of 35 MPa. The individual concrete strengths determined from testing 

100×200 mm cylinders at the day of testing are listed in Table 5.1. Grade III, sand-coated 

GFRP bars (CSA 2019) and spirals were used to reinforce the walls. The mechanical properties 

of the GFRP reinforcement, as reported by the manufacturer (Pultrall inc. 2018), are provided 

in Table 5.2. Figure 5.2 shows a photographic view of the GFRP bars as well as the assembled 

cages of specimens MSQ3 and SSQ3. 

 

Table 5.1 Test matrix 

Specimen lw hw αs %N fc
ʹ sh sv ρl ρs ρh ρv 

MSQ Series 

MSQ1 1400 1600 1.14 7.5 39.8 250 200 4.48 5.0 0.38 0.50 

MSQ3 1400 1600 1.14 7.5 36.7 150 200 4.48 5.0 0.63 0.50 

MSQ4 1400 1600 1.14 7.5 36.8 150 125 4.48 5.0 0.63 0.70 

SSQ Series 

SSQ1 1400 950 0.68 7.5 35.0 250 200 4.48 5.0 0.38 0.50 

SSQ3 1400 950 0.68 7.5 33.0 150 200 4.48 5.0 0.63 0.50 

SSQ4 1400 950 0.68 7.5 33.0 150 125 4.48 5.0 0.63 0.70 

Note: lw and hw are the wall length and height (mm), respectively; αs is the wall aspect ratio;  %N is the 

axial load ratio (%); fc' is the concrete compressive strength (MPa); sh is the web horizontal reinforcement 

spacing (mm); sv is the web vertical reinforcement spacing (mm); ρl is the boundary longitudinal 

reinforcement ratio (%); ρs is the boundary spiral reinforcement ratio (%); ρh is the web horizontal 

reinforcement ratio (%); and ρv is the web vertical reinforcement ratio (%).  
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Figure 5.1 Specimen details and strain gauge location. All dimensions in mm. 

 

Table 5.2 Mechanical properties of the GFRP reinforcement 

Bar size & location Diameter 

(mm) 

Area 

(mm2) 

Tensile 

modulus (GPa) 

Rupture 

stress (GPa) 

Rupture 

strain (%) 

No.4  

Boundary longitudinal 
12.70 126.0 60 ± 6 1100 ± 20 1.83 

No.3  

Web vertical 
9.50 71.3 60 ± 6 1100 ± 20 1.83 

No.3  

Web horizontal 
9.50 71.3 50 ± 6 1022 ± 10 2.00 

No.3  

Boundary spiral 
9.50 71.3 50 ± 6 1022 ± 10 2.00 
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Figure 5.2 GFRP reinforcement. 

5.2.2 Test Setup and Loading Protocol 

Two different setups⸺specially designed at the University of Sherbrooke to prevent tilting of 

the walls and to provide a support for the actuators and measuring systems⸺were used in the 

tests (see Figure 5.3). The setup used for the MSQ series is described in significant detail 

elsewhere (Shabana et al. 2021), so only information relevant to the SSQ setup (Figure 5.3b) 

is included in the following. 

Before applying loads, the concrete base of the test specimen was rigidly mounted to the 

laboratory floor using four 65 mm tie-down rods pre-stressed to approximately 80% of their 

yield. The vertical load, simulating the axial compression force, was applied by means of four 

hydraulic jacks applying tension on four 32 mm high-strength steel rods anchored to the base. 

The vertical-load transfer assembly included two transverse steel beams (made of back-to-back 

C channels) rested on a third massive one, twenty-six steel rollers connected in a series, and 10 

mm thick plate grouted to the wall top, which all were conservatively designed to warrant a 

uniform load distribution and to accommodate the wall movements with minimal frictional 

resistance. The lateral load was applied by a single hydraulic actuator with a 250 mm total 

stroke and +1300/-1000 kN capacity (pushing/pulling). And lastly, four large hydraulic jacks 

were used to prevent sliding along the laboratory floor (two jacks at each end of the base). 
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Before testing began, the concrete base was compressed by these jacks to a force higher than 

the expected load-capacity of the specimen; and during the test, the compression force was 

maintained constant by manually controlling the hydraulic pressure in the jacks. 

 

(a) Setup of the MSQ series 

 

(b) Setup of the MSQ series 

Figure 5.3 Test setups. 

The lateral loading protocol imposed to the test specimens comprised the application of sets of 

two fully reversed lateral drift cycles at increasing drift levels. The drift levels were initially 

 

(i)General view  (ii) Side view of the setup  

 (i) General view (ii) Axial loading jacks and beams 

(iii) Steel rollers (iv) Base jacks 

Grouted plate 
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increased with increments of 0.05% up to 0.2% drift, followed by increments of 0.1% up to 

0.6% drift. Afterwards, the increments were increased to 0.2% up to 1.4% drift and then 0.30% 

up to failure. The first three drift levels in this protocol (i.e., 0.05, 0.1, and 0.15%) were selected 

to be conservatively lower than the level required to induce cracking in the specimens. 

5.2.3 Instrumentation 

A series of linear variable differential transducers (LVDTs) and strain gauges were used to 

obtain detailed deformation measurements. Figure 5.4 shows the layout of the LVDTs used, 

while the locations at which strain gauges were affixed to the reinforcing bars are depicted in 

Figure 5.1. As shown in Figure 5.4, two LVDTs were used to measure sliding displacements 

between the wall and its base as well as between the base and the laboratory floor (if any). Two 

LVDTs were mounted diagonally in an “X” configuration to compute the shear distortion 

within a distance of 100 mm above the base (referred to as the “shear panel” in the following). 

Two other LVDTs were mounted vertically at the wall boundaries to compute the flexural 

deformation. The lateral displacement was measured using one LVDT mounted horizontally at 

the wall top. The shear crack widths (wcr) were monitored in both loading directions using two 

high-accuracy LVDTs. 

An average of 35 and 30 strain gauges was used to measure strains in the MSQ and SSQ 

specimens, respectively. The boundary reinforcing bars were instrumented at three or two 

levels over the height, to obtain the longitudinal strain profiles. The web reinforcing bars, on 

the other hand, were instrumented with several pairs of strain gauges through the main diagonal 

(that is, the line joining the opposite corners of the wall) to quantify their contribution to the 

shear carrying capacity. 
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Figure 5.4 Layout of LVDTs. All dimensions in mm. 

5.3 Test Results 

5.3.1 Damage Progression and Failure Mechanism 

In this section, the qualitative test observations made during the tests are reported according to 

the occurrence and extent of cracking damage, concrete deterioration signs due to high 

compressive straining (e.g., cover splitting and spalling), and failure mechanism. The observed 

crack patterns and typical failure modes are shown in Figure 5.5 and Figure 5.6, respectively. 

Close-up photos of the major damage aspects are presented in Figure 5.7. The response 

parameters recorded at the major damage events are summarized in Table 5.3. 

Damage Progression in the MSQ Series 

Flexural-shear cracks were initially observed in bottom third of the specimens at 0.17% drift; 

these were almost horizontal within the tensile boundary element and were approximately 80-

90 mm apart, indicating that the rectilinear spirals acted as crack initiators. The first shear crack 

appeared independently from flexural cracks at 0.35% drift (on average), lying at roughly 37-

51º from vertical. Increasing the loading amplitude caused new shear cracks to develop in the 

web and to almost reach the compression edge. The developed shear cracks extended up to the 
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specimens’ top at progressively steeper angles, defining the direction of the compression struts, 

which in turn governed the specimens’ behavior. At 0.58-0.82% drift, splitting cracks were 

observed at the most-heavily compressed fibers of the boundary elements, associated with near-

vertical propagation of the shear cracks in the compression zone (Figure 5.7a). At this level, 

the shear cracks originating from one direction were intersected by cracks originating from the 

opposite direction, resulting in a characteristic crisscross cracking pattern. Concrete-cover 

spalling started at 0.8-1.1% drift (Figure 5.7b), announcing the commencement of inelastic 

behavior at the toes. From this point onward, the cracking pattern did not change either in terms 

of the development of new cracks or in terms of length of the cracks; instead, only minor 

widening of the pre-existing cracks occurred until failure. 

The failure of MSQ1 occurred by localized shear-crushing at the bottom of the compressed 

boundary element (recognized as “shear-compression” failure): one of the major shear cracks 

penetrated so deeply into the compression zone, reducing its depth, and initiating failure there 

by concrete crushing, after attaining a peak load and corresponding drift of 561 kN and 1.13%, 

respectively. Increasing web reinforcement amount in MSQ3 and MSQ4 altered the failure 

mode to crushing of the diagonal compression strut carrying the shear force into the base 

(known as “diagonal-compression” failure) at 1.54% and 1.81% drifts, coinciding with 683 and 

732 kN peak loads, respectively. The strut crushing was accompanied by fracturing of the 

boundary longitudinal bars (Figure 5.7c) in addition to three or four of the web vertical bars 

located nearest the compressed boundary element (Figure 5.7d). 

Damage Progression in the SSQ Series 

Unlike the MSQ series, the cracking pattern of the SSQ series was of a primarily shear type 

(refer to Figure 5.5). The first evidence of cracking occurred at 0.1% drift in the form of short, 

inclined cracks near the bottom corners of the specimens. These cracks occurred because of 

residual shrinkage stresses in the corners and did not noticeably affect the behavior (in terms 

of load-displacement response and web reinforcement strains); therefore, they were not 

considered significant. The first shear crack occurred at 0.13% drift, lying at approximately 55˚ 

from vertical. The formation of this crack, as well as most of the subsequent cracks, was 

associated with a momentary drop in the applied load, popping noise, and sharp increase in the 

nearby web reinforcement strains. Often, a few flexural cracks were observed at the wall 
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boundaries either immediately upon shear cracking, or thereafter at a slightly higher load. At 

0.69-0.76% drift, concrete-cover spalling was noticed at the bottom end of the highest shear 

crack, due to local decrease of the compression zone depth at that section. Similar to the MSQ 

series, the cracking pattern stabilized at this point and further loading resulted in only minor 

crack widening, accompanied by local damage evidence, e.g., concrete grinding and chipping 

on the wall surface. Specimens SSQ1 and SSQ3 failed in shear-compression after attaining 

1.0% and 1.1% drifts, coinciding with 1071 and 1102 kN peak loads, respectively. The failure 

mode of SSQ4 could not be identified as the load limit of the actuator was reached before the 

specimen failed. Results will be reported for this specimen, however, because they are 

noteworthy with regard to the size of the specimen. 

 

 

Figure 5.5 Observed crack pattern before failure. 
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Figure 5.6 Typical strut and shear-compression failures. 

 

Figure 5.7 Close-up photos for the major damage states. 
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Table 5.3 Test results 

Spec. 

ID 

a
 Cracking 

Cover 

splitting 

 

Cover 

spalling 
b
 Peak cKi/KASCE T/T0 

J 

P δ P δ P δ P δ K43 K41 crack Ult. 

MSQ Series  

MSQ1 302 0.17 449 0.58 497 0.80 561 1.13 0.51 0.60 1.50 3.11 2.44 

MSQ3 257 0.17 528 0.82 576 1.00 683 1.54 0.47 0.53 1.55 2.87 2.55 

MSQ4 286 0.18 548 0.80 638 1.10 732 1.81 0.50 0.58 1.55 3.06 3.03 

SSQ Series  

SSQ1 370 0.13 888 0.69 970 0.79 1071 1.00 0.26 0.29 1.27 1.88 1.50 

SSQ3 365 0.13 916 0.72 1000 0.87 1102 1.10 0.27 0.30 1.25 1.85 1.55 

SSQ4 350 0.13 1000 0.76 ----- ----- 1300 1.10 0.27 0.30 1.28 1.75 >1.60 

Note: P and δ are the lateral load (kN) and corresponding drift (%), respectively; Ki is the measured initial 

stiffness; T is the instantaneous period; T0 is the initial period; and J is the deformability index. 
a Flexural-shear for the MSQ series and shear for the SSQ series. 
b The maximum from both loading directions. 
c Ki was calculated based on data recorded for the first loading excursion of each test. 

5.3.2 Hysteretic Response 

Figure 5.8 shows the hysteretic load-deformation response for all specimens. Because all the 

specimens showed high degree of repeatability (that is, insignificant changes in the measured 

load resistance) with successive loading at the same drift amplitude, only the first loading 

cycles are presented in Figure 5.8 for clarity. 

In essence, the hysteretic response of all specimens appears to be self-centering with no 

significant load or displacement residuals over a large part of the test. The SSQ specimens had 

narrower and more pinched hysteresis loops than the corresponding MSQ ones; and prior to 

cracking, all the specimens exhibited initially stiff behavior, having very thin loops with 

negligible amounts of dissipated energy. The crack initiation (at 0.17% [0.13%] drift in the 

MSQ [SSQ] series) was accompanied by significant stiffness reduction, displayed by gradual 

flattening of the hysteresis loops over the subsequent loading cycles. At this stage, the load-
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deformation response settled into relatively wider loops with higher amounts of dissipated 

energy. The concrete-cover spalling (at, on average, 0.95% [0.73%] drift in the MSQ [SSQ] 

series) was associated with further opening of the loops and hence increase in the dissipated 

energy. In contrast to a pinched hysteresis (such as that of the SSQ series), in the post-spalling 

range, the largest width of the MSQ loops occurred around the graph origin. 

 

Figure 5.8 Hysteretic load-displacement/drift response. 

Figure 5.9 presents the “characteristic shape” of the MSQ and SSQ loops prior to failure. A 

full description of the MSQ near-failure loop (Figure 5.9a) is presented in Shabana et al. (2021) 

and that discussion will not be repeated herein for brevity. The following few points give a 

flash-back scene of the observations made at the key-points of the SSQ loop (Figure 5.9b): 

• At point a, the specimen was subjected to the +ve peak load. The cracks caused by +ve 

loading were widely open while those caused by -ve loading were relatively well closed 
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under the action of clamping stresses. 

• During the unloading from a to b, the status of the closed cracks remained essentially 

unchanged. The elasticity of the reinforcing bars narrowed the opened cracks but did 

not close them completely because of their misaligned and damaged surfaces. The 

residual deformation at b could be attributed to plastic deformation in the concrete at 

zones of high compression (e.g., loading zone and the wall compression toe), permanent 

damage at the cracks, and irreversible slip between the web bars and surrounding 

concrete. 

• When the loading direction was reversed (i.e., -ve loading), the complete closure of the 

+ve cracks was associated with insignificant load resistance and hence stiffness, 

introducing a slightly pinched zone around the graph origin (path b-c). And upon 

unloading from d, a high tangent stiffness was maintained until the load changed sign, 

at which point the stiffness dropped significantly, introducing a second pinched zone 

between p and g. 

• At point g, the rough surfaces of the -ve cracks started getting in firm contact, and 

stiffness was regained until hitting the new apex (point k) and unloading to have the 

same behavior repeated. 

 

 

Figure 5.9 Characteristics shape of the near-failure hysteresis loops. 
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5.3.3 Web Reinforcement Strains 

In general, the web reinforcement strains were greatly affected by the presence of a nearby 

shear crack and, consequently, the largest strain values concentrated within the mid-section of 

the specimens (i.e., the mid-length and mid-height). Away from the midsection, no appreciable 

strains were recorded up to failure. In a few cases and only at advanced loading levels, high 

strain values were recorded by strain gauges located near the wall boundaries, perhaps due to 

cyclic bond degradation.  

 

Figure 5.10 Local strain response. 

Figure 5.10 shows the “local” strain response at the middle of the centermost web reinforcing 

bars, while Figure 5.11 compares the lateral drift versus “average” strain envelopes (from all 

gauges) of the specimens. As both figures indicate, for the two series of specimens, the web 

reinforcing bars were negligibly strained up to cracking, after which the strains increased 
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markedly, but with different rates, depending on the web reinforcement amount. For the MSQ 

series, strains measured in the web horizontal bars were considerably higher than those 

measured in the corresponding vertical bars; while for the SSQ series, the reverse was true, 

indicating that the relative effectiveness of both reinforcements is a function of the wall aspect 

ratio. This behavior is consistent with the remarks drawn by Barda et al. (1955), Luna et al. 

(2015), and Baek et al. (2017) for steel-RC walls, and can be attributed to the dependence of 

the shear crack angle on the wall aspect ratio: the lower the aspect ratio, the flatter the crack 

angle, and hence the larger the portion of the principal tensile stresses attracted by the vertical 

reinforcement and the lower the portion attracted by the horizontal reinforcement. According 

to the data shown in Figure 5.11, the horizontal and vertical strains were, on average, 7800 and 

3700 μϵ, respectively, at the ultimate state of the MSQ series, while they were 3400 and 8800 

με, respectively, at the ultimate state of the SSQ series. These values are less than 50% of the 

bare-bar rupture strain (Table 5.2). 

 

Figure 5.11 Lateral displacement/drift-average strain envelopes. 

5.3.4 Deformation Analysis 

The contributions to the wall lateral displacement of the individual response mechanisms, 

including flexural, shear and sliding-shear deformations, were computed using data generated 
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by the LVDTs and strain gauges. Following the procedure described by Mohamed et al. 

(2014b), the flexural contribution was computed based on the flexural rotation over the shear 

panel height using Equation 5.1, while the shear contribution was calculated based on the 

change in length of the two diagonal LVDTs using Equation 5.2. The sliding-shear contribution 

was directly obtained from the horizontal LVDT mounted at the wall-base interface. 

( )1 2 /fU h h V V l  =   =  −  (5.1) 

( ) ( )1 2 / 2s sU h d d d d d d lh   =  = − − −
  

 (5.2) 

where Uf and Us are the flexural and shear contributions, respectively; V1 and V2 are the 

displacement readings as recorded by the vertical LVDTs; d is the original diagonal length; d1
' 

and d2
′ are the deformed diagonal lengths; h and l are the shear panel height and length, 

respectively; and α is the center of rotation, defined as the relative distance from the top of the 

shear panel to the center of equivalent flexural rotation.  

The center of rotation (α) was taken as 0.63 and 0.53 for the MSQ and SSQ series, respectively. 

The 0.63 used for the MSQ series was calculated using the curvature and rotation distributions 

determined from the strain profiles in the boundary longitudinal bars, as described in Hiraishi 

(1984). The 0.53 used for the SSQ, meanwhile, is based on linear interpolation between the 

0.63 used for the MSQ series and α values calculated by Mohamed et al. (2014b) and Arafa et 

al. (2018c) for GFRP-RC walls with aspect ratio of 2.3 and 1.33, respectively. 

Figure 5.12 shows the contributions of the response mechanisms to the top lateral displacement. 

The small error existing between the sum of the calculated contributions and the measured 

displacement could be attributed to the difficulty in measuring extremely small displacements, 

especially those that occurred along the “X” configuration. Ignoring the displacement 

contributed by fixed-end rotation can also be a reason. As Figure 5.12 depicts, for the MSQ 

series, the shear contribution started off low (around 15-30% at 0.2% drift) and increased 

steadily as damage propagated to reach, on average, 43% of the total displacement prior failure. 

The flexural contribution, on the contrary, started as high proportion of the total in this series 

and slightly decreased towards the end, reaching, on average, 53.3% before failure. Increasing 

the web reinforcement amount in MSQ3/MSQ4 significantly reduced the shear contribution 
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(as compared to MSQ1) because the larger the web reinforcement amount, the stiffer the truss 

action contributed by this reinforcement, and hence the less the shear-induced deformation. 

This effect was, however, less pronounced in the SSQ series as can be clearly seen by 

comparing the trends of SSQ3 or SSQ4 to those of SSQ1. Also, the shear deformation in the 

SSQ series contributed the majority of the top lateral displacement, making up roughly 76% 

prior to failure. The sliding-shear contribution did not exceed 7% in both series. Table 5.4 

summarizes the contributions of the response mechanisms to the ultimate lateral displacement 

of the specimens. 

 

 

Figure 5.12 Contribution of response mechanisms to the top lateral displacement. 
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Table 5.4 Contribution of response mechanisms to the ultimate lateral displacement 

Specimen α %Us %Uf %Uslid 

MSQ Series 

MSQ1 

0.63 

50 47 3.0 

MSQ3 45 52 3.0 

MSQ4 34 61 5.0 

Average 43.0 53.3 3.7 

SSQ Series 

SSQ1 

0.53 

80 16 4.0 

SSQ3 76 19 5.0 

SSQ4 72 21 7.0 

Average 76 18.7 5.3 

Note: Uslid is the contribution of sliding-shear. 
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5.3.5 Stiffness Variation 

To assess the stiffness variation over the consecutive loading cycles, the secant stiffness 

(Ksec)—defined as the slope of the line joining the two peaks of the first loading cycle—was 

calculated at each drift and normalized to the initial, uncracked stiffness (Ki) (which, in turn, 

was calculated as secant for the first load step, which involved a force of less than 17% of the 

peak strength and a drift ratio of 0.05%). The normalized stiffness was then plotted against the 

lateral drift in Figure 5.13.  

 

Figure 5.13 Variation of normalized secant-stiffness with the lateral drift. 

As expected, considerable stiffness reductions took place in all specimens as higher 

deformations were imposed, but at much lower rates in the SSQ than the MSQ series. Initially, 

the secant stiffness of all specimens rapidly degraded reaching, on average, 43% and 65% of 

Ki upon first cracking in the MSQ and SSQ series, respectively. As cycling progressed, further 

degradation occurred, but at lower rates, to remain at relatively low values (of around 11% and 

29.5% of Ki in the MSQ and SSQ series, respectively) at advanced loading levels. Increasing 

the web horizontal reinforcement amount effectively reduced the severity and rate of stiffness 
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degradation in both series. Increasing the web vertical reinforcement amount, meanwhile, 

resulted in better control of the stiffness degradation in the SSQ series, but had almost no 

impact on the stiffness response of the MSQ series (as evidenced by the semi-identical trends 

of specimens MSQ3 and MSQ4). 

For assessment purposes, Equation 5.3⸺which is adopted in most design codes and 

standards⸺was used to calculate the initial stiffness. The measured-to-calculated stiffness 

ratios are given in Table 5.3. 
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and where Kf and Ks are the flexural and shear rigidities, respectively; Ig and Ag are the gross 

moment of inertia and area, respectively; and Gc = 0.4Ec is the concrete shear modulus. 

For uncracked walls, ASCE 43-05 (ASCE 2005) recommends the use of 100% of the flexural 

and shear rigidities, whereas ASCE 41-06 (ASCE 2006) recommends the use of 80% of the 

flexural rigidity and 100% of the shear rigidity. The 20% reduction in the flexural rigidity, 

recommended by ASCE 41-06, considers the construction joint between the wall and its base 

as a pre-existing flexural crack. 

The Ki/KASCE values shown in Table 5.3 indicate a poor correlation between the calculated and 

measured stiffnesses, with the correlation being poorer for the SSQ series (experimental Ki = 

27 and 30% of the ASCE 43 and ASCE 41 calculations, respectively), indicating that Equation 

5.3 is invalid for the GFRP-RC squat walls. A similar conclusion was reached for steel-RC 

squat walls by Sozen and Moehle (1993) and Devine et al. (2020), who attributed the 

discrepancy to the presence of web microcracks before testing and the base deformability 

during testing. A re-examination of the ASCE recommendations would, therefore, be prudent. 

5.3.6 Fundamental Period Shift 

According to the response spectrums adopted in most deign codes, for RC structures with 

fundamental periods ≥ 0.5 sec, an increase in the fundamental period due to concrete cracking 

will most likely reduce the earthquake-induced forces. However, for squat buildings with 
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fundamental periods ≤ 0.2 sec (which represent the initial portion of a spectrum), an increase 

in the period may increase the earthquake forces, thereby requiring a careful estimation of the 

magnitude and effects of this period “shift”. 

At any drift level, the structural period can be calculated as 2π√m/Ksec, where m is the reactive 

mass of an equivalent single-degree-of-freedom (SDOF) system, and Ksec is the secant stiffness 

corresponding with that drift. Assuming the structural mass, and hence the reactive mass of the 

SDOF, remains unaffected by the cracking damage, the structural period becomes proportional 

to 2π√1/Ksec and, accordingly, the period shift can be obtained as √Ki/Ksec. Given in Table 5.3 

are the calculated period shifts at the crack initiation and ultimate stage of the specimens. 

Consistent with the stiffness degradation trends in Figure 5.13, the calculated period shifts were 

significantly lower for the SSQ than the MSQ series. Upon crack initiation, the wall period 

averaged 1.53 and 1.27T0 in the MSQ and SSQ series, respectively, where T0 is initial period; 

and as the load progressed, further increases occurred to reach 3.0 and 1.83T0, respectively, at 

ultimate. Again, such period increases can amplify the earthquake-induced forces and should 

therefore be accurately estimated; this in turn requires extra care in calculating the stiffness. 

5.4 Effect of Test Parameters 

Figure 5.14a compares the normalized shear stress (νnrom = P/Ag fc
′
 ) versus drift envelopes of 

the specimens. As can be seen, the SSQ specimens were much stiffer and stronger than the 

MSQ specimens; and prior to cracking, the three specimens within each series had almost the 

same initial stiffness. After cracking, the envelope curves of each series diverged, indicating a 

direct impact of the web reinforcement amount on the post-cracking stiffness: the larger the 

web reinforcement amount, the stiffer the post-cracking response, but this effect was generally 

less pronounced in the SSQ series. Increasing the web horizontal reinforcement amount 

significantly increased the strength of the MSQ specimens but showed almost no impact in the 

case of the SSQ ones (a 65% increase in ρh increased the strength of MSQ3 by 22% over MSQ1, 

while it increased that of SSQ3 by only 3% over SSQ1). By contrast, increasing the web vertical 
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reinforcement amount did not noticeably affect the strength of the MSQ specimens, but seemed 

to have a strong impact on that of the SSQ ones (a 40% increase in ρv increased the strength of 

MSQ4 by only 7% over MSQ3, while it increased that of SSQ4 by more than 18% over SSQ3). 

 

 

Figure 5.14 Positive envelopes of normalized shear stress versus: (a) lateral drift, and (b) 

measured crack width. 

Figure 5.14b plots the measured crack width (wcr) against the normalized shear stress. In both 

series, the increased web reinforcement amount (horizontal/vertical) resulted in better crack 

control (at the same νnrom level, the measured wcr in specimen MSQ3 [SSQ3] was 

approximately 1.3 [1.25] times smaller than that in MSQ1 [SSQ1], and the measured wcr in 

MSQ4 [SSQ4] was 1.6 [1.1] times smaller than that in MSQ3 [SSQ3]). Also, the crack widths 

in the SSQ specimens were significantly narrower than in the corresponding MSQ ones, owing 

to the higher flexural stresses in the latter. Prior to failure, the measured crack widths averaged 

2 and 1.9 mm in the MSQ and SSQ series, respectively. Such crack widths should have resulted 

to insignificant shear resistance of the concrete region below the neutral axis due to aggregate 

interlock. 

To further investigate the effect of the test parameters, the lateral load-drift envelopes (not 
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presented in this paper) were bilinearly idealized as illustrated in Figure 5.15, to calculate the 

deformability index J. The first line segment in this idealization is a secant passing through the 

point of loading at which the first shear crack was observed. The second line segment, on the 

other hand, is a plateau passing through the idealized ultimate load Pi and ends at the ultimate 

drift (δu). The value of Pi is determined by equating the area under the experimental and the 

idealized envelopes, and the deformability index (J) is calculated as the ratio δu/δi, where δi is 

the drift ratio corresponding to Pi. The calculated J values are included in Table 3. It can be 

noticed that the SSQ specimens had around 60% less J values than the corresponding MSQ 

ones. Increasing the web reinforcement ratio (horizontal/vertical) remarkably enhanced the 

deformability of the MSQ specimens but had negligible effect on that of the SSQ ones. 

 

 

Figure 5.15 Bilinear idealization of the lateral load-drift envelope. 

5.5 Shear Strength Prediction 

The following code-based approaches were used to calculate the shear strength (ν) of the tested 

walls: 1) the sectional-shear design/analysis procedure in CSA S806-12, Section 8.4.4; 2) the 

sectional-shear design/analysis procedure in CSA S6-19 (CSA 2019), Section 16.8.7; 3) the 
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strut-and-tie method in CSA S806-12, Section 8.5; and 4) the strut-and-tie method in ACI 318-

19, Chapter 23. Table 5.5 summarizes the set of equations associated with these approaches. 

Note that Equations 5.5 and 5.6 (approach 1 and 2) are meant to provide the wall diagonal-

tension strength, but ν is not allowed to exceed peak shear strength limits for diagonal-

compression (νmax) of 0.22fc
ʹ and 0.25fc

ʹ, respectively. As such, ν values that are governed by 

the νmax limits indicate that diagonal-compression is expected to occur before diagonal-tension 

failure. The longitudinal strain ϵx in Equation 5.6 is solved for iteratively by initially guessing 

its value and evaluating Equation 5.6 to determine the corresponding ν; Equation 5.7a is then 

used to test the appropriateness of the guessed ϵx, and this process is repeated until convergence 

is obtained between the guessed and calculated ϵx. For the strut-and-tie calculations, the 

principal strain ϵl in Equation 5.8 (approach 3) was taken as the ratio wcr,av/wst, as suggested by 

Alejandre and Alcocer (2010), where wcr,av is the average crack width and wst is the strut width. 

A value of wcr,av = 2.1 mm was used in the calculations; this value is based on the results of the 

tested walls and is subject to change upon availability of further research. The strut width (wst) 

was estimated following the procedure described in Mun and Yang (2016). The calculated and 

measured strengths are compared in Table 5.6. 

As Table 5.6 indicates, the sectional-shear equation from CSA S806, Section 8.4.4 (approach 

1) yielded accurate predictions for all specimens with average measured-to-calculated strength 

ratios (νmeas/νcalc) of 1.12 and 1.39 for the MSQ and SSQ series, respectively, and a coefficient 

of variation (COV) of 13.3%. Nevertheless, the strengths predicted from this equation were not 

governed the νmax limit, indicating a diagonal-tension failure, which contradicts with the test 

observations, suggesting that the diagonal-compression stress limit in CSA S806-12 code may 

be too high for the GFRP-RC squat walls. The sectional-shear equation from CSA S6-19, 

Section 16.8.7, on the other hand, resulted in unduly conservative predictions for all specimens 

with average νmeas/νcalc ratios of 1.79 and 2.71 for the MSQ and SSQ series, respectively, and 

a COV of 23.5%. The strut-and-tie calculation according to ACI 318-19, Chapter 23 (approach 

4) demonstrated the most accurate predictions with average νmeas/νcalc ratios of 1.08 and 1.20 

for the MSQ and SSQ series, respectively, and a COV of 13.1%, despite the fact that they 

overestimated the strength of MSQ1 by 11%. The corresponding calculations in CSA S806-

12, Section 8.5 (approach 3) also gave satisfactory results with νmeas/νcalc ratios of 1.37 and 1.34 

for the MSQ and SSQ series, respectively, and a COV of 12.1%. It can, therefore, be concluded 
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that the strut-and-tie method is the best analysis/design method for GFRP-RC squat walls; and 

until the development of new provisions, the strut-and-tie calculations in ACI 318-19 and CSA 

S806-12 can be applied to these walls. 

Table 5.5 Shear strength equations 

Approach 1 

CSA S806-12 

Section 8.4.4 
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 shall not be taken greater than 3.0, 

and where Vc and Vf (N) are the concrete and FRP contributions to the shear 

resistance; dv (mm) is the effective shear depth (taken as the greater of 0.9d and 

0.72lw); Nf is the axial load (N); Ag (mm2) is the wall gross-section are; Afv (mm) is 

the area of one raw of the horizontal reinforcement; s (mm) is the horizontal 

reinforcement spacing; θ is the crack angle; and fv (MPa) is the average stress in the 

horizontal reinforcement (taken as the smaller of 0.4ffu and 0.005Ef). 

The factors km, kr, ka, and ks are to account for the moment-shear interaction, 

longitudinal reinforcement rigidity, arch (or direct-strut) action, and size effect, 

respectively, and can be calculated as follows: 
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where Mf (N.mm) and Vf (N) are the moment and shear at the wall base; and ρfl is the 

longitudinal reinforcement ratio. 

Approach 2 

CSA S6-19 

Section 16.8.7 
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Table 5.5 (Cont’d) Shear strength equations 

Approach 2  

CSA S6-19 

Section 16.8.7 

(Cont’d) 
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and where Afl (mm2) is the area of the boundary longitudinal bars; sze is the 

equivalent crack spacing parameter, calculated as 35sz /(10+ag) in which sz 

(mm) can be taken as the vertical reinforcement spacing and ag (mm) is the 

aggregate size (10 mm in this study); r (mm) is the radius of the bend at the 

horizontal bar ends; and ds (mm) is the bar diameter. 

Approach 3 

CSA S806-12 

Section 8.5 
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where ϵ1 is the principal tensile strain in the strut; wst is the strut width; and αst 

is the strut angle (measured from the vertical axis). 

Approach 4 

ACI 318-19 

Chapter 23 
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=                        (5.9) 

where βc and βs are the strut confinement and efficiency factors, respectively, 

taken as 1 and 0.75, respectively, for the case of the tested walls. 

Note: A unified notation system has been used instead of the actual notations for simplification purposes. 
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Table 5.6 Measured-to-calculated strength ratios 

5.6 Summary and Conclusions 

This paper presents the results of six GFRP-RC squat walls tested under combined axial and 

lateral reversed cyclic loads. The tests aimed at investigating the effects of aspect ratio (αs) and 

web reinforcement amount on the wall response, and examining the applicability of shear 

design provisions in ACI 318-19, CSA S806-12, and CSA S6-19 to the GFRP-RC squat walls. 

Observations and conclusions include the following: 

1- 1.All the specimens could achieve their peak lateral strength with a stable hysteretic 

response characterized by negligible shear pinching and no strength decay up to failure. 

2- The relative influence of the web horizontal and vertical reinforcements on the shear 

resistance appeared to be a function of the wall aspect ratio: the larger the aspect ratio, 

the more influential was the horizontal reinforcement. This point was confirmed by 

comparing the measured strains in the horizontal and vertical bars, which showed that, 

 Approach 1 Approach 2 Approach 3 Approach 4 

Specimen  
CSA S806-12,  

Sec. 8.4.4 

CSA S6-19,  

Sec. 16.8.7 

CSA S806-12,  

strut-and-tie 

ACI 318-19,  

strut-and-tie 

MSQ Series 

MSQ1 1.10 (DT) 1.81 (DT) 1.14 0.89 

MSQ3 1.10 (DT) 1.72 (DT) 1.48 1.15 

MSQ4 1.17 (DT) 1.84 (DT) 1.49 1.20 
a Average 1.12  1.79  1.37 1.08 

SSQ Series 

SSQ1 1.43 (DT) 2.89 (DT) 1.20 1.10 

SSQ3 1.26 (DT) 2.40 (DT) 1.30 1.15 

SSQ4 >1.49 (DT) >2.84 (DT) >1.52 >1.35 
a Average ~1.39 (DT) ~2.71 (DT) ~1.34 ~1.20 

b COV (%) 13.30 23.50 12.10 13.10 

Note: DT indicates a diagonal-tension failure. 
a Calculated for the three specimens within each series. 
b Calculated for the six specimens. 
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for walls with αs = 1.14, strains measured in the horizontal bars were significantly 

higher than those measured in the corresponding vertical bars, while the reverse was 

true for walls with αs = 0.68. 

3- The contribution of shear deformations to the wall lateral displacement ranged between 

34 and 80%, depending on the aspect ratio and web reinforcement amount. The higher 

the aspect ratio or the web reinforcement amount, the less the shear contribution was. 

4- The formation and progression of cracking in the tested walls was associated with a 

dramatic loss of stiffness. The severity and rate of stiffness degradation were 

considerably lower for walls with αs = 0.68 than those with αs = 1.14; and prior to 

failure, the secant stiffness averaged 0.29 and 0.1Ki in the two series, respectively, 

where Ki is the initial, uncracked stiffness. The vibration periods corresponding to these 

stiffnesses were 1.83 and 3T0, respectively, where T0 is the initial (undamped) period. 

5- The measured initial stiffnesses were substantially less than those computed according 

to ASCE 43-05 and ASCE 41-06, with the discrepancy being larger in the case of walls 

with αs = 0.68. A similar remark has previously been made for steel-RC squat walls. 

Considerable care should, therefore, be taken when using the ASCE stiffness methods. 

6- The shear strength equation in Section 8.4.4 of CSA S806-12 resulted in accurate 

predictions with average νmeas/νcalc ratios of 1.12 and 1.39 for walls with αs = 1.14 and 

0.68, respectively, and a COV of 13.3%. Nevertheless, the strengths calculated using 

this equation were governed by diagonal-tension failure, contradicting with the test 

observations, and indicating that the diagonal-compression limits in CSA S806-12 may 

be too high for GFRP-RC squat walls.   

7- The sectional-shear equation in Section 16.8.7 of CSA S6-19 yielded unduly 

conservative predictions with average νmeas/νcalc ratios of 1.79 and 2.71 for walls with 

αs = 1.14 and 0.68, respectively, and a COV of 23.5%, demonstrating its unsuitability 

for GFRP-RC squat walls. 

8- The strut-and-tie calculations in Chapter 23 of ACI 318-19 resulted in predicted 

strengths close to those achieved experimentally, with average νmeas/νcalc ratios of 1.08 

and 1.2 for walls with αs = 1.14 and 0.68, respectively, whereas the corresponding 

calculations in Section 8.5 of CSA S806-12 resulted in more conservative predictions 
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with average νmeas/νcalc ratios of 1.37 and 1.34, respectively. It is therefore suggested 

that either method is used for the analysis/design of GFRP-RC squat walls until the 

development of new design provisions.
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Abstract 

hile evaluating the stiffness properties is crucial for developing the response spectra 

of structures, none of the North American codes/standards⸺including ACI 318-19, 

ASCE/SEI 41-06, ASCE/SEI 43-05, and CSA A23.3-19⸺offers an explicit analytical 

approach for estimating the shear stiffness of cracked concrete squat walls. Furthermore, the 

paucity of experimental research has led to the lack of seismic design provisions for concrete 

structures reinforced with Fiber-reinforced Polymer (FRP) bars. Therefore, this study has been 

focused towards investigating the stiffness characteristics of concrete squat walls reinforced 

with glass-FRP bars, aiming at proposing a straightforward method of analysis that can be used 

to estimate the post-cracking shear stiffness. Four wall specimens⸺with aspect ratio (height-

to-length ratio) of 1.14⸺were constructed and tested under simultaneous axial and reversed-

cyclic lateral loads. Test results were analyzed in terms of stiffness degradation trends and 

decoupled flexural and shear deformations. An analytical model was developed for evaluating 

the secant shear stiffness at any load level in the post-cracking range. The model was achieved 

by idealizing the shear transfer mechanism of the web reinforcement using a variable-angle 

truss, and that of the web concrete using a direct strut-and-tie system representing the tied arch 

action developed through the web. A simple analytical expression was formulated for 

predicting the magnitude of average strain in the web horizontal reinforcement at failure. The 

validity of the derived model and expressions was examined by reproducing the load-shear 

displacement response of the tested walls. Further verification was also conducted by 

reproducing the response of steel-reinforced concrete squat walls available in the literature, 

considering only their pre-web-yielding range. 
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6.1 Introduction 

Reinforced concrete (RC) squat walls⸺with a height-to-length ratio of less than two⸺are 

commonly used in the seismic design of low-rise buildings such as parking structures and 

safety-related nuclear facilities, and high-rise buildings where the lateral-load bracing system 

is disrupted near the base to accommodate large open spaces (Lefas 1990). The low aspect ratio 

of these walls usually results in stiff elements with short natural vibration periods (0.2 to 0.5 

sec), putting them in the acceleration-sensitive range of a typical response spectrum. Therefore, 

for any ground motion of a given duration, these walls are expected to suffer a larger number 

of inelastic excursions, having a greater damage potential than mid- and high-rise walls with 

yield strengths of similar fractions of spectral values. Further, the behavior of these walls is 

mostly flexure-dominated up to yielding at the moment-critical zone, by which point a 

transition to brittle shear/sliding-shear mode occurs, causing abrupt loss of strength and 

stiffness. Accordingly, they have long been judged as poorly responding structures that should 

be designed for “essentially elastic” behavior (i.e., they could be allowed to yield only 

marginally in a design-basis earthquake [ACI 349-13; Whyte and Stojadinovic 2014]). 

Moreover, the combination of axial, flexural, and high shear loads on the web of these walls 

results in a complex multi-axial state, which, in turn, leads to intimate coupling of nonlinearities 

due to flexure and shear. Because of this coupling, conventional design approaches⸺based on 

plane-section analysis⸺do not apply to squat walls. One analytical approach which has been 

shown to provide an accurate design/analysis of these walls is the strut-and-tie method adopted 

in modern design codes for disturbed RC regions (Hwang et al. 2001; Mun and Yang 2016). 

Over the past two decades, a vast amount of research has demonstrated the feasibility and 

advantages of replacing conventional steel with fiber-reinforced polymer (FRP) bars to 

eliminate corrosion-related problems and reduce the life-cycle maintenance costs (ACI 

440.1R-15 [ACI 2015]; CSA S806-12 [CSA 2012]). Unlike steel bars, however, FRP bars do 

not yield; instead, they behave elastically without experiencing a ductile phase before their 

brittle rupture. This behavior has raised many concerns about their applicability in earthquake-

resistant structures and, accordingly, test programs have been conducted to scrutinize these 

concerns (Mohamed et al. 2014a; Tavassoli et al. 2015; Arafa et al. 2018a; Ghomi and El-
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Salakawy 2019; Elshamandy et al. 2018; Ali and El-Salakawy 2016; Eladawy et al. 2020a,b; 

Kharal and Sheikh 2020). 

Mohamed et al. (2014a) tested three mid-rise concrete shear walls reinforced with GFRP bars 

under simultaneous axial and reversed-cyclic lateral loads. The ultimate goal of the tests was 

to assess the feasibility of using GFRP as internal reinforcement in mid-rise RC shear walls. 

The authors reported that: 1) the walls showed a stable hysteresis characterized by small 

residual deformations and low cyclic degradation (that is, insignificant reductions in the load 

resistance with successive loading at the same drift amplitude); 2) the large elastic deformations 

exhibited by the GFRP bars allowed the walls to adequately dissipate the seismic energy, 

compensating for the lack of yielding; and 3) the walls could accommodate lateral drift levels 

of up to 3.0%, far exceeding the minimum drift capacity required in most design codes. More 

recently, Arafa et al. (2018a) tested five GFRP-RC squat walls⸺one with steel and four with 

GFRP bars⸺under cyclic lateral loads. The authors reported that: 1) the steel-reinforced wall 

failed in a sliding-shear mode due to alternate yielding of the flexural reinforcement, which 

resulted in a continuous horizontal crack near the base that did not close, forming a potential 

sliding plane; 2) the elastic nature of the GFRP bars allowed the cracks to realign and close 

between load reversals, thereby inhibiting the sliding mode, and allowing the GFRP-reinforced 

walls to achieve at least 71% and 50% higher load and drift capacity than the steel-reinforced 

one; and 3) the GFRP-reinforced walls had lower stiffness, indicating that for any ground 

motion, the vibration period of a GFRP-RC wall would be longer than that of an equivalent 

wall reinforced with steel bars. Despite all the aforementioned promising results, the inclusion 

of seismic provisions for shear walls in FRP-RC design codes is still hampered by the lack of 

analytical models able to predict the main response parameters, e.g., strength and stiffness. 

Additional testing programs are required to develop these models. 

The stiffness properties of RC walls control the estimation of the natural period and 

displacement demands as well as the distribution of lateral forces over the walls in a building. 

The magnitude of effective (that is, post-cracking) stiffness depends mainly on the stress 

distribution across the wall section and the extent of flexural and shear cracking over the wall 

height. For squat walls, the lateral behavior is mostly dominated by shear cracking and 

associated nonlinearities; therefore, the assumptions made in evaluating the shear stiffness 
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directly control the computed performance. The onset of shear cracking in these walls 

commonly results in a dramatic loss of stiffness and may be considered to represent the end of 

elastic behavior (FEMA 2000). Nevertheless, the adoption of uncracked shear stiffness still 

prevails in ACI 318-19 (ACI 2019) and CSA A23.3-14 (CSA 2014) for the post-cracking 

range, which hampers the actual prediction of the structural response and results in assigning 

artificially high seismic forces to the walls. 

To this end, this paper is intended to: 1) investigate the effects of the axial load and web 

reinforcement ratio on the stiffness characteristics of GFRP-RC squat walls; and 2) propose an 

analytical model for estimating the post-cracking shear stiffness, which is vital in terms of 

nonlinear pushover and dynamic analyses. 

6.2 Research Significance 

The results of four GFRP-RC squat walls⸺tested under simultaneous axial and reversed-cyclic 

lateral loads⸺are summarized, emphasizing the effects of the axial load ratio and web 

reinforcement ratio on the stiffness and deformation characteristics. An analytical model is 

developed for evaluating the shear stiffness in the post-cracking range. A mathematical 

expression is formulated for estimating the magnitude of average strain in the web horizontal 

reinforcement at failure. The validity of the developed model and expressions is examined 

against the results of the tested walls and other walls available in the literature. The research 

presented in this paper represents a significant contribution to the relevant literature and will 

support the work of the North American technical committees engaged in the development of 

seismic design provisions for FRP-RC structures. 

6.3 Laboratory Test Program 

6.3.1 Test Specimens 

Four large-scale GFRP-RC walls were constructed and tested under the combined action of 

uniform axial and quasi-static, reversed-cyclic lateral loads. The specimens were designed 
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using an “inverse” procedure in which the geometry and reinforcement details were assumed 

and used to back-calculate the corresponding flexural and shear capacities, but with the upper-

bound estimates of the material strengths, to establish the maximum wall size (which, in turn, 

was dictated by the capacity of the lateral loading actuator and the levels at which the actuator 

could be anchored to the reaction walls of the testing laboratory). The design calculations were 

performed according to ACI 318-19, CSA A23.3-19, and CSA S806-12, where applicable, 

considering two varying parameters: the axial-load ratio and the web reinforcement ratio 

(horizontal/vertical). The resulting wall dimensions were 150 mm (6 in) in thickness, 1400 mm 

(55 in) in length, and 1600 mm (63 in) in height, with a corresponding aspect ratio of 1.14. 

Each wall was integrated with a 2700×1200×600 mm (106.3×47.2×23.5 in) concrete base 

simulating a rigid foundation and to anchor the wall to the laboratory floor. The test matrix is 

presented in Table 6.1. The concrete dimensions and reinforcement details of the specimens 

are shown in Figure  6.1. 

Table 6.1 Test matrix 

Specimen lw hw αs %N fc
ʹ sfh sfv ρfl ρfs ρfh ρfv 

MSQ1 1400 1600 1.14 7.5 39.8 250 200 4.48 5.0 0.38 0.50 

MSQ2 1400 1600 1.14 15.0 39.0 250 200 4.48 5.0 0.38 0.50 

MSQ3 1400 1600 1.14 7.5 36.7 150 200 4.48 5.0 0.63 0.50 

MSQ4 1400 1600 1.14 7.5 36.8 150 125 4.48 5.0 0.63 0.70 

Note: lw and hw are the wall length and height (mm), respectively; αs is the wall aspect ratio;  %N is the 

axial load ratio (%); fc' is the concrete compressive strength (MPa); sfh is the web horizontal reinforcement 

spacing (mm); sfv is the web vertical reinforcement spacing (mm); ρfl is the boundary longitudinal 

reinforcement ratio (%); ρfs is the boundary tie reinforcement ratio (%); ρfh is the web horizontal 

reinforcement ratio (%); and ρfv is the web vertical reinforcement ratio (%).  

 



6.3 Laboratory Test Program 133 

 

  

 

Figure 6.1 Geometry and reinforcement details. All dimensions in mm. 

The specimens were identically reinforced at the boundary zones with 12 No. 4 longitudinal 

bars tied together using two overlapped No. 3 rectilinear spirals with a pitch of 80 mm. 

Specimens MSQ1 and MSQ2 had the same web reinforcement consisting of two curtains of 

No. 3 horizontal and vertical bars spaced at 250 and 200 mm, corresponding to horizontal and 

vertical reinforcement ratios of 0.38 and 0.5%, respectively. The only difference between 

MSQ1 and MSQ2 is that they were subjected to different axial load levels: 7.5 and 15%, 

respectively, of the wall axial capacity. Specimen MSQ3 was similar to MSQ1 in every respect, 

except that the web horizontal reinforcement ratio was increased to 0.63%. Specimen MSQ4 

was identical to MSQ3, except that the web vertical reinforcement ratio was increased to 0.7%. 

All the specimens were cast from normal-weight, ready-mixed concrete with a target 

compressive strength of 35 MPa. The actual concrete compressive strengths obtained on the 

day of testing are listed in Table 6.1. The mechanical properties of the GFRP reinforcement, 

as reported by the manufacturer (Pultrall inc. 2018), are provided in Table 6.2. 
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Table 6.2 Mechanical properties of the GFRP reinforcement 

Bar size & location Diameter 

(mm) 

Area 

(mm2) 

Tensile 

modulus (GPa) 

Rupture 

stress (GPa) 

Rupture 

strain (%) 

No.4  

Boundary longitudinal 
12.70 126.0 60 ± 6 1100 ± 20 1.83 

No.3  

Web vertical 
9.50 71.3 60 ± 6 1100 ± 20 1.83 

No.3  

Web horizontal 
9.50 71.3 50 ± 6 1022 ± 10 2.00 

No.3  

Boundary spiral 
9.50 71.3 50 ± 6 1022 ± 10 2.00 

 

The specimens were tested as simple vertical cantilevers using the test setup shown in Figure 

6.2. To provide adequate overturning and frictional resistance under lateral loading, the 

concrete base was anchored to the laboratory floor with four 65 mm Dywidag tie-down rods 

prestressed to 45% of their yield strength. A specially fabricated steel beam was used to transfer 

both axial and lateral loads to the wall specimen. The axial load was applied by means of two 

hydraulic jacks applying tension on two 32 mm high-strength rods placed at both ends of the 

specimen. The lateral load was applied using a single hydraulic actuator located 550 mm above 

the specimen. Out-of-plane bracing was used to prevent twisting of the specimen and ensure 

that only uniaxial displacements were applied. The lateral loading history applied two fully 

reversed drift cycles at increasing drift levels in increments of 0.05% up to 0.2% drift, then 

0.1% increments up to 0.6% drift, 0.2% increments up to 1.4% drift, and 0.3% increments up 

to failure. 
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Figure 6.2 Test setup. 

A series of linear variable differential transducers (LVDTs) and strain gauges were used to 

measure the critical response quantities. As shown in Figure 6.3, two LVDTs were mounted 

vertically at the wall boundaries to compute the flexural deformation. Two LVDTs were used 

in an “X” configuration to measure shear distortion within a distance of 1000 mm above the 

base (referred to as the “shear panel” in the following). The lateral displacements were 

measured using two LVDTs mounted horizontally at the top of the specimen and the top of the 

shear panel. The shear crack width (wcr) was monitored in both loading directions using two 

high-accuracy LVDTs. Strain gauges were mounted at several locations on the boundary and 

web reinforcements, as depicted in Figure 6.3b, to obtain the strain profile in the boundary 

longitudinal bars and to assess the behavior of the web reinforcing bars. 
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Figure 6.3 Instrumentation: (a) layout of LVDTs used, and (b) layout of strain gaugs. All 

dimensions in mm. 

6.4 Summary of Test Results and Observations 

6.4.1 Damage Progression and Failure Mechanism 

Figure 6.4 shows the final damage patterns of the specimens. The first evidence of damage 

occurred in the form of flexural-shear cracks near the bottom of the specimens at 0.18% drift; 

these cracks were almost horizontal at the boundary elements and slightly inclined 

(downwards) in the web owing to the effect of shear stresses. The first shear crack appeared 

suddenly in the web at 0.35% drift, lying at 37-51° from vertical. The formation of this crack, 

as well as most of the subsequent cracks, was associated with a momentary drop in the applied 

load, thudding noise, and sharp increase in the web reinforcement strains. The shear nature of 

the behavior was demonstrated from the suddenness with which these cracks formed; and 

immediately upon forming, the cracks spanned at least 80% of the wall length. At 0.6-0.8% 

drift, splitting cracks were observed at the most-heavily compressed fiber of the boundary 

element, associated with near-vertical propagation of the shear cracks in the compression zone. 

Concrete-cover spalling started at 0.8-1% drift, announcing the onset of inelastic compression 

behavior at the wall toes. The developed crack patterns stabilized at this point, and further 

loading resulted in only minor widening and lengthening of the pre-existing cracks. Up to 
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failure, no significant shear distress was observed as the damage was rather concentrated to 

loss of the concrete in the flexural compression zone; the shear-crack widths did not exceed 

2.1 mm (0.083 in) prior to the failure of all specimens. Table 6.3 summarizes the response 

parameters recorded at the above-described damage events. 

All the specimens failed in a brittle shear mode, exhibiting different failure mechanisms, 

depending on the axial load level and web reinforcement ratio. Specimen MSQ1 failed in a 

shear-triggered flexural mode: the propagation of one major shear crack in this wall reduced 

the compression zone depth, initiating failure by concrete crushing and fracturing of the 

boundary longitudinal bars. Increasing the axial load in MSQ2 or the web reinforcement ratio 

in MSQ3 and MSQ4 altered the failure mode to crushing of the diagonal compression strut at 

its bottom end, near the intersection with the compressed boundary element. And as can be 

noticed in Figure 6.4, specimen MSQ2 exhibited wider crushing band than the other specimen; 

this is because the increased axial load in this wall significantly reduced the elongation of the 

tensile edge and increased the shortening of the compression edge, resulting in a deeper 

compression zone at failure. 

 

Figure 6.4 Final damage patterns of the specimens. 
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Table 6.3 Damage Progression 

Specimen 

* Initial 

cracking 

* Shear 

cracking 

 

* Cover 

splitting 

* Cover 

spalling 
** Peak Hz strain 

P δ P δ P δ P δ P δ ϵfh,exp ϵfh,calc 

MSQ1 302 0.17 367 0.30 449 0.58 497 0.80 561 1.13 4920 3809 

MSQ2 335 0.17 430 0.41 490 0.63 530 0.80 590 1.17 4050 3700 

MSQ3 257 0.17 338 0.36 528 0.82 576 1.0 683 1.54 4450 3870 

MSQ4 286 0.18 353 0.31 548 0.80 638 1.1 732 1.81 3300 4033 

Note: P and δ are lateral load (kN) and corresponding drift (%). 
*Average from both directions of loading 
**Taken from failure direction. 

 

  

Figure 6.5 compares the lateral load-displacement/drift envelopes of the specimens. As can be 

seen, increasing the axial load delayed the crack initiation until a higher cracking-to-peak load 

ratio, but had negligible effect on the lateral load and drift capacity. The web reinforcement 

ratio (horizontal/vertical), on the other hand, had no influence on the cracking load but 

demonstrated a clear impact on the lateral load and/or drift capacity. For instance, increasing 

the horizontal web reinforcement ratio by 65% increased the lateral load and drift capacity of 

MSQ3 by 22% and 36%, respectively, over MSQ1, whereas a 40% increase in the vertical web 

reinforcement ratio increased the lateral load and drift capacity of MSQ4 by 7% and 17%, 

respectively, over MSQ3. It should be mentioned that the lower initial stiffness and cracking 

load exhibited by MSQ3 are attributed to the occurrence of slight cracking damage in the 

concrete base during the prestressing procedure. Further discussion on the experimental results 

can be found in Shabana et al. (2021). 
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Figure 6.5 Lateral load-displacement/drift envelopes. 

6.4.2 Stiffness Degradation 

Figure 6.6a shows the typical hysteretic load-displacement/drift response of the test specimens. 

The specimens exhibited an initially stiff behavior up to flexural-shear cracking, followed by 

a gradual stiffness degradation displayed by flattening of the hysteresis loops over the 

subsequent loading cycles. To assess this degradation, the secant stiffness (Ksec) was calculated 

at each drift level as the slope of the line joining the two peaks of the first loading cycle. The 

secant stiffness was then normalized to the initial, uncracked stiffness (Ki) and plotted against 

the lateral displacement/drift in Figure 6.6b. As can be seen, regardless of the axial-load level 

and web reinforcement ratio, the specimens exhibited similar degradation trends in terms of 

considerable stiffness reductions with increased lateral drift. Initially, the stiffness of all 

specimens rapidly degraded reaching, on average, 46% of Ki upon flexural-shear cracking at 

0.18% drift. Thereafter, the stiffness further degraded (due to crack spread, cover splitting and 

spalling, and cyclic bond degradation), but at lower rate, creating a plateau of comparatively 

low values (around 0.1Ki) prior to failure. It should be mentioned that, because GFRP 
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reinforcement is elastic up to failure, the rate of stiffness degradation in the post-cracking range 

might be lower in GFRP-RC squat walls than in steel-RC ones. The web shear yielding and 

associated hysteresis pinching in the latter commonly result in a dramatic loss of stiffness and 

steep degradation trends.  

 

Figure 6.6 Specimen response: (a) typical load-displacement/drift response (MSQ4), and (b) 

stiffness degradation trends of the specimens. 
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Despite the similar degradation pattern of the four specimens, some discrepancies exist 

between them. For instance, specimen MSQ1⸺with the lowest axial load and web 

reinforcement ratio⸺had the lowest Ksec/Ki ratios. Increasing the axial load ratio in MSQ2 

controlled the severity of the stiffness degradation in the post-cracking range and resulted in 

approximately 29% higher Ksec/Ki ratios than MSQ1. Similarly, increasing the horizontal web 

reinforcement ratio slightly decreased the rate of stiffness degradation and yielded higher 

Ksec/Ki ratios (specimen MSQ3 [horizontal reinforcement ratio of 0.63%] had, on average, 25% 

higher Ksec/Ki ratios in the post-cracking range than specimen MSQ1 [horizontal reinforcement 

ratio of 0.38%]). The vertical web reinforcement ratio, on the other hand, did not have 

noticeable effect on the stiffness degradation rate, as evident by semi-identical trends of 

specimens MSQ3 (vertical web reinforcement ratio of 0.5%) and specimen MSQ4 (vertical 

web reinforcement ratio of 0.7%). 

The lower stiffness response of MSQ1, compared with the other specimens, could be attributed 

to the localization of shear damage along the first-formed shear crack (FSC). As shown in 

Figure 6.7, for each loading direction, the FSC divided the specimen into two trapezium zones. 

For this crack to open, kinematics required a corresponding horizontal displacement and 

rotational movement of the upper zone with respect to the lower one. Consequently, the 

horizontal web reinforcement was heavily stressed to restrain the horizontal displacement, 

while the rotational movement was counteracted by the applied axial load and the tie-down 

action provided by the vertical web bars on the tension side of the specimen. Increasing the 

axial load in MSQ2 or the web reinforcement ratio in MSQ3 and MSQ4 restricted the FSC 

opening, which, in turn, reduced the lateral flexibility of the upper zone and, thus, resulted in 

higher stiffness ratios (i.e., higher Ksec/Ki ratios). 
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Figure 6.7 Kinematics of the FSC. 

6.5 Deformation Analysis 

The contribution of the flexural and shear response mechanisms to the lateral displacements 

experienced by the test specimens was computed using data generated by the LVDTs and strain 

gauges. Neglecting the displacement contribution by fixed-end rotation, the lateral 

displacement at any point on the top surface of a specimen can be expressed as follows: 

t f sU U U= +  (6.1) 

where Ut is the lateral displacement measured at the specimen top, and Uf and Us are the 

displacements contributed by the flexural and shear mechanisms, respectively. Following the 

procedure described by Mohamed et al. (2014b), the flexural contribution (Uf) was calculated 

based on the flexural rotation over the shear panel height (h) using Equation 6.2, while the 

shear contribution (Us) was estimated based on the change in length of the two diagonal LVDTs 

using Equation 6.3.  
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(6.3) 

where the 600 mm in Equation 6.2 is the vertical distance from the top of the shear panel to the 

top of the specimen (see Figure 6.3); V1 and V2 are the displacement readings as recorded by 

the vertical LVDTs; d is the original diagonal length; d1
′ and d2

′ are the deformed diagonal 

lengths; l is the shear panel length; and α is the relative distance from the top of the shear panel 

to the center of equivalent flexural rotation. Because the height of the X-configuration extended 

only 1000 mm above the base, Equation 6.3 was treated assuming that the shear distortion (γs) 

is constant over the entire wall height. In other words, the shear displacement calculated using 

this equation is equal to that occurring at the top of the shear panel multiplied by hw/h, where 

hw is the wall height. 

The center of rotation (α) was introduced by Hiraishi (1984) to correct the estimated flexural 

and shear contributions, and can be calculated as shown in Figure 6.8 and Equation 6.4. To 

assist in calculating α, average curvatures were calculated over the specimens’ height (Figure 

6.9a) using the strain profiles in the longitudinal bars. The average curvatures were then 

integrated to plot the rotation profiles (Figure 6.9b), from which the rotation distribution over 

the shear panel was extracted and α was calculated. The calculated α ranged between 0.65 for 

MSQ1 and 0.63 for MSQ4 (Table 6.4); these values approximately coincide with the common 

practice of assuming the center of rotation to be located at h/3 from the base (i.e., α = 0.67). 
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Figure 6.8 Determination of α. 

 

Figure 6.9 Curvature and rotation profiles over the specimens’ height. 
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Table 6.4 Contribution of flexure and shear response mechanisms to the lateral displacement 

Specimen 

ID  
α 

Positive 

Direction 

Negative 

Direction 

Uf /Ut Us /Ut Uf /Ut Us /Ut 

MSQ1 0.65 0.56 0.44 0.51 0.49 

MSQ2 0.64 0.70 0.30 0.57 0.43 

MSQ3 0.64 0.64 0.36 0.56 0.44 

MSQ4 0.63 0.70 0.30 0.70 0.30 

Note: α is the center of rotation; Uf and Us are the flexural and 

shear displacement contributions, respectively; and Ut is the top 

lateral displacement measured prior to failure 

 

Figure 6.10 shows the flexural and shear contributions to the lateral displacement of the 

specimens. The 60° dash-line in the figure represents the displacement measured during the 

test, while the sum of the calculated contributions is represented by the line labelled as “Ucalc”. 

The small error existing between the measured and calculated displacements at initial loading 

levels (< 0.2%) can be attributed to the difficulty in measuring relatively small displacements, 

especially those that occurred along the X configuration. At higher drift levels, however, the 

calculated displacements correlated very well with the measured ones. A notable feature of 

Figure 6.10 is that the difference in behavior between the positive and negative directions is 

quite marked: the flexural behavior is more influential in the positive than the negative 

direction. A possible explanation for this is that when the specimen was pushed (positive 

direction), the elongation of the tensile edge induced an upward movement of the hydraulic 

actuator, introducing an upward vertical component of the lateral load, which, in turn, increased 

the base moment and associated curvatures. By contrast, when the specimen was pulled 

(negative direction), a downward vertical component was introduced at the tensile edge, 

decreasing the base moment and associated curvatures, and resulting in less flexural 

deformation in this direction. 

Figure 6.10 shows that the displacement contributions due to shear and flexure in MSQ1 were 

approximately equal throughout the test, indicating that shear distortions affected the behavior 

approximately as much as flexural distortions. Increasing the axial load ratio in MSQ2 confined 

the number and widths of the developed shear cracks, which, in turn, decreased the shear 
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contribution as compared to MSQ1. Prior to failure, the displacements due to shear in MSQ2 

made up 30% and 43% of the total displacement measured in the positive and negative 

direction, respectively. Similarly, increasing the web reinforcement ratio redistributed the 

cracks at closer spacings, which reduced the crack widths and decreased the shear contribution. 

The shear contribution in MSQ3 accounted for 36% and 44% of the total displacement in the 

positive and negative direction, respectively, at failure, while it did not exceed 30% in either 

direction in MSQ4. Table 6.4 summarizes the relative contributions of the flexure and shear 

deformations to the peak lateral displacement of specimens. 

 

Figure 6.10 Contribution of flexure and shear response mechanisms to the lateral 

displacement.  
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6.6 Shear Stiffness Modeling 

Figure 6.11 shows the typical load-shear displacement response of the specimens, which 

represents a nearly bilinear curve defined by concrete cracking and post-cracking stages. Prior 

to cracking, the initial shear stiffness―defined as the slope of the line AB―can be formulated 

using the principles of elasticity as follows:  

( )
 

, 0.35 /c sh
s i c sh w

w

G A
K E A h

f h
= =  (6.5) 

where Gc = Ec / [2(1+υ)] is the concrete shear modulus; Ec is the concrete elastic modulus; υ is 

the Poisson’s ratio; f is a shape factor accounting for the shear stress distribution across the 

wall section (= 1.2 for rectangular walls); and Ash = bw dv, in which bw is the wall thickness and 

dv is the effective shear depth, taken as the greater of 0.9d and 0.72lw. 

 

Figure 6.11 Typical load-shear displacement envelope (MSQ1).  

After cracking, Equation 6.5 is invalid as the crack formation commonly results in significant 

stiffness reduction, accompanied by redistribution of stresses and hence change in the shear-

resistance mechanism. Since squat walls can be thought of as deep beams oriented in the 
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vertical direction, their shear resistance is provided at the fully cracked state by the same 

mechanisms as in deep beams, i.e., the truss and direct strut mechanisms, each resisting the 

shear force and contributing to the shear displacement according to its stiffness. As such, the 

shear stiffness at the ultimate stage―which is defined as the slope of line A-C in Figure 

6.11―can be expressed as follows: 

,
u u

s u
tr sttr st

tr st

P P
K

P PU U

K K

= =
+

+

 
(6.6) 

where Utr and Ust are the shear displacements associated with the truss and direct strut 

mechanisms, respectively; and Ptr and Pst are the shear transfer capacities of the two 

mechanisms, which can be estimated by distributing the “expected” peak load (Pu) on them 

according to their stiffnesses (Ktr and Kst). The evaluation of Ktr and Kst is addressed in the next 

two sections. 

By knowing the value of Ks,u, the tangent shear stiffness (defined as the slope of line B-C) and 

the secant shear stiffness corresponding to any level of applied load (P) can be directly 

calculated using Equations 6.7 and 6.8, respectively. 

,

, ,

, ,

u cr u cr
s tng

u crs u s cr

s u s i

P P P P
K

P PU U

K K

− −
= =

−
−

 
(6.7) 

, ,
u cr

s ,sec s i s u

u cr u cr

P P P P
K K K

P P P P

   − −
= +   

− −   
 (6.8) 

where Us,cr and Us,u are the shear displacements corresponding to the cracking and ultimate 

loads (Pcr and Pu), respectively. 

6.6.1 Shear Stiffness of the Truss Mechanism (Ktr) 

It has long been recognized that the post-cracking shear behavior of RC elements can be 

analyzed using an appropriate truss model (Paulay 1971; Pang and Hsu 1996). In truss 

analogies of RC walls, the boundary longitudinal reinforcement is represented by the 
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longitudinal chords of a truss, while the web reinforcement is represented by a series of 

horizontal and vertical ties. The truss chords and ties are internally stabilized by the inclined 

struts whose inclination should always coincide with the probable crack direction; and for 

simplicity, all the truss members are assumed to be joined at rigid nodes. Note, however, that 

the analysis of a truss system involving horizontal and vertical ties is quite complex because 

such a system is statically indeterminate. Therefore, the authors opted to exclude the vertical 

ties from the analysis that will be done in this section, and deal with a truss involving only 

horizontal ties. This exclusion is not arbitrary but rather is based on the experimental evidence 

shown in Figure 6.6b, which demonstrated a negligible effect of the vertical web reinforcement 

on the stiffness response. 

Given their low aspect ratio, squat walls are classified as D-region members where the cracking 

pattern is typically different from that which has formed the basis of sectional-shear design. 

Instead of being parallel, the cracks develop at progressively steeper angles, forming a series 

of tapered concrete struts, which can be modeled using a variable-angle truss (VAT), as shown 

in Figure 6.12a. Starting with a differential portion of the VAT, Kim and Mander (1999) 

developed a “continuum truss” model in which cracking was implicitly smeared to obtain the 

shear stiffness of short RC columns in a numerical form. The same procedure will be adopted 

herein for evaluating the shear stiffness of the truss mechanism in GFRP-RC squat walls. 

From the compound VAT shown in Figure 6.12a, a differential portion⸺comprising an 

idealized continuum tie and two tapered struts with finite depths⸺can be separately considered 

for analytic purposes (Figure 6.12b). The continuum-tie depth is assumed to be a×dy, where a 

is the wall shear span, and y is a normalized coordinate referring to the location at which the 

tie is cut by the shear crack plane; the value of y always falls between 0 and 1, and y = 0.5 

represents the halfway point of the crack. For simplicity, the tapered struts can be idealized as 

prismatic members by averaging the two in-plane widths. The longitudinal chords can also be 

assumed infinitely rigid to exclude the effect of flexural deformations. 

Consider the differential truss is subjected to the infinitesimally small force dPtr, the axial force 

in each truss member can be found by static equilibrium at the rigid nodes, as shown in Figure 

6.12c. The shear displacement of the truss can then be evaluated by summing the axial 
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deformations in the tie and the two idealized struts. The axial deformations, in turn, are 

determined by employing the principles of the virtual-work method of analysis with the 

member forces shown in Figure 6.12d. The virtual work components over the individual 

members of the truss are summarized in Table 6.5. As indicated in the table, the sectional area 

used in evaluating the axial rigidity (EA) of the struts is assumed to be 
  1sin.  0 5  wady b , where 

  15 n. i0 s ady  represents the average in-plane width of the struts. The rigidity contributed by the 

tie, on the other hand, is considered as     / f fh fhE A a dy s , where Afh and sfh are the horizontal 

reinforcement area and spacing, respectively. 
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Figure 6.12 The truss mechanism: (a) geometry of the variable-angle truss (VAT); (b) 

differential truss; (c) member forces for a lateral load equals dPtr; (d) member forces for a 

lateral load equals 1N; and (e) the two-point Gauss truss. 
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Table 6.5 Components of the virtual work analysis over the truss members 

Member P = dPtr P = 1 N l EA ϵ Δ 
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Note: where P is the applied lateral load; l is the member length; EA is the axial rigidity; ϵ = F / EA is the axial 

strain, in which F is the axial force due to lateral load= dPtr; and Δ=F f l / EA is the axial deformation, in 

which f is the axial force due to lateral load = 1 N. 

Based on the member deformations given in Table 6.5, the shear displacement of the 

differential truss can be expressed as: 
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Recalling that cot φ = a / jd, ρfh = Afh / bw sfh, and Ash = bw dv, and noting that jd ≈ dv, Equation 

6.9b can be recast as:  
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Substituting jd = a / cot φ in Equation 6.9c, we get:  
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and because dKtr = dPtr / Utr, we must have: 
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Now, the shear stiffness of truss mechanism can be derived by integrating Equation 6.10 

over the entire shear span using an appropriate numerical integration scheme, such as Gauss 

quadrature or Boole’s rule. Implementation of Gauss quadrature with two integration points 

results in the so-called “two-point Gauss truss” shown in Figure 6.12e, whose shear stiffness 

is formulated as: 
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= =
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(6.11) 

where j is the number of integration points, taken as 2; ωi is a numerical weight factor taken 

as 1 for each integration point; and yi is the normalized coordinate of the ith integration point, 

taken as 0.21132 and 0.78868 for the 1st and 2nd points, respectively. Substituting these 

values in Equation 6.11, we obtain:  
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Equation 6.12 can be mathematically simplified to become: 
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(6.13) 

Equation 6.13 represents a simplified expression by which the shear stiffness of the truss 

mechanism can be conveniently quantified. The difference between the results obtained from 

Equations 6.13 and 6.12 does not exceed ±4%.  
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The average horizontal strain over the wall height can also be obtained by applying the two-

point Gauss integration to the tie strain given in Table 6.5 as follows: 
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(6.14) 

where the 0.4ϵfu corresponds to the ultimate tensile strain of the bent portion, as specified in 

CSA S806-12. 

6.6.2 Shear Stiffness of the Direct Strut Mechanism (Kst) 

The direct strut mechanism in RC squat walls consists of a corner-to-corner diagonal 

compression strut that is tied back by the boundary longitudinal reinforcement, which can be 

idealized using the strut-and-tie model (STM) shown in Figure 6.13a. Assuming that the wall 

is subjected to the shear force (Pst), the diagonal compressive strain in the direct strut can be 

calculated as: 

sin

st

st c w st s

s

t

t

P

E b w 
=  

(6.15) 

where st  is an efficiency factor accounting for the effect of cracking on the axial stiffness of 

the strut; and wst and αst are the strut width and inclination angle, respectively. It should be 

noted that αst ≠ φ, and both angles should be determined separately according to the geometry 

of the direct-strut and truss mechanism, respectively. 

Numerous expressions have been suggested by many researchers for the strut efficiency factor 

(βst), involving quantities such as the concrete compressive strength, moment-to-shear ratio, 

and web reinforcement ratio. Out of these expressions, the one proposed by Foster and Gilbert 

(1996) was adopted for the current study, and it is given by Equation 6.16. The implications of 

using the βst expressions provided in ACI 318-19 and CSA S806-12 instead of Equation 6.16 

are addressed under the Section 6.7. 
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The strut shortening can be determined by multiplying Equation 6.15 by the strut length (h0 / 

cos αst), which gives: 

sin cos
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P h

E b w
 (6.17) 

and by geometric means (refer to Figure 6.13a), the lateral displacement induced by the strut 

shortening can be calculated as follows: 

2sin cos



  
= st

st c w st st

st

st

P h

E b w
U  (6.18) 

Now, the shear stiffness of the direct strut mechanism can be obtained as follows: 

2sin cos /  = st
st c w st st sts w

st

t

P
E b wK h

U
 (6.19) 

Determination of the Direct Strut Width (Wst) 

The direct strut width (wst) is dependent on, among other parameters, the strut end condition 

provided by the compression zone depth at the wall base (c) and the inclination angle αst (Figure 

6.13). For steel-RC squat walls, Hwang et al. (2001) suggested that wst is taken equal to the 

depth c, determined by sectional analysis at the stage when the extreme tensile steel reaches 

yielding. This suggestion was, however, found to result in overestimated strut widths, because 

c is typically close to half of the wall length at the commencement of flexural yielding. 

Accordingly, Mun and Yang (2016) suggested an alternative, more accurate procedure in 

which wst is calculated based on the in-plane dimensions, wb and wt, of the bottom CCC node 

formed at the reaction point of the strut (node D in Figure 6.13a). The width wb is obtained by 

replacing the linear compressive stress block associated with the flexural yielding stage by an 

equivalent uniform one, as shown in Figure 6.13b and given by Equation 6.20. The depth wt, 



156 Chapter 6: Shear Stiffness of GFRP-RC Squat Walls  

 

on the other hand, is determined by equating the ratio wt / wb to the ratio of forces applied to the 

corresponding faces of the hydrostatic node (i.e., Pst cot αst / Pst), which results in Equation 6.21. 

Finally, the strut width (wst) is calculated using Equation 6.22, which is derived based on the 

node geometry illustrated in Figure 6.13b. 

0.5=b yieldw c  (6.20) 

tan=t b stw w  (6.21) 

where the strut inclination angle (αst) can be calculated as follows (Mun and Yang 2016): 

arctan 25
0.5


 −

=   
+ 

w b
st

w t

l w

h w
 (6.22) 

The procedure suggested by Mun and Yang (2016) can be used for the GFRP-RC squat walls 

but with a change of the stage at which c is evaluated to comply with the elastic nature of the 

GFRP bars. According to the experimental observations discussed under Section 6.4, the failure 

of all specimens was preceded by excessive spalling of concrete at the compression zone, which 

typically commences at an extreme compression strain of 3000μϵ, as reported by Mohamed et 

al. (2014c). Therefore, plane sectional analysis can be implemented at this stage to evaluate c. 

Considering the parabolic stress distribution associated with that level of strain, Equation 6.20 

should be modified to become: 

0.67=b spallingw c  (6.23) 
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Figure 6.13 The direct strut mechanism: (a) strut-and-tie idealization; and (b) geometry of 

the bottom hydrostatic node. 
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6.7 Verification of Proposed Model and Expressions 

To verify the applicability of the proposed model, the load-shear displacement response of the 

test specimens was regenerated using the set of equations derived in the previous sections. The 

experimentally measured and analytically regenerated responses are compared in Figure 6.14. 

The curve labeled “Analytical 1” was developed using the experimental values of the cracking 

and ultimate loads. The curves labeled “Analytical 2 and 3”, on the other hand, were developed 

using a cracking load calculated according to ACI 318-19 (Section 11.5.4) or CSA S806-12 

(Section 8.4.4), and ultimate load predicted by the STMs adopted in these codes, respectively. 

For these two curves, the shear-stiffness calculations were implemented using the strut 

efficiency factors (βst) associated with the adopted STMs instead of Equation 6.16. The main 

purpose of plotting these curves was to assess the validity of using the ACI and CSA efficiency 

factors for the shear capacity and stiffness calculations of GFRP-RC squat walls. Note that the 

CSA efficiency factor⸺given as 1/(0.8+170ϵ1) in the code⸺is based on the modified 

compression field theory (MCFT) (Vecchio and Collins 1986) and depends primarily on the 

principal tensile strain in the portion of the strut where failure is expected to occur (ϵ1). For 

squat walls, ϵ1 may be obtained as the ratio wcr/wst, as suggested by Alejandre and Alcocer 

(2010), where wcr is the average shear-crack width. A value of wcr = 1.9 mm was used in the 

calculations of this paper; this value is based on the experimental measurements of the tested 

walls and was determined by dividing the diagonal LVDT reading at failure by the number of 

the crossing shear cracks. Note also that the Foster and Gilbert expression⸺given by Equation 

6.16 in this paper⸺is a modified form of the MCFT expression for βst. It can result in βst values 

close to those of the CSA code, but it is simpler and more direct in application (it does not 

require explicit calculation of ϵ1; instead, the a/d ratio is used to implicitly indicate the 

magnitude of this strain). 

The general applicability of the proposed model is confirmed by the excellent agreement 

between the “Analytical 1” curve and the experimental response of all specimens. The CSA 

efficiency factor resulted in satisfactory predictions for the shear capacity and stiffness of 

MSQ1 and MSQ2 but underestimated those of MSQ3 and MSQ4. The ACI factor, on the other 

hand, overestimated the shear capacity and stiffness for MSQ1 and MSQ2 but yielded 

acceptable results for MSQ3 and MSQ4. The cracking loads obtained from both codes were 
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very close to those measured experimentally. Further research is however needed for more 

reliable assessment of ACI and CSA provisions and to judge their applicability to GFRP-RC 

squat walls. 

One important expression―which was also derived in this paper―is that given by Equation 

6.14 for evaluating the average horizontal strain prior to wall failure. Table 6.3 compares the 

average strain values calculated with this expression (ϵfh,calc) to those measured during the tests 

(ϵfh,exp). As the table indicates, the formulated strain expression provided reasonable predictions 

with an average ϵfh,exp / ϵfh,calc ratio of 1.05. 

 

Figure 6.14 Verification of proposed model against the results of the tested GFRP-RC walls. 
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Further verification of the proposed model was conducted by predicting the load-shear 

displacement response for four GFRP-RC walls tested by Arafa et al. (2018c) and sixteen steel-

RC walls selected from different studies in the literature (Mestyanek 1986; Pilette 1987; 

Wasiewics 1988; Doostdar 1994; Sanchez 2006; Park et al. 2015; Cheng et al. 2016; Baek et 

al. 2017; Mun et al. 2017; Terzioglu et al. 2018). Table 6.6 provides the full details of these 

walls. For steel-RC walls, researchers use one of two approaches to idealize the load-shear 

deformation response: 1) a bilinear relationship with an uncracked and cracked region that ends 

with yielding of the web reinforcement; or 2) a trilinear relationship that includes a bilinear 

portion like (1) and a post-yielding region. The proposed stiffness model was used to bilinearly 

reproduce the shear response of the steel-RC walls with a web-yielding secant stiffness 

(Ks,yielding) calculated using Equation 6.6. This equation is thought to provide adequate estimate 

of Ks,yielding because: 1) its intermediate variables (i.e., Ktr and Kst) were theoretically derived 

without empirical curve fits; and 2) the equation is intended to evaluate the shear stiffness at 

the fully cracked state, which is generally difficult to be reached in steel-RC walls before 

significant web yielding occurs and, thus, conservative Ks,yielding values are expected from this 

equation (Mestyanek 1986). It should be emphasized that the proposed model targets mainly 

GFRP-RC squat walls; the use of steel-RC walls in this section is only a tentative step to further 

verify the model and compensate for the paucity of experimental research on FRP-RC walls. 
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Table 6.6 Details of the GFRP- and steel-RC walls used in the verification 

Source  ID 
fc

', 

MPa  
%N 

Cross-

section 

*lw, 

mm 

hw, 

mm 

a, 

mm 

bw, 

mm 

Flange 

mm×mm 
ρfh, 

% 
Efh, GPa 

Arafa et al. 

(2018b) 

G4-80 40.0 

zero 

Rec. 

1500 2000 1750 200 

N/A 

1.58 

50 
G4-160 35.0 0.79 

G 4-250 35.0 0.51 

G6-80 41.0 3.56 

Pilette 

(1987) 
**Wall 4 33.0 2000 1000 1160 

100 

0.8 200 

Mestyanek 

(1987) 

Unit 1 26.8 
Flanged 

2500 
2300 2500 200×150 

0.16 
190 

Unit 1.5 30.0 1670 0.16 

Wasiewics 

(1988) 

Wall 3 34.7 

Rec. 

2000 

500 650 

N/A 

0.42 170 

**Wall 6 34.7 1000 1150 0.80 

179 
Doostdar 

(1994) 

Wall 7 45.0 
1500 1637 0.80 

Wall 8 45.0 1500 

Sanchez 

(2006) 
WP110-6 31.0 1372 1218 ⁂609 152 0.28 

Park et al. 

(2015) 

S4 46.5 
7.0 

Flanged 
1500 1500 1750 200 

300×200 0.51 ‡‡Not 

reported S7 46.5 

Rec. N/A 

0.25 

Cheng et 

al. (2016) 

M60 39.0 
zero 2030 1905 2030 203 

0.31 
185 

H60 44.0 0.84 

Baek et al. 

(2017) 

NS1M 52.9 
7.0 1500 

1500 1750 
200 

0.93 
180 

NF0.5M 38.7 750 1000 0.93 

Mun et al. 

(2017) 
L-C ‡21.4 10.0 Flanged 1200 900 1200 170 250×250 0.42 212 

Terzioglu  

et al. 

(2018) 

T1S1 23.7 zero Rec. 1500 750 950 120 N/A 0.34 
‡‡Not 

reported 

*Includes the flange width. 
**Wall 4 and Walls 6 are similar in every respect except Efh 
⁂Double-curvature test. 
‡Heavy-weight concrete⸺with an elastic modulus of 34.0 GPA. 

‡‡was taken as 200 GPa in the calculations. 
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Figures 6.15 and 6.16 compare the experimental and analytical responses of the additional 

GFRP- and steel-RC walls, respectively. As can be seen, the proposed model could predict the 

shear responses with an acceptable level of accuracy and conservatism. Further, the proposed 

strain expression (Equation 6.14) gave accurate predictions for the GFRP-RC walls tested by 

Arafa et al. (2018c), with an average ϵfh,exp/ϵfh,calc ratio of 1.01. Equation 6.14 could not, 

however, be verified against the results of the steel-RC walls because the average strain data 

are not provided in most of the respective references. 

 

Figure 6.15 Verification of the proposed model against the results of GFRP-RC walls 

available in the literature. 
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Figure 6.16 Verification of the proposed model against the results of steel-RC walls available 

in the literature. 
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6.8 Summary and Conclusions 

The main objectives of this research were to assess the effects of the axial load and web 

reinforcement ratio on the stiffness characteristics of GFRP-RC squat walls, and to propose an 

analytical model for evaluating the shear stiffness in the post-cracking range. To fulfill these 

objectives, four GFRP-RC walls⸺with an aspect ratio of 1.14⸺were constructed and tested 

under combined axial and reversed-cyclic lateral loads. Test results were analyzed in terms of 

stiffness degradation trends and decoupled flexural/shear deformations. A shear stiffness 

model was developed and verified using the test results. Observations and conclusions include 

the following: 

1- The formation and progression of cracking damage in the specimens were associated 

with a dramatic loss in stiffness. Upon crack initiation, the stiffness of all specimens 

dropped abruptly to 46% of its original value; and prior to failure, this percentage was 

found to be only 10%. Increasing the axial load ratio or the web reinforcement ratio 

reduced the severity of stiffness degradation. 

2- The contribution of shear deformation to the wall lateral displacement ranged between 

30% and 50%, depending on the axial load and web reinforcement ratio. Increasing the 

axial load ratio or the web reinforcement ratio (horizontal/vertical) significantly 

decreased the shear contribution. 

3- An analytical model was developed for estimating the shear stiffness in the post-

cracking range. The model was achieved by idealizing the shear transfer mechanism of 

the web reinforcement using a continuum variable-angle truss, and that of the web 

concrete using a direct strut-and-tie system. Two separate expressions were formulated 

for evaluating the shear stiffness of each transfer mechanism, which by superposition 

could be used to derive a single equation for calculating the wall shear stiffness. The 

model’s applicability was confirmed by reproducing the load-shear displacement 

response of the tested walls and other walls available in the literature. 

4- A simplified mathematics-based expression was derived for calculating the average 

horizontal strain prior to the wall failure. The strain values obtained using this 
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expression agreed with the experimentally measured ones with an average 

experimental-to-calculated strain ratio of 1.05. 

5- The strut efficiency factors adopted in ACI 318-19 and CSA S806-12 could not 

adequately represent the shear capacity and stiffness of the tested walls. The ACI factor 

overestimated the shear capacity and stiffness in the case of specimens with 38% (0.5%) 

web horizontal (vertical) reinforcements but yielded acceptable results for those with 

higher ratios (> 0.6%). The CSA factor, on the other hand, produced reasonable 

predictions for specimens with the 38% (0.5%) web horizontal (vertical) 

reinforcements, but was unduly conservative in those with the > 0.6% web 

reinforcement. Further research is needed for more reliable assessment of these factors 

and to judge their applicability to GFRP-RC squat walls.
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Abstract 

ncreasing interest in the use of Fiber-Reinforced Polymer (FRP) reinforcement for 

reinforced concrete structures has made it clear that insufficient information about the 

seismic performance of such structures is currently available for practicing engineers. This 

paper summarizes the results of seven large-scale quasi-static cyclic tests of squat concrete 

walls reinforced with glass-FRP (GFRP) bars and spirals. Test variables were the wall aspect 

ratio, the axial load level, and the web reinforcement ratio. The test results were analyzed and 

used to develop a strut-and-tie model (STM) that can quite accurately estimate the peak shear 

strength and reflect the effects of various influential parameters. The model was achieved by 

idealizing the shear transfer mechanism of the web reinforcement using a statically 

indeterminate truss (to the second degree), and that of the concrete using a direct strut-and-tie 

system representing the tied-arch action developed through the web. Streamlined expressions 

were formulated to calculate the shear transfer capacity of the two mechanisms; and due to lack 

of sufficient experimental database, a series of 90 finite-element models were conducted to 

assist in formulating the truss expression. The validity of developed STM and expressions was 

examined against the results of the tested walls, showing a great accuracy and uniformity. 

Comparisons were also made with predictions from STMs in ACI 318-19, CSA S806-12, and 

EC 2 to indicate the superiority of the developed model. 

  

I 



7.1 Introduction 169 

 

  

7.1 Introduction 

Reinforced Concrete (RC) structural walls are widely considered to provide an efficient bracing 

system and to offer great potential for both lateral load resistance and drift control (Lefas et al. 

1990). Properly designed and detailed RC walls possess the necessary strength, stiffness, and 

ductility characteristics to ensure near-full protection of nonstructural components against 

damage in a service-level earthquake, and to dissipate the seismic energy and prevent complete 

collapse in a design-level earthquake. The most rational way to ensure a ductile wall behavior 

is by means of “capacity design,” a deterministic design procedure adopted in modern design 

codes to preclude shear failures and ensure that when the wall is displaced beyond its elastic 

limit, ductile flexural deformations dominates the behavior. This preferable behavior cannot, 

however, be achieved in situations where the wall is relatively short (or squat), and its flexural 

strength is far in excess of the shear strength (Paulay and Priestley 1992). 

Squat RC walls⸺with a height-to-length ratio (aspect ratio, αs) of less than two⸺are 

commonly used in the seismic design of low-rise buildings such as parking structures and 

safety-related nuclear facilities, and high-rise buildings where the lateral bracing system is 

disrupted near the base to accommodate large open spaces (Cheng et al. 2016; Luna et al. 2019). 

The low aspect ratio of these walls usually results is stiff elements with short natural vibration 

periods, putting them in the acceleration-sensitive range of a typical response spectrum. 

Furthermore, the behavior of these walls is mostly flexure-dominated up to the onset of yielding 

at the moment-critical zone, by which a transition to brittle shear/sliding-shear mode occurs, 

causing abrupt loss of strength and stiffness; this “quasi-brittle” response makes shear strength 

the most critical parameter in the strength design and performance assessment of squat walls 

(Whyte and Stojadinovic 2014). 

Numerous studies have been carried out in the past three decades aiming at exploring the 

strength behavior of steel-RC squat walls under seismic loads. Based on of the results of these 

studies, two rational models were developed for predicting the shear strength: 1) the softened-

truss model (Hsu and Mo 1985; Gupta and Rangan 1998; Chandra et al. 2018); and 2) the strut-

and-tie model (Hwang et al. 2001; Kassem 2015; Mun and Yang 2016). The two models are 
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physically similar but differ in their perspective on the stress distribution in the wall web: the 

former assumes a uniform stress distribution (that is, every part of the web contributes equally 

to the shear strength), whereas the latter assumes that the stresses are concentrated in a certain 

field where failure occurs. Although the softened-truss model has been shown to result in 

satisfactory predictions, the uniform stress assumption is generally invalid for short RC 

structures, and disagrees with the strain fields recorded by Luna et al. (2019) and Devine et al. 

(2020) for squat walls with αs between 0.33 and 0.94. It is thus believed that the strut-and-tie 

method is the best analysis/design tool for squat RC walls. 

While conventional steel bars remain as the most widely used type of reinforcement in the 

construction industry, structures exposed to highly aggressive environments, e.g., sea water 

and deicing salts, have shown that the use of steel can accelerate the structural deterioration 

due to expansive corrosion. Therefore, alternative non-corrosive reinforcements have been 

developed in the past two decades, including stainless steel, epoxy-coated steel, and Fiber-

Reinforced Polymer (FRP) bars. Apart from being corrosion-free, FRP bars are non-

ferromagnetic, have high strength-to-weight ratio and high fatigue resistance, and are much 

less expensive than stainless and epoxy-coated steels. Moreover, when a low-modulus FRP 

type (e.g., Glass-FRP [GFRP]) is used in an earthquake-resistant member, the large elastic 

deformations exhibited by this reinforcement can allow the member to adequately dissipate the 

seismic energy and accommodate large drift ratios, replacing the yielding phenomenon in steel 

bars (Mohamed et al. 2014a,b; Arafa et al. 2018a,b; El-Gendy and El-Salakawy 2020; Kharal 

et al. 2021). 

Mohamed et al. (2104a) investigated the seismic behavior of three GFRP-RC shear walls with 

αs of 2.3, 2.9, and 3.5. The authors reported that: 1) the walls achieved their peak strength with 

acceptable levels of dissipated energy, minimal cyclic degradation (that is, insignificant 

reductions in the load resistance with successive loading at the same drift amplitude), and small 

residual deformations; and 2) the walls could accommodate lateral drift ratios up to 3.0-3.4%, 

exceeding the minimum drift capacity specified in most design codes. Also, Arafa et al. (2018) 

examined the seismic response of nine squat walls with αs of 1.33: one reinforced with steel 

and eight with GFRP bars. The authors reported that: 1) the steel-reinforced wall failed by a 

“premature” sliding mode due to alternate yielding of the flexural reinforcement, which 
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resulted in a wide horizontal crack near the base that did not close, forming a potential sliding 

plane; and 2) the elastic nature of the GFRP bars helped the cracks realign and close between 

load reversals, thereby inhibiting the sliding mode, and allowing the GFRP-reinforced walls to 

achieve higher strength and drift capacity than the steel-reinforced one. 

Despite the promising results in the above-cited references and others, the development of 

seismic design provisions for FRP-RC structures is still hampered by the lack of analytical 

models able to accurately predict the main response parameters, e.g., strength and stiffness. 

Furthermore, attempts to use the design provisions in codes and guidelines pertaining to steel-

RC structures, especially in shear, may result in erroneous calculations. In this paper, the results 

of seven large-scale quasi-static cyclic tests of GFRP-RC squat walls with different aspect 

ratios are presented and used to propose a strut-and-tie model able to accurately predict the 

shear strength. 

7.2 Research Significance 

The research reported in this paper has resulted in a set of straightforward, STM-based 

expressions that can quite accurately estimate the shear strength of GFRP-RC squat walls. The 

validity of the proposed model and expressions has been examined against the results of a series 

of large-scale walls that were tested by the authors, showing a great accuracy and uniformity. 

The analytical work presented herein represents a significant contribution to the very limited 

relevant literature, and can support the work of the North American technical committees 

engaged in the development of seismic design provisions for FRP-RC structures. 

7.3 Test Program 

7.3.1 Test Specimens 

Seven GFRP-RC squat wall specimens⸺four with aspect ratio of 1.14 (MSQ series) and three 

with 0.68 (SSQ series), detailed with different amounts of web reinforcement⸺were 

constructed and tested under combined axial and lateral-reversed cyclic loads. The specimens 
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were designed using an “inverse design” procedure, in which the geometry and reinforcement 

details were assumed and used to back-calculate the corresponding flexural and shear 

capacities, but with upper-bound estimates of the material strengths, to establish the maximum 

wall size (which was dictated by the capacity of the loading actuators). The design calculations 

were performed according to ACI 318-19 (ACI 2019), CSA A23.3-14 (CSA 2014), and CSA 

S806-12 (CSA 2012), considering three varying parameters: the wall aspect ratio (αs), the web 

reinforcement amount (horizontal/vertical), and the axial load ratio (ALR). The resulting wall 

dimensions were 150 mm in thickness, 1400 mm in length, and either 1600 or 950 mm in height 

(for αs of 1.14 and 0.68, respectively). Each wall was integrated with a 600×1200×2700 mm 

concrete base simulating a rigid foundation and to anchor the wall to the laboratory floor. The 

concrete base was overly reinforced with a combination of 25M Grade 60 steel and No.8 GFRP 

bars to prevent premature failure or excessive cracking due to base moments. The test matrix 

is presented in Table 7.1. The concrete dimension of the specimens together with reinforcement 

details are shown in Figure 7.1. 

 

Table 7.1 Test matrix 

Specimen hw αs M/Vlw %N fc
ʹ sh sv ρfl ρfs ρfh ρfv 

MSQ Series 

MSQ1 1600 1.14 1.04 7.5 39.8 250 200 4.48 5.0 0.38 0.50 

MSQ2 1600 1.14 1.04 15.0 39.0 250 200 4.48 5.0 0.38 0.50 

MSQ3 1600 1.14 1.04 7.5 36.7 150 200 4.48 5.0 0.63 0.50 

MSQ4 1600 1.14 1.04 7.5 36.8 150 125 4.48 5.0 0.63 0.70 

SSQ Series 

SSQ1 950 0.68 0.52 15.0 35.0 250 200 4.48 5.0 0.38 0.50 

SSQ3 950 0.68 0.52 15.0 33.0 150 200 4.48 5.0 0.63 0.50 

SSQ4 950 0.68 0.52 15.0 33.0 150 125 4.48 5.0 0.63 0.70 

Note: hw is the wall height (mm), respectively; αs is the wall aspect ratio;  M/Vlw is the moment-to-shea 

ratio; %N is the axial load ratio (%); fc' is the concrete compressive strength (MPa); sh is the web 

horizontal reinforcement spacing (mm); sv is the web vertical reinforcement spacing (mm); ρfl is the 

boundary longitudinal reinforcement ratio (%); ρfs is the boundary spiral reinforcement ratio (%); ρfh is 

the web horizontal reinforcement ratio (%); and ρfv is the web vertical reinforcement ratio (%).  
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Figure 7.1 Specimen details and strain gauge location. All dimensions in mm. 

All the specimens were reinforced at the boundary zones with 12 No.4 bars tied together using 

two overlapped No.3 rectilinear spiral with a pitch of 80 mm. The web reinforcement in MSQ1, 

MSQ2 and SSQ1 consisted of two layers of No.3 horizontal and vertical bars spaced at 250 

and 200 mm, corresponding to horizontal and vertical web reinforcement ratios of 0.38 and 

0.50%, respectively. The only difference between MSQ1 and MSQ2 is that they were tested 

under two different ALRs: 7.5 and 15%, respectively, of the wall axial capacity (that is Ag fc
′, 

where Ag is wall area and fc
′ is the concrete strength). Specimens MSQ3 and SSQ3 were 

identical to MSQ1 and SSQ1, except that the web horizontal reinforcement ratio was increased 

to 0.63%. On the other hand, Specimens MSQ4 and SSQ4 were similar to MSQ3 and SSQ3, 

except that the web vertical reinforcement ratio was increased to 0.70%. 

All the specimens were cast from normal-weight, ready-mixed concrete with a target 28-day 
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compressive strength of 35 MPa. The individual concrete strengths determined from testing 

100×200 mm cylinders varied widely and are reported in Table 7.1. Grade III, sand-coated 

GFRP bars and spirals (CSA S807 2019) were used to reinforce the walls. The mechanical 

properties of the GFRP reinforcement, as reported by the manufacturer (Pultrall 2018), are 

summarized in Table 7.2. Figure 7.2 shows a photographic view of the GFRP bars and spirals 

as well as the assembled cages of MSQ3 and SSQ3. 

Table 7.2 Mechanical properties of the GFRP reinforcement 

Bar size & location Diameter 

(mm) 

Area 

(mm2) 

Tensile 

modulus (GPa) 

Rupture 

stress (GPa) 

Rupture 

strain (%) 

No.4  

Boundary longitudinal 
12.70 126.0 60 ± 6 1100 ± 20 1.83 

No.3  

Web vertical 
9.50 71.3 60 ± 6 1100 ± 20 1.83 

No.3  

Web horizontal 
9.50 71.3 50 ± 6 1022 ± 10 2.00 

No.3  

Boundary spiral 
9.50 71.3 50 ± 6 1022 ± 10 2.00 

 

 

 

Figure 7.2 GFRP reinforcement. 
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7.3.2 Test Setup and Instrumentation 

Two different setups⸺specially designed at the University of Sherbrooke to prevent tilting of 

the walls and to provide a support for the loading actuators and measuring systems⸺were used 

in the tests (Figure 7.3). The setup used for the MSQ series (Figure 7.3a) is described elsewhere 

(Shabana et al. 2021), so only information related to the SSQ setup (Figure 7.3b) is included in 

the following. 

Before each test, the concrete base of the test specimen was anchored to the laboratory floor 

using four 65 mm Dywidag tie-downs prestressed to approximately 80% of their yield. The 

axial load was applied by means of four hydraulic jacks applying tension on four 32 mm high-

strength rods anchored to the base. The vertical load transfer assembly included two transverse 

steel beams rested on a third massive one, twenty-six steel rollers, and 10 mm thick plate 

grouted to the wall top, which all were conservatively designed to warrant a uniform load 

distribution and to accommodate the wall movements with minimal frictional resistance. The 

lateral load was applied using a single hydraulic actuator with a 250 mm total stroke and 

+1300/-1000 kN load capacity (pushing/pulling). Resistance to base sliding along the 

laboratory floor was provided by four large hydraulic jacks, two at each end of the base. All 

the specimens were subjected to the lateral-loading history shown in Figure 7.4, which is 

compliant FEMA 406-07 (FEMA 2007). The first three drifts in this history (i.e., 0.05, 0.1, and 

0.15%) were selected to be conservatively lower than that required to initiate cracking in the 

specimens. 
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Figure 7.3 Test Setups. 
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Figure 7.4 Lateral loading history. 

A series of linearly variable displacement transformers (LVDTs) and strain gauges were used 

to monitor the overall movement of the specimens and to gather dense measurements of the 

local deformations needed for continuum analyses. Figure 7.5 shows the typical layout of the 

LVDTs used, while the locations at which strain gauges were affixed to the reinforcing bars 

are depicted in Figure 7.1. As can be seen, two LVDTs were used to measure sliding 

displacements between the wall and its base as well as between the base and the laboratory 

floor (if any). Two LVDTs were used to capture out-of-plane displacements near the wall top 

(if occur). Two other LVDTs were mounted vertically at the wall boundaries to measure axial 

deformations. The lateral displacement was measured with one LVDT mounted horizontally at 

the wall top. The shear crack widths were monitored in both directions of loading 

(pushing/pulling) using two high-accuracy LVDTs that were installed upon the formation of 

the first shear crack. Strain gauges were mounted at three/two levels on the boundary 

longitudinal bars to obtain the longitudinal strain profiles. The web reinforcing bars, on the 

other hand, were instrumented with several pairs of strain gauges through the main diagonal 

(that is, the line joining the opposite corners) of the wall. 
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Figure 7.5 Layout of LVDTs. 

7.4 Summary of Test Results 

Figure 7.6 presents the final crack patterns of the specimens, while Figure 7.7 shows the typical 

failure modes. Figure 7.8a compares the normalized shear stress versus drift envelopes for the 

positive (that is, initial) loading direction. The measured crack widths are shown in Figure 7.8b. 

The major response parameters are summarized in Table 7.3. 

 

Figure 7.6 Final damage modes. 

 
 

(b) MSQ2 (d) MSQ4 (c) MSQ3 

 

(a) MSQ1 

(g) 

SSQ4 
(e) 

SSQ1 
(f) SSQ3 
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Figure 7.7 Typical shear-compression and strut failure. 

Table 7.3 Summary of test and FE results 

 Response parameters @ major events Finite element 

Specim. 

a Cracking 
Cover 

splitting 

Cover 

spalling 
b Peak 

Test / FE ratio 

@ peak 

V δ V δ V δ V ν δ ϵfh ×10-3 V δ 

MSQ series 

MSQ1 302 0.17 449 0.58 497 0.80 561 0.067 1.13 6.50 0.93 0.98 

MSQ2 335 0.17 490 0.63 530 0.80 590 0.072 1.10 5.80 0.95 0.95 

MSQ3 257 0.17 528 0.82 576 1.00 683 0.089 1.54 5.90 0.95 1.13 

MSQ4 286 0.18 548 0.80 638 1.10 732 0.095 1.81 4.30 0.99 1.15 

SSQ series 

SSQ1 370 0.13 888 0.69 970 0.79 1071 0.146 1.00 2.80 0.90 1.05 

SSQ3 365 0.13 916 0.72 1000 0.87 1102 0.159 1.10 2.43 0.92 1.10 

SSQ4 350 0.13 1000 0.76 ----- ----- 1300 0.188 1.10 2.40 0.90 1.10 

Note: V and δ are the lateral load (kN) and corresponding drift (%); ν (normalized shear strength) = V/ fc
' Ag , in 

which Ag is the wall cross-section area; wcr is the maximum crack width (mm); and ϵfh is the average horizontal 

strain in the mid-section zone (refer to Subsection 7.5.2). 
a Flexural-shear for the MSQ series and shear for the SSQ series. 
b Taken from the positive (that is, initial) loading direction. 

 

 

Crushing 

band Crushing 

band  

Back-face MSQ1 Front-face MSQ2 Front-face 

lbo 

0.7lw 
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In essence, all the specimens exhibited similar damage aspects, progressing in the following 

manner: 1) flexural-shear/shear cracks were first observed at 0.17/0.13% drift in the MSQ/SSQ 

series; 2) splitting cracks appeared at the compression toes at 0.7/0.72% drift in the MSQ/SSQ 

series; and 3) concrete-cover spalling was noticed at 0.92/0.83% drift, after which the 

formation of new cracks ceased, and only minor widening of the pre-existing cracks was 

observed with further loading. The shear nature of the behavior was demonstrated from the 

suddenness with which the cracks formed; and immediately upon forming, the cracks extended 

over at least 80-90% of the wall length. Increasing the web reinforcement ratio (horizontal 

or/and vertical) effectively controlled the crack widths in both series (see Figure 7.8b); and at 

the same shear stress, the crack widths in the SSQ specimens were much smaller than in the 

corresponding MSQ ones. 

The failure modes of the test specimens were identified as: 1) shear-compression failure (Figure 

7.7a), in which one of the major shear cracks penetrated so deeply into the compression zone, 

reducing its depth, and initiating failure by concrete crushing and fracturing of the boundary 

bars (specimens MSQ1, SSQ1, and SSQ3); and 2) Strut (or diagonal-compression) failure 

(Figure 7.7b), in which the diagonal compression strut⸺carrying the shear force into the 

base⸺crushed at its bottom end, near the intersection with the compressed boundary element 

(specimens MSQ2, MSQ3, and MSQ4). The failure mode of SSQ4 could not be identified as 

the load limit of the actuator was reached before the specimen failed. Results will be reported 

for this specimen, however, because they are noteworthy with regard to the size of the 

specimen. Of note, specimen MSQ2, featuring the 15% ALR, exhibited a much wider crushing 

band than the other MSQ walls (Figure 7.6). This is because the increased axial load in this 

wall significantly reduced the elongation of the tensile edge and increased the shortening of the 

compression edge, resulting in a much deeper compression zone at failure. 
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Figure 7.8 Envelope curves of normalized shear stress versus: (a) lateral drift ratio, and (b) 

measured crack width. 

As Figure 7.8a depicts, the SSQ specimens were much stiffer and stronger than the MSQ 

specimens; and prior to cracking, the four/three specimens within each series had almost the 

same initial stiffness. After cracking, the envelope curves of each series diverged, indicating a 

direct impact of the web reinforcement ratio on the post-cracking response: the larger the web 

reinforcement ratio, the stiffer the response was, but this effect was less pronounced in the SSQ 

than the MSQ series. Increasing the web horizontal reinforcement ratio significantly increased 

the strength of the MSQ specimens but had almost no influence on that of the SSQ ones (a 65% 

increase in ρfh increased the strength of MSQ3 by 22% over MSQ1, while it increased the 

strength of SSQ3 by only 3% over SSQ1). Increasing the web vertical reinforcement ratio, on 

the contrary, showed a great impact on the strength of the SSQ specimens, while having an 

insignificant effect on that of the MSQ ones (a 40% increase in ρfv increased the strength of 

SSQ4 by more than 18% over SSQ3, while it increased the strength of MSQ4 by only 7% over 

MSQ3). The axial load level appeared to have a little effect on the strength of the tested walls; 

this can be clearly seen by comparing the strength of MSQ2⸺featuring the 15% ALR⸺to that 

of MSQ1 with the 7% ALR. 
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Figure 7.9 shows the typical strain profiles of the boundary longitudinal bars of the MSQ series; 

the SSQ profiles could not be generated because strain gauges were mounted at only two levels 

in this series, with the upper gauge falling the lateral loading zone (i.e., affected by the localized 

compression at that zone). As can be seen, the longitudinal bars in the MSQ series were 

approximately uniformly strained over the height, indicating that the lateral load was 

transferred to the base via a direct strut-and-tie mechanism. The small decrease of the strain 

towards the top suggests that the web horizontal reinforcement generated additional load paths 

beside the direct strut (that is, “truss action”). As illustrated in Figure 7.9c, these additional 

paths involved a number of minor compression struts that fanned from opposite corners to 

distribute the load over the horizontal bars; the vertical component of the diagonal compression 

in these struts was equilibrated by the reduced tension in the boundary longitudinal bars. 

According to the test measurements, the average longitudinal strain (from the three/two gauges 

mounted on the bars) was approximately 0.31ϵfu and 0.18ϵfu at the failure of the MSQ and SSQ 

specimens, respectively, where ϵfu is the bare-bar rupture strain. More details on the test results 

are available in Shabana et al. (2021). 
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Figure 7.9 Typical strain profiles of the boundary longitudinal bars (MSQ2 and MSQ4). 
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7.5 Strut-and-Tie Modeling 

The strut-and-tie model (STM) is a powerful tool for designing and detailing discontinuity 

regions, such as deep beams and squat walls, where the hypothesis of “plane-sections-remain-

plane” is invalid. The method consists in idealizing the complex flow of stresses in RC 

structures as a truss model comprised of compressive and tensile members (struts and ties) 

intersecting at pinned nodes. The capacity of an STM is always less than the actual capacity of 

the structure provided that: 1) the idealized truss model is in equilibrium; 2) sufficient 

deformation capacity exists to distribute forces according to that model; and 3) the stresses 

applied to the truss members do not exceed their design strength or plastic flow capacity. The 

nodes in STMs are classified into three basic types: CCC (anchoring only struts), CCT 

(anchoring one tie and two or more struts), and CTT (anchoring one strut and two or more ties), 

and can be proportioned either as hydrostatic or as non-hydrostatic nodes. Hydrostatic nodes 

are characterized by equal principal stresses in all directions and, thus, the length of each nodal 

face is directly proportional to the force being applied to it. Non-hydrostatic nodes are subjected 

to unequal principal stresses and have to be sized based on the geometry of the intersecting 

members. 

When developing an STM for a particular structure, various models (or truss configurations) 

can be conceived that satisfy the requirements of equilibrium and can potentially result in 

different calculated strengths. The selection of a model is left up to the discretion of the 

engineer, but generally, the orientation of struts and ties should not deviate drastically from the 

principal-stress trajectories obtained by an elastic analysis. For squat RC walls (with steel/FRP 

bars), past research (Kassem 2015; Mun and Yang 2016; Ma et al. 2020), together with the 

results presented in the previous section, have indicated that STMs should include two 

mechanisms of load transfer: the direct-strut mechanism and the truss mechanism, which can 

be represented by the macro-STM shown in Figure 7.10. The direct-strut mechanism represents 

the tied-arch action developed through the wall web, and includes a corner-to-corner diagonal 

compression strut that is tied-back by the boundary longitudinal reinforcement. The truss 

mechanism, on the other hand, is generated by the web reinforcement and is modeled using a 

statically indeterminate truss involving two central continuum ties and a series of minor 

compression struts. The two mechanisms are incompatible in the sense that the latter is 
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effectively mobilized only after extensive web cracking occurs. The wall failure is assumed to 

occur by crushing of the direct strut, and the shear strength is calculated as: 

= +calc st trV V V  (7.1) 

where Vst and Vtr are the transfer capacities of the direct-strut and truss mechanisms, 

respectively. The evaluation of Vst and Vtr for GFRP-RC squat walls is addressed in the 

following two sections. 

 

 

Figure 7.10 Shear transfer mechanisms: (a) direct-strut mechanism; and (b) truss mechanism. 

(Note: K = Ef Afl, where Afl is the area of the boundary longitudinal bars at the tension side). 
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7.5.1 Shear Transfer Capacity of the Direct-strut Mechanism (Vst) 

The shear transfer capacity of the direct-strut mechanism is dependent on the strut geometry 

and inclination, and can be calculated by considering static equilibrium at node “B” of the sub-

STM shown in Figure 7.10a, which gives: 

sinθ sinθ= =st st ce stV F f A  (7.2) 

where fce is the effective crushing strength of the strut; Ast = wst × bw is the strut area, in which 

wst is the strut width and bw is the wall thickness; and θ is the strut inclination angle (from 

vertical). 

Effective Crushing Strength of the Direct Strut (fce) 

It is well known that the compression strength of diagonal concrete struts in RC structures is 

reduced from  fc
′ as a result of the tensile strain acting orthogonal to the compression strain. 

This “softening phenomenon” was investigated by Vecchio and Collins (1986); and one 

rendition of their analytical work⸺known as the Modified Compression Field Theory 

(MCFT)⸺is modeled by Equation 7.3 which can be used to determine fce. 

( )

1

0.8 0.3 /4
= 

+ 1

c

2

cef f  (7.3) 

where ϵ2 is the principal compression strain in the strut (= - 0.002 at failure); and ϵ1 is the 

principal tensile strain acting perpendicular to the compression strut. 

The principal tensile strain ϵ1 can be determined by considering the compatibility of strains in 

the vicinity of the crushing zone. For this purpose, the cracked element shown in Figure 7.11a 

is assumed to represent a small portion of the wall web that is located within the direct strut 

path and is stressed by the two axial stresses fh and fv and the shear stress ν. Assuming that the 

web reinforcing bars are perfectly anchored to the concrete, deformations will occur such that 

the strain experienced by the concrete and the bars must be the same and equal to the global 

strain of the element. In this case, the two global strains ϵh and ϵv plotted on the Mohr’s circle 

shown in Figure 7.11b can be replaced by the reinforcement strains ϵfh and ϵfv, respectively, and 

ϵ1 can be obtained using any of the following three expressions, which are based on the circle’s 
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geometry: 

1 0.002= + +fh fv  (7.4a) 

2

1 ( 0.002) tan θ= + +fh fh
 (7.4b) 

2

1 ( 0.002)cot θ= + +fv fv
 (7.4c) 

where the determination of ϵfh and ϵfv is addressed in the section on shear transfer capacity of 

the truss mechanism. 

 

Figure 7.11 Strain state in the vicinity of the crushing zone: (a) cracked element located near 

the strut end, and (b) Mohr’s circle of strains. 

 

 

 

 

 

 Notes: 

fh = fch + ffh & fv = fcv + ffv 

ϵh = ϵch = ϵfh & ϵv = ϵcv = ϵfv 
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Strut width (wst) and Inclination (θ) 

The direct struts of RC D-regions are classified into three basic types according to the profile 

of their outermost stress trajectories: 1) prismatic struts with straight trajectories and invariant 

cross-sections throughout their length; 2) fan-shaped struts with uniformly tapering cross-

sections; and 3) bottle-shaped struts with outwardly curved trajectories and nonlinear variation 

in the cross-section. Typical for squat walls are the bottle-shaped struts, which for analytical 

convenience can be idealized as a prismatic member with constant width (wst).  

For steel-RC squat walls, Hwang et al. (2001) and Kassem (2015) argued that the width wst can 

be taken as the compression zone depth at the wall base (c), determined by sectional analysis 

for the first-yielding stage. However, this assumption was found to result in overestimated strut 

widths because c is typically close to half of the wall length before yielding. Accordingly, Mun 

and Yang (2016) proposed an alternative, more accurate procedure in which wst is calculated 

based on the in-plane dimensions, wb and wt, of the bottom hydrostatic node formed at the 

reaction point of the strut (node D in Figure 7.10a). The nodal width wb is obtained by replacing 

the linear compressive stress distribution associated with the yielding stage by an equivalent 

rectangular block, as shown in Figure 7.12 and Equation 7.5. The nodal depth wt, on the other 

hand, is determined by equating the ratio wt / wb to the ratio of forces applied to the 

corresponding faces of the hydrostatic node (i.e., Vst / Vst  cos θ), which results in Equation 7.6. 

Finally, the strut width is calculated using Equation 7.7, which is based on the node geometry 

illustrated in Figure 7.12. 

0.5=b yieldw c  (7.5) 

tan= t bw w  (7.6) 

cos sin= + st b tw w w  (7.7) 

where θ arctan
0.5

 −
=  

+ 

w b

t

l w

a w
 (7.8) 

and where lw and a are the wall length and shear span, respectively. 
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Figure 7.12 Geometry of the bottom hydrostatic CCC node. 

The Mun and Yang procedure can be used for the GFRP-RC squat walls but with a change of 

the stage at which c is evaluated because FRPs do not yield. According to the results presented 

in Section 7.4, the failure of tested walls was always preceded by significant spalling of 

concrete in the compression zone, which typically commences at an extreme compression 

strain (ϵcsp) of 0.003-0.004 (Mohamed et al. 2014c). Therefore, plane-section analysis can be 

implemented at this stage to determine c but with modifying Equation 7.5 to account for the 

parabolic stress distribution corresponding with the aforementioned strain values (see Figure 

7.12). Assuming that the area under this distribution is equivalent to the area under the stress-

strain diagram of the concrete, the following modified form of Equation 7.5 can be obtained: 

2

1

0.002 3 0.002

  
  −  
   

csp csp

bw = c  (7.9) 
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For more information on the development of Equation 7.9 and the replacement of a parabolic 

stress distribution by an equivalent rectangular block, refer to Collins and Mitchell (1997). 

7.5.2 Shear Transfer Capacity of the Truss Mechanism (Vtr) 

The shear transfer capacity of the truss mechanism can be approximately embodied by solving 

the statically indeterminate truss shown in Figure 7.10b. For the section cut I-I, horizontal 

equilibrium requires that: 

22 cot tanθ= +  +tr fh fv fh fvV T T T T  (7.10) 

where Tfh and Tfv are the tensile forces carried by the horizontal and vertical ties, respectively; 

and ϑ2 is the angle between the steep strut BQ and the horizontal axis. 

The two forces Tfh and Tfv can be directly calculated if the following two quantities are known: 

1) the amount of web reinforcement effectively engaged in resisting shear; and 2) the 

magnitude of average strain in that reinforcement at crushing of the direct strut. Comprehensive 

analysis of the web reinforcement strains of the tested walls is presented in Shabana et al. 

(2021) and revealed that: 

1. The web reinforcement strains (horizontal/vertical) were greatly affected by the 

presence of a nearby shear crack and, consequently, the largest strain values were 

concentrated within the mid-section of the walls (see Figure 7.10b). Away from the 

mid-section, no appreciable strains were recorded up to failure. 

2. For walls with αs = 1.14 (MSQ series), strains measured in the web horizontal bars were 

considerably higher than those measured in the corresponding vertical bars; while for 

walls with αs = 0.67 (SSQ series), the reverse was true, indicating the relative influence 

of both reinforcements on the shear resistance is a function of αs (see Figure 7.13). 

Similar remarks were drawn for steel-RC squat walls by Baek et al. (2017) and Luna et 

al. (2019), who found that the horizontal reinforcement was more influential than the 

vertical reinforcement when αs was > 1.0, while the vertical reinforcement was more 

influential when αs was < 1.0. 
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Figure 7.13 Typical strain response at the middle of the centermost web bars (MSQ3 and 

SSQ3). 

According to point 1 of this information, it can be intuitively assumed that only 50% of the 

web reinforcement is effectively engaged is the shear resistance (that is, bars in the mid-

section). In this case, the two forces of Tfh and Tfv can be substituted by 0.5 bw a ρfh ϵfh Ef and 

0.5bw xo ρfv ϵfv Ef, respectively, where xo = lw-2bo, in which bo is the boundary element width (228 

mm [9 in] for the tested walls); and ϵfh and ϵfv are the average strains in the horizontal and 

vertical bars located in the mid-section, respectively. The question now is “with what should 

ϵfh and ϵfv be replaced so that the effect of the aspect ratio, given by point 2, is reflected?” To 

answer this question, a total of 90 FE models were implemented using the new computational 

framework “FE-MultiPhys” developed at Virginia State University (Koutromanos and Farhadi 

2018). The 90 models were based on the BTM-shell approach (Panagiotou and Koutromanous 

2020), an extension to the Beam-Truss Method (BTM) proposed by Lu and Panagiotou (2014). 

The 90 FE walls were selected such that the variation of average strains with the aspect ratio 

and web reinforcement ratio could be assessed, which resulted in five wall series, each 

consisting of 18 walls with αs varying from 0.30 to 2.0. The first, second, and third series had 

ρfh and ρfv similar to those of MSQ/SSQ1, MSQ/SSQ3, and MSQ/SSQ4, respectively. The 

fourth and fifth series were modeled with ρfh = ρfv = 0.8% and ρfh = ρfv = 1.0%, respectively. 
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Because FE-MultiPhys works as an “executable console application”, the pre- and post-

processing of the developed models were done in LS-PrePost, the graphical pre-/post-processor 

of LS-DYNA (LSTC 2007). The FE mesh was generated in LS-PrePost using 4-node shell 

elements, and before running the analysis in FE-MultiPhys, these elements were transformed 

into the BTM cells shown in Figure 7.14a using the “SHELL2” command in the latter. Each 

BTM cell consists of six elements: four fiber-section beam elements (two horizontal and two 

vertical), and two diagonal truss elements representing the diagonal compressive stress field. 

The concrete and reinforcement areas of the beam elements were modeled according to their 

actual tributary. The effective width of the diagonal truss elements (wtr) was taken as x cos φ, 

where x is the spacing between the vertical elements and φ is the diagonal truss inclination 

(Figure 7.14a). The concrete stress-strain relationship used by FE-MultiPhys is similar to that 

described in Lu and Panagiotou (2014) and is shown in Figure 7.14b. The unconfined concrete 

parameters ϵco, ϵres1, and fres1 were set to 0.002 and 0.004, and 0.2 fc
′, respectively. The peak 

stress and strain for confined concrete (fcc and ϵcc) and the onset-of-softening strain (ϵint2) were 

calculated according to Tobbi et al. (2014), whereas the residual stress and strain (fres2 and ϵres2) 

were set to 0.2 fcc and ϵint2 + 0.002, respectively. The compression softening phenomenon is 

modeled in FE-MultiPhys by considering the strength reduction factor “β” in the program. The 

calibration of the input parameters that control β was done according to Panagiotou and 

Koutromanous (2020). The GFRP material was modeled as a linear elastic material. 
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Figure 7.14 FE modeling: (a) typical BTM macromodel in FE-MultiPhys; and (b) concrete 

stress-strain relationship (Lu and Panagiotou 2014). 
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1- ζ is automatically calculated according to Eq. (3).  
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For validation purposes, given in Table 7.3 is a comparison between the computed and 

experimental strengths and drift capacities for the tested walls. Shown also in Figure 7.15 is 

the principal compressive strain field of MSQ4 (as typical) along with a comparison between 

the computed and measured horizontal strain distribution for this wall. The results presented in 

Table 7.3 and Figure 7.15 demonstrate the ability of the FE models to adequately predict the 

overall response of the GFRP-RC squat walls. A full discussion of the FE models will be 

addressed in a later study. 

 

Figure 7.15 FE results: (a) typical principal compressive strain field (MSQ4); and (b) typical 

comparison between the computed and experimental horizontal strain distribution (MSQ4). 

Figure 7.16 shows the variation of ϵfh with the aspect ratio and web reinforcement ratio, as 

obtained from the FE analyses. Note that the plot is cut at αs = 1.5 (and the number of plotted 

data points is consequently less than 90) because walls with αs > 1.5 indicated a diagonal-

tension failure; this in turn limits the applicability of our STM to walls with αs ≤ 1.5. The results 

presented in Figure 7.16 demonstrate a small effect of the web reinforcement ratio on the 

computed ϵfh values, and suggest that ϵfh is related only to αs in the following manner: 

 ( )0.3 0.06= −fh s fu
                                                                                                                                            (7.11) 
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Figure 7.16 Variation of ϵfh with aspect ratio. 

As for ϵfv, the FE results could not be used to suggest a general expression such as that given 

Equation 7.11, because the vertical bars were mobilized dually in flexure and shear and the FE 

strains did not purely reflect their contribution to Vtr. Therefore, as an alternative, the value of 

ϵfv can be taken as a ratio (Rv) of ϵfh and, accordingly, Equation 7.9 can be recast as: 

( )    t n0.5 a θ += f fh fht v fr w o vE RV xb a  (7.12) 

The strain ratio Rv can be derived by solving the indeterminate truss shown in Figure 7.10b for 

any value of Vtr, assuming equal rigidity for all the truss members to simplify the calculations. 

With this assumption, the ratio Rv becomes a function of only the “truss aspect ratio” or, in 

other words, the cotangent of the angle θ. The calculated variation of Rv with cot θ is shown in 

Figure 7.17. The best mathematical form to fit the data plotted in Figure 7.17 was found to be: 
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Figure 7.17 Determination of Rv. 

7.6 Evaluation of Proposed STM and Comparisons with 

Code-Based STMs 

The overall performance of the proposed STM was evaluated considering the Vmeas /Vcalc ratios 

given in Table 7.4, and the trends shown in Figure 7.18a, which describe the variation of the 

normalized strength with aspect ratio as predicted by this STM; the three trends plotted near 

the bottom of the figure render the shear strength contributed by the truss mechanism only. 

Shown also in Figure 7.18b are the variations of normalized strength with aspect ratio predicted 

by the strut-and-tie provisions in ACI 318-19, CSA S806-12, and EC 2, for comparison 

purposes. The principal difference between these code provisions lies in the assumed crushing 

strength of the direct strut (fce). The ACI and EC provisions assume that the strut will crush at 

0.85 × 0.75 fc
′ and 0.6 × (1 - fc

′/250) fc
′, respectively. The CSA provisions, on the other hand, are 

based on the MCFT and use Equation 7.3 for evaluating fce. The three code provisions do not 

provide any guidelines regarding the shear transfer mechanism of the web reinforcement and, 

consequently, the term Vtr in Equation 7.1 was set to zero in their calculations. Also, the CSA 

provisions do not include information on how the principal strain ϵ1 should be evaluated for 
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squat walls; therefore, the criterion proposed in this paper was used (Equations 7.4, 7.11, and 

7.13). The Vmeas /Vcalc ratios obtained from the three code provisions are provided in Table 7.4. 

It should be noted that all the trends shown in Figure 18a,b were generated for the same cross-

section geometry and boundary reinforcement of the tested walls, an ALR = 7.5%, and a 

concrete strength of 35 MPa. The ordinates of the six experimental points plotted in the figure 

were adjusted to comply with the Vmeas /Vcalc ratios given in Table 7.4; the experimental point 

of MSQ2 is excluded from the figure as the ALR of this wall was 15%. 

The results given in Table 7.4 and Figure 7.18 indicate that the proposed STM could accurately 

predict the shear strength with an average Vmeas /Vcalc ratio of 1.14 and a coefficient of variation 

(COV) of only 8.42%. The CSA and EC provisions, on the other hand, resulted in 

underestimated strengths, with average Vmeas /Vcalc ratios of 1.68 and 1.33 and COVs of 17.68 

and 15.68%, respectively. The ACI calculations produced much better predictions than the 

CSA and EC in the average sense, but considering the individual Vmeas /Vcalc values, they 

overestimated the strengths of MSQ1 and MSQ2 by 11 and 12%, respectively. It is thus 

believed that the ACI provisions are less general than they could be, and must be modified to 

yield safer results in cases with αs > 1.0 and low-to-moderate web reinforcement (the web 

reinforcement of MSQ1 and MSQ2 is considered moderate as it far exceeds the 0.25% 

minimum of ACI 318-19). 

It is evident from Figure 7.18 that, regardless of the prediction accuracy, all STMs (proposed 

and code-based) could reflect the well-known influence of aspect ratio on the shear strength; 

that is, the strength greatly decreases as the aspect ratio increases. The rate of this decrease is 

lower in the case of ACI and EC than the CSA and the proposed model; and according to the 

proposed model, this rate slightly decreases by increasing the web horizontal reinforcement 

ratio (refer to the dot-hatched zone in the plot). The figure also shows that the proposed model 

could give an idea of the variation of the direct-strut and truss contributions with aspect ratio, 

and could correctly indicate the relative influence of the web horizontal and vertical 

reinforcements on the truss contribution. As can be noted, the calculated truss contribution by 

this model increased steadily from 12.5% (on average) at αs = 0.5 to 35% at αs = 1.0, and 

reached 55% at αs = 1.5; and consistent with the experimental results, the horizontal 
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reinforcement was much more influential than the vertical reinforcement at αs > 1.0. Of 

particular interest, the vertical shift “Δν” that exists between the two uppermost trends in Figure 

7.18a reflects the effect of the increased web vertical reinforcement not only on the truss 

contribution but also on the direct strut contribution (the larger the vertical reinforcement ratio, 

the deeper the compression zone, and hence the wider the direct strut, and the higher its 

contribution). This point explains why Δν is larger than the corresponding shift in the truss 

contribution (Δνtr). A similar effect of the ALR on the direct-strut width and contribution can 

be seen in Table 7.4 by comparing the calculated strengths of MSQ2 and MSQ1. 

The results presented in this section indicate that, while a little more complex than the code-

based STMs, the proposed model yields more accurate predictions and can represent the effects 

of various influential parameters on the strength of GFRP-RC squat walls. Further research is 

however needed to verify the applicability of this model to walls other than those considered 

in the present study. 
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Table 7.4 Measured versus calculated strength 

Specim. Vmeas 

Proposed STM ACI 318-19 CSA S806-12 EC 2 

Vst Vtr Vcalc 
meas

calc

V

V
 Vcalc 

meas

calc

V

V
 Vcalc 

meas

calc

V

V
 Vcalc 

meas

calc

V

V
 

MSQ series 

MSQ1 560.0 359.4 178.7 538.0 1.04 630.0 
0.89 

Unsafe 
359.4 1.56 504.0 1.11 

MSQ2 590.0 413.0 173.0 586.0 1.01 717.0 
0.82 

Unsafe 
413.0 1.43 573.6 1.03 

MSQ3 683.0 332.0 255.4 587.0 1.16 581.0 1.18 332.0 2.06 464.8 1.47 

MSQ4 732.0 348.5 278.0 626.5 1.17 612.0 1.20 348.5 2.10 489.6 1.50 

SSQ series 

SSQ1 1070.0 781.0 170.0 951.0 1.12 1060.0 1.01 781.0 1.37 848.0 1.26 

SSQ3 1102.0 736.6 200.4 937.0 1.17 999.0 1.10 736.6 1.50 799.2 1.38 

SSQ4 1300.0 751.8 249.6 1001.4 1.30 1020.0 1.27 751.8 1.73 816.0 1.59 

Average 1.14 

 

1.07 

 

1.68 

 

1.33 

COV (%) 8.42 15.70 
17.6

8 

15.6

5 

Note: Vmeas is the measured strength in the positive (that is, initial) loading direction (kN); Vcalc is the calculated 

strength (kN); and Vst and Vtr (kN) are the contributions of the direct-strut and truss mechanisms to Vcalc, respectively. 
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Figure 7.18 Variation of normalized shear strength with aspect ratio as predicted by: (a) the 

proposed STM and (b) code-based STMs. (Note: each trend in (a) represents a specific 

combination of web Hz. and Vl. reinforcements, and each experimental point should be 

compared with the corresponding trend). 
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7.7 Summary and Conclusions 

The primary goal of this paper was to provide a reliable, straightforward method of analysis 

that can quite accurately predict the peak shear strength of GFRP-RC squat walls. To achieve 

this goal, a series of seven large-scale GFRP-RC walls⸺with different aspect ratios (1.14 and 

0.68) and web reinforcement raatios⸺were constructed and tested under simultaneous axial 

and lateral reversed cyclic loads. Test results were analyzed and used to propose a strut-and-

tie model (STM) that considers equilibrium, compatibility, and constitutive laws of cracked 

concrete. The proposed STM was derived by idealizing the shear transfer mechanism of the 

web reinforcement using a statically indeterminate truss (to the second degree), and that of the 

concrete using a direct strut-and-tie system representing the tied-arch action developed in the 

web. Streamlined expressions were formulated to calculate the transfer-capacity of the two 

mechanisms; and due to lack of an extensive experimental database, a series of 90 FE models 

were conducted to aid in formulating the truss expression. The proposed STM was validated 

against the results of the tested walls. Comparisons were also made with the strut-and-tie 

calculations in ACI 318-19, CSA S806-12, and EC2 codes. 

The proposed model yielded the most accurate and uniform predictions, with an average 

measure-to-calculated strength ratio (Vmeas /Vcalc) of 1.14 and a coefficient of variation (COV) 

of only 8.42%. The CSA and EC STMs resulted in highly underestimated predictions with 

average Vmeas /Vcalc ratios of 1.68 and 1.33 and COVs of 17.68 and 15.68%, respectively. The 

ACI STM, on the other hand, yielded acceptable predictions for walls with αs = 0.68 and tended 

to overestimate the strength of those with αs = 1.14 and web reinforcement ratios < 0.6%. 

In addition to its computational accuracy, the proposed model could adequately capture the 

effects of various parameters, e.g., aspect ratio, web reinforcement amount 

(horizontal/vertical), and axial load level on the shear strength, and could give an idea of the 

variation of the strength components (that is, the direct-strut and truss component) with aspect 

ratio. It is thus hoped that this model can help others improve their understanding of the load 

transfer mechanisms and strength behavior of GFRP-RC squat walls. It is also hoped that the 
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model can supplement the work of the North American committees engaged in the 

development of seismic design provisions for FRP-RC structures.  



 

CHAPTER 8  

Conclusions and Recommendations 

8.1 General Conclusions 

The research program entitled herein aimed at experimentally and analytically investigating 

the seismic response of squat RC walls entirely reinforced with GFRP bars. Seven large-scale 

walls⸺four with an aspect ratio (αs) of 1.14 and three with 0.68⸺were constructed and tested 

under simultaneous axial and quasi-static, reversed-cyclic lateral loads. Test variables were the 

wall aspect ratio, the axial load ratio, and the web reinforcement ratio (horizontal and vertical). 

Test results were carefully analyzed in terms of cracking behavior, failure mechanism, lateral 

load-displacement response, stiffness degradation trends, fundamental period shift, and 

decoupled flexural and shear deformations. The effects of test variables on the specimens’ 

strength, stiffness, deformability, and energy dissipation characteristics were examined. An 

analytical model was developed for evaluating the shear stiffness in the post-cracking range. 

Moreover, a strut-and-tie model⸺able to quite accurately predict the shear strength and reflect 

the effects of the studied variables⸺was developed. The major concluding remarks from the 

experimental and analytical works can be summarized as follows:  

1. The test specimens experienced a shear mode of failure, characterized by severe web 

cracking and concrete crushing at the most heavily compressed field, as well as 

fracturing of the boundary longitudinal bars and the vertical web bars located nearest 

the compressed boundary element. Increasing the axial load ratio or web reinforcement 

ratio altered the mode of failure form a shear-compression failure to a clear strut failure. 

2. The specimens could achieve their lateral load capacity with a stable hysteretic 

response, characterized by negligible shear pinching, small residual deformations, and 
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minimal cyclic degradation (that is, insignificant reductions in the load resistance with 

successive cycling at the same displacement amplitude). 

3. Unlike steel-RC squat walls in which strains in the horizontal web reinforcement 

localize near the base due to yielding of the flexural reinforcement and subsequent 

widening of the flexural-shear cracks, the elastic nature of the GFRP bars resulted in 

well distributed strains over the specimens’ height. This point is beneficial in term of 

reducing the shear distortion and controlling the loss of aggregate interlock near the 

wall base (no yielding = less crack opening = better aggregate interlock). 

4. Increasing the axial load ratio reduced the shear crack density and widths in addition to 

postponing the first crack occurrence until a higher cracking-to-peak load ratio, but it 

had no or little effect on the lateral load and drift capacity as well as the energy 

dissipation capacity of the specimens. It was also observed that the axial load ratio 

significantly impacts the crushing band width at failure (as the higher the axial load, the 

larger the shortening of the compressive edge and the smaller the elongation of the 

tension edge of the wall, which, in turn, means larger compression zone depth and, thus, 

wider crushing band at failure). 

5. The web reinforcement ratio (horizontal or vertical) had no influence on the flexural-

shear or shear cracking loads but showed a direct impact on the strength, drift capacity, 

crack widths, and energy dissipation characteristics of the specimens. The higher the 

web reinforcement ratio, the higher the strength and drift capacity (and consequently 

the greater energy dissipation capacity), and the smaller the shear crack widths were.  

6. The relative influence of horizontal and vertical web reinforcements on the shear 

strength appeared to be a function of the wall aspect ratio. The larger the aspect ratio, 

the more influential was the horizontal reinforcement (for instance, a 65% increase in 

the horizontal reinforcement increased the strength of the MSQ and SSQ walls by 22% 

and only 3%, respectively, while a 40% in the vertical reinforcement increased their 

strength by 7 and 18%, respectively). This point was also confirmed by comparing the 

measured strains in the horizontal and vertical web bars, which showed that for walls 
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with αs = 1.14, strains in the horizontal bars were significantly higher than those in the 

corresponding vertical bars, while the reverse was true for walls αs = 0.68. 

7. The wall deformability was found to increase by increasing the vertical web 

reinforcement ratio and decrease by increasing the axial load ratio. The horizontal web 

reinforcement ratio had insignificant impact on the specimens’ deformability.  

8. The contribution of shear deformation to the wall lateral displacement ranged between 

34% and 80%, depending on the wall aspect ratio, the axial load ratio, and the web 

reinforcement ratio. The higher the any of these parameters, the less the shear 

contribution was. 

9. The formation and progression of cracking in the tested walls was associated with a 

dramatic loss of stiffness. The severity and rate of stiffness degradation were 

considerably lower for walls with αs = 0.68 than those with αs = 1.14; and prior to 

failure, the secant stiffness averaged 0.29 and 0.1Ki in the two series, respectively, 

where Ki is the initial, uncracked stiffness. The vibration periods corresponding to these 

stiffnesses were 1.83 and 3T0, respectively, where T0 is the initial (undamped) period. 

10. The measured initial stiffnesses were substantially less than those computed according 

to ASCE 43-05 and ASCE 41-06, with the discrepancy being larger in the case of walls 

with αs = 0.68. A similar remark had previously been made for steel-RC squat walls. 

Considerable care should, therefore, be taken when using the ASCE stiffness methods. 

11. In all specimens, strains measured in the boundary longitudinal bars were 

approximately uniform over the height, with a slight decrease towards the specimens’ 

top, indicating the lateral load was transferred to the base via a combined arch-truss 

system. 

12. Based on the previous observation, an analytical model was developed for evaluating 

the shear stiffness in the post-cracking range. The model was achieved by idealizing 

the shear transfer mechanism of the web reinforcement using a continuum variable-

angle truss, and that of the web concrete using a direct strut-and-tie system representing 
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the tied-arch action developed in the wall web. Two separate expressions were 

formulated for evaluating the shear stiffness of each transfer mechanism, which by 

superposition could be used to derive a single equation for calculating the wall shear 

stiffness. The applicability the developed model and expressions was confirmed by 

reproducing the load-shear displacement response of the tested walls and other walls 

available in the literature. 

13. A mathematical expression was derived (using the geometry of the continuum truss 

used in developing the shear stiffness model) to calculate the average strain in the 

horizontal web reinforcement at failure. The strain values obtained using this 

expression agreed with the experimentally measured ones, with an average 

experimental-to-calculated strain ratio of 1.05. 

14. In calculating the shear strength, applying the shear strength equation in CSA S806-12, 

Section 8.4.4 resulted in acceptable predictions with an average measured-to-calculated 

strength ratio of 1.12 and 1.39 for walls with αs = 1.14 and 0.68, respectively, and a 

coefficient of variation of 13.3%. Nevertheless, the strengths calculated using this 

equation were governed by diagonal-tension failure, contradicting with the test 

observations, and indicating that the diagonal-compression limit in CSA S806-12 may 

be too high for GFRP-RC squat walls. 

15. Applying the sectional-shear equation in CSA S6-19, Section 16.8.7 yielded unduly 

conservative predictions with an average measured-to-calculated strength ratio of 1.79 

and 2.71 for walls with αs = 1.14 and 0.68, respectively, and a coefficient of variation 

of 23.5%, demonstrating its unsuitability for GFRP-RC squat walls. 

16. Applying the strut-and-tie calculations in CSA S806, Section 8.5 and EC 2, Section 6.5 

resulted in highly underestimated predictions with average measured-to-calculated 

strength ratios of 1.68 and 1.33 (calculated for all walls) and coefficient of variations 

of 17.68 and 15.68%, respectively. The corresponding calculations in ACI 318-19, 

Chapter 23 yielded accurate predictions for walls with αs = 0.68 (average measured-to-

calculated strength ratio of approximately 1.00) but tended to overestimate the strength 

of those with αs = 1.14 and web reinforcement ratios < 0.6%. These results indicated 
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the need for a new strut-and-tie model (STM) that can quite accurately predict the shear 

strength by accounting for parameters not included in the code-based STMs. 

17.  A new STM was proposed based on idealizing the shear transfer mechanism of the web 

reinforcement using a statically indeterminate truss (to the second degree), and that of 

the concrete using a direct strut-and-tie system. Streamlined expressions were 

formulated to calculate the shear transfer capacity of the two mechanisms; and due to 

the lack of sufficient experimental database, a series of 90 finite-element models were 

conducted to assist in formulating the truss expression. The validity of the model was 

examined against the results of the tested walls, showing a great accuracy. 

8.2 Recommendations for Future Work 

The findings of this research study present the cornerstone of future research investigating the 

seismic response of FRP-RC squat walls. Future studies are recommended to: 

1. Investigate the effect of the web thickness and the presence barbells/flanges on the 

seismic performance of GFRP-RC squat walls. 

2. Investigate the behavior of GFRP-RC squat walls with hybrid (steel/GFRP) 

reinforcement. It is expected that combining the damping capabilities of steel with the 

super-elasticity of GFRP bars would result in robust structures with high energy 

dissipation characteristics and self-centering ability. Investigations are needed to 

scrutinize this expectation. 

3. Develop an analytical model for predicting the hysteretic response of GFRP-RC squat 

walls. 

4. Examine the behavior of GFRP-RC squat walls under multi-directional quasi-static 

cyclic lateral loads. 

5. Investigate the behavior of GFRP-RC squat walls under unidirectional and multi-

directional pseudo-dynamic cyclic loads. 
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6. Develop a design response spectrum for GFRP-RC squat walls based on the results of 

laboratory pseudo-dynamic tests or extensive time history analyses using Finite 

Element codes. 

7. Investigate the seismic performance of GFRP-RC squat walls under combined 

unidirectional lateral loading and torsional moments. 

 

The French version of this section is presented below. 

 

8.3 Conclusion 

Le programme de recherche de cette thèse visait à étudier expérimentalement et analytiquement 

la réponse sismique de voiles courts en béton armé entièrement renforcés par des barres en 

PRFV. Sept voiles à grande échelle⸺quatre avec un rapport d'élancement (αs) de 1.14 et trois 

avec 0.68⸺ont été construits et testés sous des charges axiales et latérales pseudo-statiques 

simultanées et à cycle inversé. Les variables d'essai comprenaient le rapport d'élancement du 

voile, le rapport de charge axiale et le rapport de renforcement de l'âme (horizontal/vertical). 

Les résultats des essais ont été soigneusement analysés en termes de comportement de la 

fissuration, de mécanisme de rupture, de réponse charge-déplacement latérale, de tendances à 

la dégradation de la rigidité, de décalage de la période fondamentale, de déformations de 

flexion et de cisaillement découplées. Les effets des variables d'essai sur la résistance, la 

rigidité, la déformabilité et les caractéristiques de dissipation d'énergie des spécimens ont été 

examinés. Un modèle analytique a été développé pour évaluer la rigidité en cisaillement dans 

la zone post-fissuration. De plus, un modèle bielle-tirant capable de prédire assez précisément 

la résistance au cisaillement et de refléter les effets des variables étudiées⸺a été développé. 

Les principales conclusions des travaux expérimentaux et analytiques peuvent être résumées 

comme suit:  

1. Les spécimens d'essai ont connu un mode de rupture par cisaillement, caractérisé par 

une fissuration sévère de l'âme et un écrasement du béton au niveau du champ le plus 
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fortement comprimé, ainsi que par la fracturation des barres longitudinales de bord et 

des barres d'âme verticales situées le plus près de l'élément de bord comprimé. 

L'augmentation du rapport de charge axiale ou du rapport d'armature de l'âme a changé 

le mode de rupture par cisaillement-compression à une rupture de bielle. 

2. Les spécimens ont pu atteindre leur capacité de charge latérale avec une réponse 

hystérétique stable caractérisée par un pincement de cisaillement négligeable, de petites 

déformations résiduelles, une dégradation cyclique minimale (c'est-à-dire des 

réductions insignifiantes de la résistance à la charge avec des cycles successifs à la 

même amplitude de déplacement). 

3. Contrairement aux voiles courts en béton armé d’acier dans lesquels les déformations 

de l'armature de l'âme horizontale sont généralement localisées près de la base en raison 

de la déformation plastique de l'armature de flexion et de l'élargissement ultérieur des 

fissures de flexion-cisaillement, la nature élastique des barres en PRFV a entraîné des 

déformations bien réparties sur la hauteur des spécimens. Ce point est bénéfique en 

termes de réduction de la distorsion de cisaillement et de contrôle de la perte 

d'interverrouillage des agrégats près de la base du voile (pas de déformation plastique 

= moins d'ouverture des fissures = meilleur interverrouillage des agrégats). 

4. L'augmentation du rapport de charge axiale a permis de réduire la densité et la largeur 

des fissures de cisaillement et de retarder l'apparition de la première fissure jusqu'à ce 

que le rapport fissure/charge de pic soit plus élevé, mais elle n'a eu que peu ou pas 

d'effet sur la résistance de pic et la capacité de dérive ainsi que sur la capacité de 

dissipation d'énergie des spécimens. Il a également été observé que le rapport de charge 

axiale peut affecter la largeur de la bande d'écrasement à la rupture du voile (parce que 

plus la charge axiale est élevée, plus le raccourcissement du bord de compression est 

important et plus l'allongement du bord de tension du voile est faible, ce qui signifie 

une plus grande profondeur de la zone de compression et, par conséquent, une bande 

d'écrasement plus large à la rupture). 
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5. Le rapport de renforcement de l'âme (horizontal/vertical) n'a pas eu d'influence sur la 

charge de flexion-cisaillement ou de fissuration par cisaillement, mais a montré un 

impact direct sur la résistance, la capacité de glissement, la largeur des fissures et les 

caractéristiques de dissipation d'énergie des spécimens. Plus le ratio de renforcement 

de l'âme est élevé, plus la résistance et la capacité de glissement (et par conséquent la 

capacité de dissipation d'énergie) sont élevées, et plus la largeur des fissures de 

cisaillement est faible. 

6. L'influence relative des armatures horizontales et verticales sur la résistance au 

cisaillement semble être fonction du rapport d'élancement du voile. Plus le rapport 

d'élancement est grand, plus l'armature horizontale est influente (par exemple, une 

augmentation de 65% de l'armature horizontale augmente la résistance des voiles MSQ 

et SSQ de 22% et seulement 3%, respectivement, alors qu'une augmentation de 40% de 

l'armature verticale augmente leur résistance de 7 et 18%, respectivement). Ce point a 

également été confirmé en comparant les déformations mesurées dans les barres d'âme 

horizontales et verticales, ce qui a montré que pour les voiles avec αs = 1.14, les 

déformations dans les barres horizontales étaient significativement plus élevées que 

celles dans les barres verticales correspondantes, tandis que l'inverse était vrai pour les 

voiles αs = 0.68. 

7. On a constaté que la déformabilité des voiles augmentait avec le taux de renforcement 

de l'âme verticale et diminuait avec le taux de charge axiale. Le ratio de renforcement 

de l'âme horizontale n'a pas eu d'impact significatif sur la déformabilité des spécimens. 

8. 8.La contribution de la déformation de cisaillement au déplacement latéral du voile se 

situait entre 34% et 80%, en fonction du rapport d'élancement du voile, du rapport de 

charge axiale et du rapport de renforcement de l'âme. Plus l'un de ces paramètres était 

élevé, moins la contribution du cisaillement était importante. 

9. 9.La formation et la progression des fissures dans les voiles testés ont été associées à 

une perte de rigidité. La sévérité et le taux de dégradation de la rigidité étaient 

considérablement plus faibles pour les voiles avec αs = 0.68 que pour ceux avec αs = 

1.14 ; et avant la rupture, la rigidité sécante était en moyenne de 0.29 et 0.1Ki dans les 
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deux séries, respectivement, où Ki est la rigidité initiale du voile non fissuré. Les 

périodes de vibration correspondant à ces rigidités étaient respectivement de 1.83 et 

3T0, où T0 est la période initiale (non amortie). 

10. Les rigidités initiales mesurées étaient sensiblement inférieures à celles calculées selon 

les normes ASCE 43-05 et ASCE 41-06, l'écart étant plus important dans le cas des 

voiles avec αs = 0.68. Une remarque similaire a été faite précédemment pour les voiles 

courts en béton armé d’acier. Il convient donc d'être très prudent lors de l'utilisation des 

méthodes de rigidité ASCE. 

11. Dans tous les spécimens, les déformations mesurées dans les barres longitudinales de 

bord étaient à peu près uniformes sur la hauteur, avec une légère diminution vers le haut 

des spécimens, ce qui indique que la charge latérale a été transférée à la base via un 

système combiné de treillis et d’arche. 

12. Sur la base de l'observation précédente, un modèle analytique a été développé pour 

évaluer la rigidité en cisaillement dans la zone post-fissuration. Le modèle a été réalisé 

en idéalisant le mécanisme de transfert de cisaillement du renforcement de l'âme (c'est-

à-dire, le mécanisme de treillis) en utilisant un treillis continu à angle variable, et celui 

du béton de l'âme en utilisant un système de bielle direct et tirant représentant l'action 

de l'arche lié développé dans l'âme du voile. Deux expressions distinctes ont été 

formulées pour évaluer la rigidité au cisaillement de chaque mécanisme de transfert, 

qui par superposition, pourraient être utilisées pour dériver une seule équation pour 

calculer la rigidité en cisaillement du voile. L'applicabilité du modèle et des expressions 

développés a été confirmée par la reproduction de la réponse de déplacement charge-

cisaillement des voiles testés et d'autres voiles disponibles dans la littérature. 

13. 13.Une expression mathématique a été dérivée (en utilisant la géométrie du treillis 

continue utilisée dans le développement du modèle de rigidité au cisaillement) pour 

calculer la déformation moyenne dans l’armature horizontale à la rupture. Les valeurs 

de déformation obtenues à l'aide de cette expression concordaient avec celles mesurées 
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expérimentalement avec un rapport de déformation expérimentale/calculée moyen de 

1.05. 

14. Lors du calcul de la résistance au cisaillement, l'application de l'équation de résistance 

au cisaillement de la norme CSA S806- 12, section 8.4.4, a donné des prédictions 

acceptables avec un rapport moyen de résistance mesurée/calculée de 1.12 et 1.39 pour 

les voiles avec αs = 1.14 et 0.68, respectivement, et un coefficient de variation de 13.3%. 

Néanmoins, les résistances calculées à l'aide de cette équation étaient régies par une 

rupture en traction diagonale, ce qui contredit les observations des essais et indique que 

les limites de compression diagonale de la norme CSA S806-12 sont peut-être trop 

élevées pour les voiles courts en béton armé de PRFV. 

15. L'application de l'équation de la résistance au cisaillement décrite dans la Section 16.8.7 

de la norme CSA S6-19 a donné des prédictions très conservatrices avec un rapport 

moyen de résistance mesuré/calculé de 1.79 et 2.71 pour des voiles avec αs = 1.14 et 

0.68, respectivement, et un coefficient de variation de 23.5%, ce qui démontre son 

inadéquation pour les voiles courts en béton armé de PRFV. 

16. L'utilisation des équations de calcul de résistance au cisaillement de bielles et tirants 

dans la norme CSA S806 (Section 8.5 et EC2, et Section 6.5) a donné lieu à des 

prédictions assez surestimées avec des rapports moyens de résistance mesurée-calculée 

de 1.68 et 1.33 (calculés pour tous les voiles) et des coefficients de variation de 17.68 

et 15.68%, respectivement. Les calculs correspondants du chapitre 23 de la norme ACI 

318-19 ont donné des prédictions précises pour les voiles avec αs = 0.68 (rapport moyen 

de résistance mesuré/calculé d'environ 1.00) mais avaient tendance à surestimer la 

résistance de ceux avec αs = 1.14 et des rapports de renforcement de l'âme < 0.6%. Ces 

résultats ont indiqué le besoin d'un nouveau modèle de bielles et tirants (STM) qui peut 

prédire assez précisément la résistance au cisaillement en tenant compte des paramètres 

non inclus dans les modèles bielles et tirants basés sur les codes. 

17. Un nouveau modèle de billes et tirants a été proposé basé sur l'idéalisation du 

mécanisme de transfert de cisaillement de l'armature de l'âme à l'aide d'un treillis 

statiquement indéterminé (au deuxième degré), et celui du béton à l'aide d'un système 
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direct de bielles et tirants. Des expressions simplifiées ont été formulées pour calculer 

la capacité de transfert de cisaillement des deux mécanismes; et en raison du manque 

de bases de données expérimentales suffisantes, une série de 90 modèles d'éléments 

finis a été réalisée pour aider à formuler l'expression en treillis. La validité du modèle 

a été examinée par rapport aux résultats des voiles testés, montrant une grande 

précision. 

8.4 Recommandations pour des travaux futurs 

Les résultats de cette recherche présentent la pierre angulaire de futures recherches sur la 

réponse sismique des voiles courts en béton armé de PRFV. Des études futures sont 

recommandées pour: 

1. Examiner les effets de l’épaisseur du voile sur le comportement sismique des voiles 

courts en béton armé de PRFV. 

2. Etudier le comportement sismique de voiles courts en béton armé d’armature hybrique 

constituée de barres d’acier et de barres en PRFV. Cette armature hybride pourrait 

rendre le comportement des voiles courts en béton armé beaucoup plus résilient et stable 

sous charges sismiques.   

3. Développer des modèles hystérétiques au niveau macro pour les voiles courts en béton 

armé de PRFV. 

4. Examiner le comportement de voiles courts en béton armé de PRFV sous des charges 

cycliques pseudo-statiques multidirectionnelles. 

5. Étudier le comportement des voiles courts en béton armé de PRFV sous des charges 

cycliques pseudo-dynamiques unidirectionnelles et multidirectionnelles. 

6. Développer un spectre de réponse de conception pour les voiles courts en béton armé 

de PRFV sur la base des résultats d'essais pseudo-dynamiques en laboratoire ou 

d'analyses approfondies de l'histoire du temps en utilisant des codes d'éléments finis. 
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7. 7.Étudier la performance sismique des voiles courts en béton armé en PRFV sous une 

charge latérale unidirectionnelle et des moments de torsion combinés. 
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