
 

 

ANALYSIS AND DESIGN  OF FRP STRENGTHENING  OF REINFORCED 

CONCRETE DIAPHRAGMS  

 

 

 

 

Pratiksha Dhakal 

 

 

 

 

Dissertation submitted to the faculty of the Virginia Polytechnic Institute and  

State University in partial fulfillment of the requirements for the degree of 

 

 

 

 

Doctor of Philosophy 

In 

Civil Engineering 

 

 

 

 

 

Eric Jacques, Chair 

Matthew R. Eatherton, Co-Chair  

Carin L. Roberts-Wollmann 

Scott W. Case 

Ioannis Koutromanos 

 

 

 

 

 

August 15, 2025 

Blacksburg, VA 

 

 

 

 

Keywords: Reinforced Concrete Diaphragm, Retrofit, Fiber Reinforced Polymers, Finite 

Element Analysis, Experimental Study, Topology Optimization. 

 

Copyright 2025, Pratiksha Dhakal



 

 

ANALYSIS AND DESIGN OF FRP RETROFIT  OF REINFORCED CONCRETE 

DIAPHRAGMS  

 

Pratiksha Dhakal 

 

ABSTRACT 

In a buildingôs lateral force resisting system (LFRS), structural elements are 

broadly categorized as horizontal, vertical, and foundation components. Diaphragms form 

the horizontal LFRS, transmitting lateral loads from earthquakes and wind events to 

vertical systems such as moment frames and shear walls. In reinforced concrete (RC) 

buildings, diaphragms often require retrofit due to renovation-driven changes, new slab 

penetrations, or insufficient strength, stiffness, or ductility, especially in older structures. 

A promising retrofit method involves externally bonded fiber-reinforced polymers (FRP), 

which offer reduced weight, ease of installation, and minimal disruption compared to 

conventional solutions like overlays or slab thickening. 

Despite their critical role, the behavior of as-built and FRP-strengthened 

diaphragms remains poorly understood, resulting in inadequate treatment within current 

FRP design guidelines, particularly regarding their failure modes, in-plane shear response, 

deformation limits, and realistic capacity predictions. Design guides like ACI 440.2R 

provide detailed provisions for FRP strengthening columns, beams, and shear walls but 

offer no diaphragm-specific guidance. As a result, practitioners often adapt shear wall and 

beam data to diaphragms, potentially leading to inaccuracies and even unconservative 

designs due to fundamental differences in behavior. 



 

This study aims to advance the understanding of RC diaphragm behavior and 

improve strengthening methods using externally bonded FRP through combined 

experimental testing and computational modeling. A finite element (FE) modeling strategy 

was developed and validated using experimental studies on six cantilever diaphragm 

specimens. The model incorporated key nonlinear behaviors governing diaphragm shear 

response, including concrete cracking, stiffness degradation, crushing, reinforcement 

yielding and rupture, and orthotropic FRP behavior. In addition, concrete-FRP bond 

behavior was modeled using a tractionïseparation law, enabling accurate simulation of 

FRP debonding and associated strength degradation. Furthermore, a novel approach 

employing specialized cohesive-zone regions was introduced to explicitly represent the 

ability of FRP anchors to arrest debonding. 

The validated FE model was then used to investigate shear interactions between 

concrete, reinforcement, and FRP under in-plane loading. A parametric study examined 

the effects of reinforcement ratio, material strength, FRP orientation, stiffness, and 

coverage area. The results revealed the mechanisms by which FRP enhances diaphragm 

shear resistance: directly, by bridging diagonal tension cracks, and indirectly, by improving 

the concrete constitutive behavior through enhanced tension-stiffening of diagonal 

compression struts, thus delaying concrete crushing and significantly increasing overall 

shear capacity. 

The numerical modeling approach was further extended by applying a density-

based topology optimization framework to the FE models. This approach allowed targeted 

FRP retrofitting strategies to be developed by optimizing FRP layouts based on internal 

force flow within the diaphragm, maximizing diaphragm strength while constraining total 



 

FRP volume. To validate the topology optimized design, a large-scale, three-bay RC 

diaphragm (25 ft × 10 ft × 4 in.) containing openings to simulate real-world discontinuities 

was tested under reversed-cyclic four-point loading. Externally bonded FRP, strategically 

placed to address critical load-path disruptions, significantly enhanced the shear capacity, 

informing the preliminary design approach for practical diaphragm retrofitting. The 

optimization method was further extended to a full building floor plan, demonstrating its 

potential for realistic, system-level applications as necessary. 

This research explored the behavior of FRP strengthened RC diaphragms and 

provided insights that could inform their analysis and design. Validated FE models 

accurately captured nonlinear shear behaviors such as cracking, debonding, and failure 

mechanisms that were used to identify significant interaction effects between FRP, steel 

reinforcement, and concrete. Simply summing the individual contributions of these shear 

strength components underestimated the actual diaphragm shear capacity. FRP improved 

the concreteôs constitutive behavior under shear loading, which underscored the need to 

consider these effects in design. 

Parametric studies demonstrated that current ACI 318 shear-strength provisions 

tend to overestimate diaphragm capacities, particularly at higher reinforcement ratios. FRP 

retrofits notably enhanced concreteôs compressive performance under biaxial stresses, with 

optimal results achieved when fibers were aligned perpendicular to expected crack paths 

and coverage was strategically distributed. Topology-optimized FRP layouts provided 

greater strength improvements than conventional designs, a finding supported by an 

experimental study. Measured FRP strains generally exceeded existing ACI 440.2R design 

limits, suggesting current guidelines are overly conservative for diaphragm strengthening. 
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GENERAL AUDIENCE ABSTRACT 

Buildings rely on structural systems to safely resist lateral forces such as those 

caused by earthquakes and wind. A critical component of this system is the diaphragm, 

typically a horizontal reinforced concrete slab, which distributes these forces to vertical 

structural elements like walls and frames. In many cases, diaphragms require strengthening 

due to changes in building use, the addition of openings, reconfiguration of structural 

elements, or because the original system does not meet current code requirements. One 

promising retrofit method involves bonding fiber-reinforced polymer (FRP) composite 

laminates to the concrete surface. FRP retrofit is lightweight, easy to install, and less 

disruptive than traditional methods such as concrete overlays or slab thickening. However, 

its behavior in diaphragms is not yet fully understood, and current design guidelines do not 

include diaphragm-specific provisions. 

This research investigates how concrete diaphragms behave when strengthened 

with FRP bonded to their surface. The study combines physical experiments and computer 

simulations to understand the effects of FRP on the diaphragmôs strength, cracking 

patterns, and failure mechanisms. Data from the experiments were used to develop a 

computer model that accurately represents important behaviors such as concrete cracking, 

steel yielding, and FRP debonding. Using this validated model, a parametric study was 



 

conducted to examine how different factors ï including the amount of steel reinforcement, 

the strength of the concrete and steel, the direction in which the FRP fibers are placed, and 

how much of the diaphragm surface is covered by FRP ï influence the overall performance 

of the diaphragm. To further improve strengthening methods, mathematical optimization 

techniques were applied to the computer model to identify the most effective FRP layouts 

for strengthening. These optimized layouts were then tested both through computer 

simulations and in a laboratory experiment to confirm their effectiveness. This approach 

provides valuable insights into designing stronger and more efficient retrofits for concrete 

diaphragms using FRP materials.  
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Chapter 1. Introduction 

1.1 Diaphragms in Reinforced Concrete Buildings 

In addition to supporting gravity loads, structural members in a building must be designed 

to resist lateral loads such as wind and seismic forces. The structural system that acts to resist the 

lateral loads, referred to hereafter as the lateral force resisting system (LFRS), typically consists 

of horizontal elements, vertical elements, and the foundation. The horizontal elements of the LFRS 

typically consist of a diaphragm system that transmits the lateral forces to the vertical elements of 

the LFRS, which typically consist of vertical elements such as moment frames and shear walls, as 

shown in Figure 1-1. These vertical and horizontal systems work together to form a continuous 

load path to transfer lateral forces to the foundation. In addition, the horizontal elements also tie 

and stabilize the vertical systems together. Horizontal or nearly horizontal planar elements, such 

as floor or roof slabs, can serve to support lateral forces as diaphragms and to support the gravity 

loads. 

 

Figure 1-1. Roles of diaphragms as per ACI 318 (2019). 
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In the United States design practice, diaphragms and their components, such as the 

diaphragm field, chords, and collectors, are typically analyzed using an idealized beam analogy, 

which idealizes the diaphragm as behaving similarly to a flexural beam under lateral loads. Chords 

are axial tension and compression members that resist the flexural moments at the diaphragmôs 

extreme fibers, while collectors are axial members responsible for collecting and transferring shear 

stresses from the diaphragm depth to vertical LFRS. Under lateral loads, such as those from 

seismic or wind events, the diaphragm is commonly idealized using a beam analogy, where the 

diaphragm acts as a horizontal beam spanning between the vertical elements of LFRS, as shown 

in Figure 1-2 and Figure 1-3, respectively. The diaphragm is therefore assumed to develop in-plane 

bending moment and shear. The diaphragm behavior can also be explained as analogous to an I 

beam with flanges resisting bending and web resisting shear. 

 

Figure 1-2. Plan view of a diaphragm and internal moment and shear resistance (NIST 

2016). 
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Figure 1-3. Simple beam idealization of diaphragm (NIST 2016). 

Several types of concrete diaphragms can exist in a building, depending on its type, such 

as cast-in-place concrete, topping slabs on metal decks, or precast concrete. This study focuses on 

non-prestressed cast-in-place concrete diaphragms in Reinforced Concrete (RC) buildings. 

According to ACI 318 (2019), diaphragm design should account for five forces: (a) in-plane forces 

due to lateral loads acting on the building (b) transfer forces (c) connection forces between the 

diaphragm and vertical framing or non-structural elements (d) forces resulting from bracing 

vertical or sloped building elements (e) out-of-plane forces due to gravity and other loads applied 

to the diaphragm surface. 

1.2 Research Motivation and Gaps 

The horizontal elements of LFRS in an RC building often require retrofit when vertical 

elements of the LFRS are relocated due to renovations, when there are new penetrations in the 

slab, or when deficiencies in the horizontal LFRS load path, strength, or ductility are discovered 

in older buildings (Obaidat et al. 2011). Nonductile RC buildings constructed prior to the 1970s 

are particularly vulnerable as they were constructed prior to the adoption of modern seismic design 

codes that incorporated the first diaphragm design provisions (Bracci et al. 1997; Gkournelos et 

al. 2021; Kam and Pampanin 2008). Most of the diaphragm retrofit techniques in practice so far 

are based on increasing slab thickness or encasing the existing components to improve seismic 
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performance. However, these approaches are expensive, disruptive, and add seismic mass to the 

building system. 

FRP composites are a proven and commercially viable construction technology for 

mitigating earthquake vulnerabilities and corrosion-related issues in slabs, moment frames, and 

shear walls (Buyukozturk and Hearing 1998) owing to their favorable characteristics, such as high 

specific stiffness, strength, corrosion resistance, fatigue resistance, less disruption, and 

construction ease. Extensive industry adoption of FRP for diaphragm strengthening highlights its 

practical benefits and effectiveness as a retrofit strategy (Dhakal et al. 2022). However, current 

U.S. building codes lack specific provisions for FRP diaphragm strengthening, and existing 

research to inform and support guideline development remains limited (Aryan et al. 2023; Dhakal 

et al. 2024; Hutton et al. 2025; Ormeno et al. 2019).  

Because of strong industry needs, the lack of research has not stopped engineers from 

applying FRP to retrofit diaphragms and collectors (Aegion 2024; Arnold 2019; Ormeno et al. 

2019). Often, designers incorrectly apply design principles developed for FRP retrofit of beams, 

columns, and walls to strengthen chords, collectors, and diaphragms (Ormeno et al. 2019; Aryan 

et al. 2023). Hence, substantial further research is necessary to develop the necessary design 

guidelines to confidently rely on FRP retrofitting of RC diaphragms (Harries and Witt 2019). 

Further, the current state-of-the-practice in FRP diaphragm strengthening typically relies on a 

brute-force approach, using orthogonal FRP layouts over large floor areas, with fibers placed in 

both principal directions regardless of localized stress demands or load paths (del Rey Castillo et 

al. 2019). Innovative new approaches to FRP retrofitting that are tailored to the actual force 

trajectories and that would offer efficient strengthening with the least disruptions are necessary. 

To advance the strengthening of diaphragms with FRP, studies that focus on a better understanding 
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of the interaction between FRP and the existing components of RC diaphragms, such as concrete 

and reinforcing bars, and the sensitivities of the strengthened diaphragm behavior to the retrofit 

design are essential.  

Additionally, despite being an integral component of LFRS, limited studies have been 

conducted on the behavior of RC diaphragms. The development of laboratory test specimens of 

the appropriate size and scale necessary for investigating diaphragm limit states is challenging 

(Harries and Witt 2019; Erickson 2019; Arnold 2019; Goodwin et al. 2019. As a result, previous 

experiments involving the in-plane behavior of RC diaphragms are scarce. Considering the 

impracticality of numerous large-scale experimental studies due to their size and complexity, finite 

element (FE) analysis could serve as a valuable tool for examining the behavior of complex 

structures under varying parameters. While several FE studies have focused on RC slabs subjected 

to out-of-plane gravity loads (e.g., Labibzadeh 2015; Mosallam and Mosalam 2003), only a limited 

number of studies have addressed the in-plane behavior (Khajehdehi and Panahshahi 2016). This 

highlights the need to establish validated numerical modeling strategies specifically designed for 

RC diaphragms. The modeling strategies can further be used to advance the knowledge in 

strengthening RC diaphragms with FRP. 

In summary, this research is motivated, in part, by the critical lack of experimental and 

computational data substantiating the use of FRP for strengthening RC diaphragms. The absence 

of essential background testing and analysis poses a challenge to establishing consensus-based 

acceptance and evaluation criteria for strengthening horizontal LFRS using FRP. This might 

subsequently deter the widespread use of a proven and commercially viable construction material, 

limiting its potential to enhance the resilience of building stock in an innovative manner.  
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1.3 Objectives and Scope 

The primary goal of this research was to enhance the science of retrofitting RC diaphragms 

using FRPs through a combination of numerical and experimental studies. The following 

discussion elaborates on the study's scope and provides additional details about its primary 

objectives: 

1.  Understand the vulnerabilities in horizontal elements in LFRS in recent and older concrete 

buildings under seismic loading, representing extreme loadings. 

This objective focuses on understanding the seismic vulnerabilities in the RC 

diaphragms and assessing the need for their strengthening through a detailed literature review. 

The existing strategies used to improve diaphragm performance in response to the deficiencies 

and their shortcomings were identified, thus revealing the research gaps associated with the 

strengthening of RC diaphragms. The literature review also explored the application of FRPs 

as a viable strengthening measure for RC diaphragms by reviewing the previous research on 

FRP applications in related structural systems.  

2. Develop numerical modeling strategies for the FE simulation of RC diaphragms 

strengthened with externally bonded FRP. 

The objective of this computational activity is to establish numerical modeling 

strategies to simulate the RC diaphragms strengthened with FRP to enhance their shear 

capacity. The capabilities of the FE software Abaqus (2021) were explored through nonlinear 

FE models developed to simulate previously tested specimens. The study investigated 

available features in Abaqus to accurately model geometry, boundary conditions, material 

models, and element interactions. Material constitutive model parameters and a cohesive 

traction-separation law to account for concrete-FRP bond behavior were calibrated to closely 
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match the experimental response. The models were evaluated against experimental results such 

as crack patterns, global load-displacement behavior, FRP strains, and FRP debonding.  

3. Investigate the sensitivity of various design parameters on the performance of RC 

diaphragms strengthened in shear using FRP.  

A detailed parametric study was conducted using non-linear FE analysis on cantilever 

RC diaphragm specimens to investigate the influence of key design variables on the structural 

behavior with FRP shear strengthening. Parameters such as concrete compressive strength, 

steel reinforcement properties, steel reinforcement ratio, FRP width, FRP elastic modulus, and 

FRP surface coverage were systematically varied to evaluate their effects on diaphragm 

behavior. The previously validated numerical modeling techniques were used to evaluate the 

relative impact of each parameter, offering critical insight into their significance in enhancing 

shear performance.  

4. Develop and evaluate strategies for optimized, targeted FRP strengthening of RC 

diaphragms.  

The study aimed to identify effective reinforcement layouts by strategically 

concentrating FRP material in critical regions, guided by principal stress trajectories and shear 

transfer paths, to enhance diaphragm structural performance. To achieve this, topology 

optimization was implemented on FE models of RC diaphragms fully covered with FRP, 

identifying optimal FRP layouts for targeted strengthening using Tosca, the topology 

optimization library in Abaqus. This approach to strengthening extends beyond traditional 

concepts, such as applying FRP uniformly in the diaphragm based on a brute force mechanism, 

by focusing instead on principles rooted in structural mechanics, including principal stress 

directions, targeted reinforcement, and diagonal shear transfer mechanisms. The optimized 
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FRP patterns generated through topology optimization were then translated into constructable 

reinforcement strategies using FRP sheets with regular geometries, suitable for practical 

application to the diaphragm. These optimized configurations were compared with 

conventional FRP strengthening layouts to evaluate their relative performance.   

5. Experimental evaluation of the effectiveness of the targeted FRP strengthening strategy for 

RC diaphragms.  

This objective aims to validate the performance of the optimized FRP strengthening 

approach through a large-scale experimental investigation. A planar, three-bay RC diaphragm 

specimen with openings was designed to represent an existing diaphragm requiring 

strengthening to enhance in-plane strength deficiencies. The specimen was retrofitted with 

FRP layouts derived from topology optimization, intended to provide targeted strengthening 

along critical stress paths. The strengthened diaphragm was subjected to reverse cyclic in-plane 

displacement loading to simulate lateral demands. The structural response was evaluated 

through multiple performance indicators, including peak lateral strength, hysteresis behavior, 

crack development and propagation, FRP debonding regions, reinforcing bar strain 

distribution, and global and local displacements of the diaphragm. These measurements 

provided comprehensive insight into the shear behavior of the diaphragms strengthened with 

targeted retrofit concepts. 

6. Provides insights into diaphragm behavior with FRP strengthening in shear for the 

development of design guidelines and identifies areas for future research. 

This objective seeks to generate insights from the observed behavior of RC diaphragms 

strengthened with FRP that may inform the development of future design guidelines. Rather 

than proposing design equations or procedures, the study focuses on documenting 
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experimental and numerical findings that highlight key behavioral mechanisms, critical stress 

regions, and the influence of strengthening schemes. These observations are intended to 

support the academic community, practicing engineers, and building code committees by 

providing evidence that can guide the formulation of reliable design approaches. In addition, 

the study critically evaluates its limitations and identifies areas where further research is 

necessary to advance the understanding and application of FRP strengthening in RC 

diaphragms. 

1.4 Organization of Dissertation 

The organization of this thesis proceeds as outlined below: 

¶ Chapter 1 introduces the background, motivation, scope, and objectives of the research.  

¶ Chapter 2 presents a review of the prior experimental and computational studies on RC 

diaphragms, emphasizing strengthening approaches of RC diaphragms and the 

application of FRP for shear strengthening.  

¶ Chapter 3 presents a manuscript detailing the numerical modeling approach for FRP-

strengthened RC diaphragms, calibrated and validated based on existing experimental 

data. 

¶ Chapter 4 comprises a manuscript that investigates the influence of key design 

parameters on the behavior of FRP-strengthened RC diaphragms through numerical 

simulations and experimental studies.  

¶ Chapter 5 discusses the development of FRP retrofit schemes based on topology 

optimization techniques and presents a large-scale experimental study on the RC 

diaphragm strengthened with FRP retrofit designed using the optimization techniques. 



Introduction 

10 

¶ Chapter 6 provides a summary of the works conducted in the research and the key 

findings based on the studies conducted. The limitations and areas that need further 

study are also identified. 

¶ Supporting materials such as experimental data and design calculations are provided in 

Appendices to supplement the dissertation/ 
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Chapter 2. Literature Review 

2.1 Overview 

Diaphragms, along with chords and collectors, constitute a horizontal LFRS responsible 

for transmitting lateral forces to the vertical LFRS. This chapter encompasses a comprehensive 

review of research on diaphragms, their strengthening methodologies, and numerical analysis 

techniques. It explores the current design and analysis practices concerning diaphragms, past 

investigations into unstrengthened diaphragms, the need for diaphragm strengthening, 

conventional strengthening approaches, and strengthening using FRPs, along with examples and 

FE analysis of diaphragms reinforced with FRPs. The units in this chapter are kept the same as 

those found in the original literature. To maintain consistency with the dissertation document, 

English units (in-lbs.) are provided in parentheses if the original literature uses the SI system. 

2.2 Analysis Procedure for Diaphragm 

In the seismic response of buildings, the behavior of floor diaphragms is complex and not 

well understood (Fleischman et al. 2005; Sabelli et al. 2011). Very few code provisions and design 

guidance exist for the horizontal components of LFRS in comparison to the ones for vertical 

components of LFRS (Scarry 2015). The reason for this could be that their large size creates 

difficulties in conducting tests. In comparison to the research on vertical elements of LFRS, limited 

research related to the behavior of horizontal elements of LFRS has been conducted (Barron and 

Hueste 2004; Nakashima et al. 1981). 

Several approaches have been implemented for the analysis of the internal forces within 

diaphragms to determine the design forces for the diaphragm components. The complexity of the 
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approach depends on the complexity of the diaphragm in terms of irregularities or vertical elements 

and the objective of the analysis. ACI 318 (2019) recognizes four approaches for diaphragm 

analysis: the beam model, the strut-and-tie model, the FE model, and alternative models. The 

following paragraphs discuss these models and the alternative analysis procedures used in practice. 

2.2.1 Beam Model 

A horizontal beam model is often used to determine the reinforcement for the diaphragms 

without major irregularities or transfer forces. In this method, diaphragms are considered as beams 

that span horizontally between vertical LFRS such as braced frames, moment frames, or walls, as 

shown in Figure 2-1. The vertical elements act as different types of supports, and when the vertical 

elements do not extend along the full depth of the diaphragm, elements known as collectors are 

provided. Typically, simple span diaphragms are analyzed as simply supported beams in which 

maximum shear and chord tension/compression forces are computed from the corresponding shear 

and bending moment diagrams. The classical beam theory, with the assumption that plane sections 

remain plane, is adopted in this simplified approach, and diaphragms are assumed to remain near 

elastic. Chord reinforcement, shear reinforcement, and collector reinforcement are provided as the 

primary reinforcement groups (Fleischman et al. 2005; Sabelli et al. 2011). The chord 

reinforcements are provided to resist in-plane bending of the diaphragm, shear reinforcements are 

provided across diaphragms to resist in-plane diaphragm shear, and collector reinforcements are 

provided to collect and transfer the diaphragm forces to the vertical elements in the lateral resisting 

system.  

ACI 318 (2019) adopts the assumption that the diaphragms act as a beam spanning 

horizontally between vertical members of the LFRS, in which the design components in the 

diaphragm usually include in-plane moment, in-plane shear, and axial forces, the details of which 
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are provided in Chapter 12 of the code. The diaphragms, collectors, and the respective connections 

are expected to have strength based on the factored load combinations specified in Chapter 5 of 

the code. Accordingly, the factored load combinations require consideration of both out-of-plane 

and in-plane loads, which might act concurrently. Under this idealization, the depth of the beam 

would equal the full diaphragm depth, and the assumptions, such as the linear variation of strain 

through the depth, would apply. Moreover, the diaphragm shear flow is assumed to be 

approximately uniform over the diaphragm depth. As in the beams where shear capacity is 

considered to be the addition of the strength provided by shear reinforcement, ὠ, to the shear 

strength of concrete without shear reinforcement, ὠ, the diaphragm in-plane shear strength is 

represented by the following Eq. (2-1)  as per Eq. 12.5.3.3 in ACI 318 (2019). 

 ὠ ὃ ς‗Ὢ ”Ὢ  ψὦὨЍὪ (2-1) 

where ὃ  is the gross area of concrete bounded by a diaphragm with thickness and depth, with 

reductions for openings, Ὢ is the compressive strength of the concrete, ‗ is the lightweight 

concrete factor, ” is the ratio of shear reinforcement, Ὢ is the yield strength of the shear 

reinforcement, ὦ  is the width of the beam in shear, and Ὠ is the depth. 

 

Figure 2-1. Beam analogy of simple  

diaphragm (Sabelli et al. 2011). 
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2.2.2 Strut and Tie Model 

The strut and tie model (STM) is a commonly used approach in the shear design of deep 

concrete structural members (Abbood 2023; Chen et al. 2018, 2020; Godat and Chaallal 2013). In 

this model, the internal stress fields of a structural member are idealized as an equivalent truss 

system. Its applicability to RC structures arises from the fact that loads are transferred through a 

network of compressive stress fields interconnected by tensile reinforcement acting as ties. An 

STM consists of three basic elements: struts, which resist compressive stresses; ties, which resist 

tensile stresses; and nodes, where struts and ties intersect. Distributed loads on a member are 

represented as concentrated forces applied at the nodes. Based on the lower-bound theory of 

elasticity, the STM method provides a lower-bound capacity of the structure as long as equilibrium 

and compatibility are satisfied. 

The strut-and-tie idealization has been widely applied in practice. The diaphragm, or a 

portion of the diaphragm, may be represented as a strut-and-tie system to capture the primary load 

transfer mechanisms (ACI 2019; NIST 2016). This makes STM particularly well-suited for regions 

where conventional sectional analysis is invalid. 

For design purposes, structural members are subdivided into Bernoulli regions (B-regions) 

and disturbed or discontinuity regions (D-regions). In B-regions, the assumption of classical beam 

theory ï that plane sections remain plane ï holds, leading to a linear strain distribution across the 

section depth. In these regions, conventional sectional analysis can be applied using axial forces, 

bending moments, shear forces, and torsional moments to describe the internal stress state. By 

contrast, D-regions exhibit nonlinear strain distributions due to abrupt changes in geometry 

(geometric discontinuities) or loading (static discontinuities). According to St. Venantôs principle, 

the influence of such discontinuities extends approximately one member depth away from the 

source. Within these regions, Bernoulliôs hypothesis no longer applies, and sectional design 
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procedures cannot reliably capture the stress state. Due to the complexity of behavior in the D-

regions, methods such as STM are employed to define the behavior.  

When developing an STM for a given structural system, multiple configurations may be 

possible. Among the alternatives, the model incorporating the minimum number of ties is usually 

preferred, as load transfer tends to follow the path of least resistance. Since tensile ties are more 

deformable than compressive struts, minimizing the number of ties results in a stiffer and more 

efficient representation of the load path. The step-by-step procedure for developing and applying 

STM is illustrated in Figure 2-2.    

 

Figure 2-2. Flowchart for STM process (Brown et al. 2006). 
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2.2.3 Grillage Method 

Even though the beam analogy offers a simplified design approach to diaphragms, this 

simplification may ignore several other mechanisms associated with the diaphragms. On the other 

hand, STM can be rigorous and time-consuming with the increasing complexity of the structure. 

The modifications to the diaphragm layout and support conditions might require significant 

changes to the STM models. Scarry (2015) introduced a truss method of analysis for the floor 

diaphragms and illustrated the method in a 30-story building with a shear wall core and perimeter 

frame, as shown in Figure 2-3. The truss method can be defined as a linear finite element method 

of analysis that uses truss elements.  

In this method, diaphragms are represented in terms of an orthogonal grillage of truss 

elements, where each element represents a tributary width of slab. The reinforcements are assumed 

to be placed orthogonally, and diagonal compression truss elements running throughout the 

grillage allow modeling of the diagonal strut action. For the supports, springs corresponding to the 

stiffness of the LFRS are used in the two dimensional diaphragm truss model. Rigid supports are 

not recommended as they can lead to inaccuracies in the distribution of reactions and diaphragm 

action.  

One of the advantages of the grillage model is its ability to easily incorporate changes in 

structural layout or support conditions. The main grillage need not be defined with every change, 

and quick modifications can be made to the model. Further, the geometry automatically accounts 

for the opening, re-entrant corners, and plastic hinges. In case of damage due to the growth of 

plastic hinges that might render some parts of the diaphragm ineffective, truss elements in those 

regions can be removed to account for the damage. The truss method can also be incorporated into 

a 3D model of a building with a truss at each floor level. The forces and compatibility effects in 

the diaphragm will automatically be accounted for.  
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The design process for this method follows a similar approach to STM, in which all the 

actions, including shear, are resisted by the strut and ties. The truss should be fine enough that it 

captures the diaphragm geometry and behavior while also taking into consideration the fact that 

excessive refinement can create a lot of data.  

The truss method was illustrated in an L-shaped RC diaphragm, which has multiple 

openings (Figure 2-3) and was supported by four RC shear walls in each orthogonal direction.   

 

Figure 2-3. Example truss model for diaphragm analysis - truss overlaid  

on geometry (Scarry 2015). 

2.2.4 Finite Element Analysis 

In the FE method, a continuum is divided into finite-sized regions called elements within 

which the continuum behavior is approximated (Jofriet and McNeice 1971). FE modeling has been 

used to understand the behavior of several concrete structures, such as shear walls (Ayoub and 

Filippou 1998), deep beams (Mohamed et al. 2014), slabs (Enochsson et al. 2007; Jofriet and 

McNeice 1971), and diaphragms (Khajehdehi and Panahshahi 2016; Marini et al. 2012; 
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Nakashima et al. 1981). The FE analysis of RC diaphragms is discussed in detail in further sections 

in this chapter. 

2.3 Shear Mechanism in Concrete Diaphragms ï Idealized Beam 

As discussed in the previous section, ACI 318 (2019) permits the design and analysis of 

the diaphragm as an idealized beam. The following paragraphs discuss the shear mechanism in a 

concrete beam in order to provide an understanding of the various elements contributing to shear 

resistance.  

Generally, a beam resists loads through internal moments and shear. While flexure failures 

are ductile and gradual, shear failures are sudden and brittle. Therefore, beams are designed for 

flexure with sufficient size and reinforcement to resist the moments. The shear design is such that 

the limit strength of flexure is the governing failure mode instead of the limit state of shear.  

In concrete beams, the shear span-to-depth ratio can significantly influence the shear 

behavior. Based on the ratio of shear span, ὥ, to depth, Ὠ, a beam can be short, slender, or very 

slender. The shear behavior of beams without steel stirrups as shear reinforcement is discussed 

first, as it serves as a background to understand the shear mechanism when shear reinforcements 

are added. The shear capacity of beams without shear reinforcement is taken equal to the shear 

force corresponding to the inclined crack. Several factors contribute to the transfer of shear: shear 

in the compression zone, ὠ , aggregate interlock on the two faces of the crack, ὠ ȟ and dowel 

action of the longitudinal reinforcement, ὠ. As the crack widens, the shear contribution by 

aggregate interlock reduces, and the shear is resisted by dowel action, and the compression zone 

increases. With the increase in shear to be resisted by dowel action, splitting cracks occur in the 

concrete along the longitudinal reinforcement, leading to a decrease and near loss in the shear 

contribution from the dowel action. This reduction in the ὠ  and ὠ leads to the crushing of the 



Literature Review 

19 

concrete above the crack due to the loss of contribution from the concrete below the crack, a large 

amount of compressive force, ὅ would be required to balance the tension force Ὕ in the 

longitudinal reinforcement as shown in Figure 2-4(a). For very short beams, also called deep 

beams, with ὥȾὨ from 0 to 1, inclined shear cracks form joining the loads and supports, which 

disturb the horizontal shear flow from longitudinal steel to the compression zone. Therefore, the 

beam behavior changes to arch action from the beam action in which the compression force in the 

concrete strut and tension force in the longitudinal reinforcement are constant over the shear span 

(Figure 2-4(b)). For the beams with short shear spans, with ὥȾὨ from 1 to 2.5, inclined cracks are 

formed and can carry additional loads due to arch action caused by redistribution of internal forces. 

The compression strut carries a major portion of the load after inclined cracking in very short and 

short beams. The beams with slender spans with ὥȾὨ from 2.5 to 6, fail at inclined cracking load 

while very slender beams with ὥȾὨ greater than 6 fail in flexure even before the formation of 

inclined cracks. 

For the beams with shear reinforcement, as the tensile strength of the concrete is less, 

cracks in the concrete occur at very little strain. Following the concept of compatibility, strains 

and the corresponding stresses in the shear reinforcement would also be less. Hence, the shear 

reinforcement does not prevent the initial cracks from forming. After the formation of flexural 

cracks, the shear resistance is provided by ὠ , ὠ , ὠ and ὠ as shown in Figure 2-4(c). As the 

applied shear increases, the stirrups crossing the cracks yield, after which ὠ increases at slower 

rate and inclined cracks also start widening faster. This results in a decrease in ὠ forcing the 

increase in contribution from the rest of the components, resulting in splitting failure, and crushing 

of compression, as explained in the previous paragraph. 
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Figure 2-4. Shear mechanism (Wight and MacGregor 2011). 

2.4 Previous Studies on RC Diaphragms 

Despite being an integral component in RC building LFRS, limited experimental and 

numerical studies have been conducted on the behavior of RC diaphragms (Aryan et al. 2023; 

Khajehdehi and Panahshahi 2016; Nakashima et al. 1981). In this section, an experimental study 

on unstrengthened diaphragms has been discussed.  

Nakashima (1981) conducted an experimental and analytical study on 1.56 in. (40 mm) 

thick 64 in. x 64 in. (1630 mm x 1630 mm) rectangular RC floor slabs with edge beams (Figure 

2-5) to investigate the in-plane seismic characteristics of the diaphragms. Different loading and 

support conditions on 1:4.5 scaled beam-supported slab (slab-on-beam) systems representing 

interior floor slab panels in medium to high-rise buildings with shear walls for earthquake 

resistance were tested. The test specimen has three consecutive panels supported by two shear 

(b) Arch action. 

(c) Internal forces in a cracked beam with stirrups. 

(a) Internal forces in a cracked beam without stirrups. 
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walls and four columns, as shown in Figure 2-5. The prototype floor slab was designed using the 

direct design method, in which the floor slab is divided into the edge and middle strips, with 

reinforcement design for each strip as shown in Figure 2-6. This design was scaled down for the 

design of the experimental specimen. 

The testing program included four types of tests: stiffness test, strength test, repaired 

strength test, and free vibration test. The stiffness test was conducted first to examine the elastic 

in-plane stiffness character of the floor system by testing each specimen as a whole unit. Small in-

plane loads up to the maximum of 15 kN (3.5 kips) were applied simultaneously along the two 

column lines such that the loading and the boundary conditions provided a simply supported 

condition. Two loading conditions were used: first, the loads were applied in the same direction 

(symmetrical loading), and second, the loads were applied in opposite directions (anti-symmetrical 

loading). After the stiffness test, each slab panel was tested separately in a strength test to examine 

the ultimate strength, stiffness in post-elastic regions, and ductility of the panel. The in-plane load 

was applied along the column line parallel to the wall, and out-of-plane loading was also applied 

depending on the test. Both monotonic and cyclic in-plane loading were applied. Hence, two 

stiffness tests, two strength tests with monotonic in-plane loading, one strength test with out-of-

plane and monotonic in-plane loading, two strength tests with cyclic in-plane loading, and one 

strength test with out-of-plane and cyclic in-plane loading were conducted. 

The in-plane load generated by the mechanical jack placed at the slab center plane was 

distributed to five embedded studs along the loading line using a steel frame to simulate the desired 

shear action, with each stud uniformly spaced at 540 mm (21.3 in.). The out-of-plane load was 

applied as a series of concentrated forces at a spacing of 540 mm (21.3 in.) in each direction to 

simulate the uniformly distributed vertical loads on slabs. In-plane and out-of-plane displacements 
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were measured at multiple points, and strains in reinforcing bars were also recorded with 196 strain 

gages. 

Based on the study, the ultimate in-plane strength of the diaphragms was governed by the 

development of major cracks along the column and the middle strip boundary, where most of the 

reinforcing bars were terminated. The post-ultimate region behavior was governed by the opening 

and closing of cracks. Additionally, in terms of the type of loading, cyclic loading caused about a 

20 to 25 percent reduction in the ultimate strength, which was attributed to the cumulative damage, 

such as cracks. The cyclic loading also reduced the ductility range by about 45 percent. Further, 

even though the general behavior of slabs remained similar, the addition of vertical load in slabs 

reduced the ultimate in-plane resistance by about 15 percent. The load, however, did not affect 

ductility. The study on the effect of the moment-to-shear ratio on the strength showed that 

increasing the moment-to-shear resistance twice reduced the in-plane stiffness by about 45 percent. 

Thus, indicating that flexural capacity at major crack locations primarily governed the ultimate 

strength. 
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Figure 2-5. Dimension and supporting condition of the test specimen. 

 

Figure 2-6. Reinforcement detail in the concrete slab  

and beam (Nakashima 1981). 
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2.5 Strengthening of the Diaphragm 

RC buildings often require strengthening for various reasons, such as updates in the design 

standards, inadequate reinforcement, changes in building functionality, new penetrations in 

diaphragms, and typical deficiencies. These vulnerabilities have been evident in past earthquakes, 

where the poor seismic resistance of older buildings led to significant damage and collapse, 

resulting in substantial economic and human losses (Gkournelos et al. 2021). For example, the 

collapse of the CTV building during the Christchurch earthquake was responsible for over 60% of 

the earthquake-related fatalities. The collapse was attributed largely to a deficient floor diaphragm. 

RC buildings built decades ago without considering seismic design encompass a very high 

percentage of the total RC buildings (Marini et al. 2012). In addition, diaphragms are often not 

present in old RC buildings where no shear reinforcements were provided. In most cases, slab 

reinforcements are provided for gravity loading only; hence, the reinforcements are inadequate for 

seismic loading (Kim and Hagen 2014). At times, flexural strengthening of concrete members 

might render a concrete member susceptible to shear failure; in such cases, shear strengthening is 

necessary to avoid the sudden and brittle failure that would arise from shear failure (Godat et al. 

2007). Furthermore, the development of modern design codes has introduced new seismic 

requirements, based on advancements in seismic research and lessons learned from previous 

earthquakes. However, the buildings designed under older codes do not meet the updated strength 

and ductility, while there is a large stock of older buildings all over the world; for instance, 80% 

of the buildings within the European Union were built before 90ôs (Gkournelos et al. 2021). The 

poor seismic performance of RC buildings in the past has highlighted the vulnerability of the older 

buildings and their need for retrofit. Thus, the old buildings, which are designed as per the old 

codes, need to be reevaluated for seismic adequacy and strengthened as necessary to comply with 
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the new provisions (Bracci et al. 1997). These factors highlight the need for diaphragm 

strengthening.  

2.5.1 Conventional Retrofit Approaches in Concrete Diaphragms 

Most seismic upgrading techniques applied to structural elements in RC buildings involve 

adding some external reinforcement to the existing element in order to increase either or all of the 

flexural capacity, shear capacity, and ductility. For example, externally bonded steel plates, steel 

or concrete jackets, and external post-tensioning are some of the many traditional techniques 

adopted for strengthening purposes (ACI 2023). However, this type of upgrading is most likely to 

increase the dimension or bending stiffness, cause disruption to the function of the building, add 

seismic weight and correspondingly seismic demands, or may not be suitable for irregular 

geometry (Gkournelos et al. 2021).  

A few studies discuss the strengthening techniques for RC diaphragms. Kim and Hagen 

(2014) discussed case studies on seismic evaluation and retrofit of ten low to mid-rise RC buildings 

ranging from one to ten stories built in California between the 1940s and 1970s. In the existing 

building system, shear walls and concrete frames were used for gravity and LFRS. One-way RC 

slabs, two-way RC slabs, and post-tensioned slabs were used as diaphragms. Several deficiencies, 

such as torsional irregularities, vertical irregularities, and weak or soft stories, were identified. In 

some buildings, due to vertical irregularity such as setbacks, abrupt changes in strength and 

stiffness caused large force demands and stress concentrations in diaphragms. Further, the slabs 

were typically designed for gravity loads only; therefore, the existing slab reinforcements were 

inadequate to resist seismic demands. Large openings were present in the diaphragms, and they 

prevented proper load transfer to and from the diaphragms. These features in the diaphragms 

resulted in shear deficiencies. In order to strengthen horizontal elements of LFRS, in some cases, 
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either new collectors were added or existing ones were strengthened using steel plates and 

shotcrete overlays. Since shear deficiencies in the diaphragms were found to be difficult to 

mitigate, new vertical elements were added to decrease the diaphragm shear demand.  

Marini et al. (2008) identified that while a concrete plate reinforced with welded mesh 

could be a possible retrofitting technique for diaphragm strengthening, the technique would require 

thicker concrete to maintain the minimum cover required for the steel mesh. The authors proposed 

the use of fiber-reinforced concrete, which would not require the minimum concrete cover, as the 

reinforcement provided in the form of fibers is spread all over the concrete matrix. This 

strengthening was mainly focused on the RC diaphragm in masonry buildings, and the possibility 

of its application to the RC buildings was suggested. 

2.5.2 FRP for Strengthening of Concrete 

FRPs have been widely used for strengthening flexure or shear-deficient RC structures due 

to their favorable characteristics, such as high specific stiffness, strength, corrosion resistance, 

fatigue resistance, less disruption during installation, low linear expansion coefficient, good 

adaptation to complex shapes, and construction ease (Buyukozturk and Hearing 1998; Chaves and 

Cunha 2014). Particularly under seismic loading, FRP reinforcements present notable advantages, 

as their lightweight nature allows for reductions in both concrete cover and overall member 

thickness, while avoiding significant increases in structural weight and the resulting earthquake-

induced inertia forces, in contrast to conventional methods such as the application of steel plates 

(Bruggi and Taliercio 2013; Kromoser et al. 2019). 

Several experimental and numerical studies have been conducted on the application of 

FRPs on RC structures, including beams (Buyukozturk and Hearing 1998; Kalfat et al. 2013), 

columns (Colomb, 2008), beam-column joints (Del Vecchio et al. 2014), shear walls (Lombard et 
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al. 2000), and slabs (Anil et al. 2013; FloruŞ et al. 2014; Khajehdehi and Panahshahi 2016). FRP 

application for shear strengthening has not been as widely studied as flexure strengthening (Belarbi 

and Acun 2013). Shear design is a complex challenge, and even for the RC members without FRP, 

it relies mostly on empirical methods. The addition of FRP for the shear mechanism, therefore, 

adds further complication. Topics such as the relatively less shear-resisting mechanism of side-

bonded FRPs, the contribution of FRP to transverse strengthening, and the relative contributions 

of concrete, steel, and FRP to the shear capacity lack a complete understanding (Monti & Liotta, 

2007).  

Even fewer studies have been conducted on RC diaphragm strengthening with FRP, and 

limited guidance exists in codes. Due to the large-scale nature of diaphragms, testing of 

representative-size specimens is difficult, leading to limited research and data to understand the 

strengthening behavior and mechanism with FRP (del Rey Castillo et al. 2019; Aryan et al. 2023). 

Despite the limited guidance and research, there has been an application of the FRP for 

strengthening RC diaphragms following the FRP strengthening provisions for beams. 

FRP for the Shear Strengthening of Concrete 

Experimental and numerical studies on the FRP strengthening of shear-deficient concrete 

members have shown that the FRP-strengthening technique is highly efficient and effective 

(Barron and Hueste 2004; Maaddawy and Sherif 2009; Baggio et al. 2014) as it reduces the severity 

of cracks and increases the strength and stiffness of RC members. For example, Triantafillou 

(1998) conducted an experimental study based on eleven identical shear-deficient 1000 mm x 110 

mm x 70 mm (39.4 in. x 4.3 in. x 2.8 in.) RC beams with nine strengthened in shear using externally 

bonded FRP on two sides of the beams. When loaded in four-point bending, the strengthened 

beams experienced diagonal cracking followed by carbon FRP debonding and failed at loads 
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higher than those of unreinforced control beams. An increase in strengths of 65 percent to 95 

percent with respect to the control shear-deficient beams was observed. Similarly, Karzad et 

al.(2019) studied 19 shear-deficient RC beams strengthened using one or two layers of 

unidirectional EB-CFRPs. The beams included a combination of pre-damaged and undamaged 

beams with no steel stirrups, a minimum amount of steel stirrups, and about 2.3 times the minimum 

required steel stirrups. When subjected to a three-point loading, it was observed that in the beams 

without stirrups and wrapped with one layer of FRP, shear capacity increased by 60%. Similarly, 

for the beams without stirrups but wrapped with two layers of FRP, the capacity increased by 98%. 

In another experimental study by Chaallal et al. (1998) on eight 1300 mm (51.2 in.) long RC beams 

with 150 mm x 250 mm (5 in.  x 9.8 in.) cross section, two different orientations of FRP were 

applied for shear strengthening. One set of FRPs were applied perpendicular and another set had 

FRP strips at 135 degrees to the beamôs longitudinal axis. The application of FRPs resulted in the 

reduction of the severity and the extent of shear cracks leading to increased shear strength and 

stiffness. Further, diagonal strips provided better stiffness increase compared to the vertical strips. 

Additionally, there have been few studies related to FRP strengthened RC diaphragms. The 

following paragraphs discuss each study or applications. 

del Rey Castillo et al. (2019) discussed two examples of floor diaphragm strengthening 

systems using FRP and identified the knowledge gaps and subsequent research opportunities in 

this subject. One of the structures was a building in Wellington, New Zealand, with precast 

concrete columns for gravity load resistance, precast walls for lateral load resistance, and a hollow 

core concrete flooring system connected to a perimeter beam. The hollow core flooring system 

included a 200 mm (7.9 in.) thick precast slab with 50 mm (1.97 in.) topping and #5 wires in a 

square mesh of six inches. As the flooring system did not satisfy the capacity requirements in 
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tension due to inadequate reinforcement, the orthogonal grid of FRP strips was used for the tension 

strengthening, as shown in Figure 2-7. The FRP strips were bonded to the slab topping, and tests 

were conducted onsite to determine the strain and tensile capacity of the FRP-to-concrete bond. 

Anchors were provided throughout the perimeter in order to transfer loads from the FRP strips to 

the beam. For the anchor system, the FRP strips were bonded to steel plates, and the plates were 

embedded in the concrete topping. They were further anchored to the beam using post-installed 

adhesive anchors.  

 

Figure 2-7. Layout of the main FRP reinforcement in the first example diaphragm (del Rey 

Castillo et al. 2019). 

Another strengthening was conducted on a heritage building in Auckland, New Zealand, 

which consisted of perimeter RC walls as LFRS and a hollow core flooring system. The concrete 

slab was found to be deficient in transferring tension forces to the RC walls based on seismic 

analysis. The strengthening approach was similar to the previous example. FRP strips were 

provided in two orthogonal directions and anchored to the perimeter walls as shown in Figure 2-8. 
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In contrast to the steel plates and post-installed adhesive anchors for the first building, bundles of 

fibers soaked in epoxy were used as anchors, which were embedded into a predrilled hole and also 

bonded to the FRP strips. Additional FRPs had to be provided as the concrete below the concrete 

was found damaged, and the steel was corroded.  

 

Figure 2-8. Floor plan and FRP configuration of the second example diaphragm (del Rey 

Castillo et al. 2019). 

Based on the onsite testing for strain and strength of the FRP-concrete bond, the current 

provisions of ACI 440.2R (2017) and CNR-DT200 (2013) were deemed to be unreliable in 

determining the bond strength and strain of FRP-to-concrete in floor diaphragm applications. The 

authors identified research needs related to developing more accurate models for predicting load 

transfer through FRP bonding, clarifying the influence of anchor parameters on this transfer, 

exploring alternative anchoring techniques, and advancing the understanding of FRP strengthening 

strategies for RC diaphragms. 



Literature Review 

31 

Ormeno et al. (2019) presented the design and analysis of the diaphragm and design of 

FRP retrofit of an irregularly shaped hollow-core concrete slab in a supermarket building in 

Wellington, New Zealand, which was discussed as a first example in the previous study by del 

Rey Castillo et al. (2019). The equivalent static method was used to determine the seismic demand, 

and the diaphragm grillage method was used for the analysis of the concrete. The analysis results 

showed that while the diaphragm had adequate compressive capacity, it did not have adequate 

tensile capacity. The buildingôs Ultimate Limit State earthquake resistance was only five percent 

of the New Zealand building code requirement for a new building. The reinforcement mesh, which 

provided the tensile capacity, was deemed inadequate, and the need for global strengthening was 

identified.  

In-situ shear tests were conducted to obtain the debonding capacity of the FRP sheet in a 

shear-tear configuration. 200 mm (7.9 in.) wide and 1 mm (0.039 in.) thick carbon-FRP strips 

bonded to the slab were used for the tests. Three different bond lengths ï 500 mm (19.7 in.), 800 

mm (31.5 in.), and 1200 mm (47.2 in.) ï were used. The test results showed that while increasing 

the bond length from 500 mm (19.7 in.) to 800 mm (31.5 in.) increased the tensile capacity, 

increasing the length from 800 mm (31.5 in.) to 1200 mm (47.2 in.) did not increase the capacity. 

The development length for the FRP strips using ACI 440.2R (2017) was 103 mm (4.1 in.) in order 

to ensure that FRP strips achieve effective stress. The bond length of 1000 mm (39.4 in.) was used 

instead, as the larger bond length allows FRP strips to achieve stresses. Furthermore, in the case 

of strain, the average effective strain based on the test results was 0.615% which was 1.5 times the 

strain computed using the ACI 440.2R (2017) equation. The strain data from the test results were 

used. The authors thus recommended conducting in-situ tests to verify the ACI 440.2R (2017) FRP 

design procedure for tension based on the comparison of their data.  
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Aryan et al. (2023) conducted an experimental study on five beam-supported RC 

diaphragms, each 4570 mm (180 in.) long, 1525 mm (60 in.) wide, and 102 mm (4 in.) thick, to 

investigate the effect of FRP strengthening in RC diaphragms, see Figure 2-9(a). One of the 

specimens served as a reference, and the other four were strengthened in in-plane shear with carbon 

FRPs and glass FRPs. In the unretrofitted specimen, transverse steel bars were used as shear 

reinforcement, and in the retrofitted specimen, a single layer of FRPs placed perpendicular to the 

longitudinal reinforcement was added. The specimens varied in terms of the type of FRP 

reinforcement, the width of the FRP plies, and the side of the application. Of the four retrofitted 

specimens, two of them used carbon FRP with two different stiffnesses of 73770 N/mm2 (10700 

ksi) and 98181 N/mm2 (14240 ksi), each 76 mm (3 in.) wide and 1.02 mm (0.04 in.) thick. The 

two glass-FRPs have the same material properties and geometry: a thickness of 1.02 mm (0.04 

in.), a width of 152 mm (6 in.), and a stiffness of 26680 N/mm2 (3870 ksi). However, one of the 

specimens had FRP applied to only one side, and the other had FRP applied to both sides. The 

FRPs were bent at the ends of the diaphragm to form a C-shape and bonded through the diaphragm 

thickness. For FRPs on two sides, this resulted in the overlapping of the FRPs from two different 

sides along the diaphragm thickness, as shown in Figure 2-9(b). 

Under in-plane cyclic shear loading, the control specimen exhibited a shear capacity of 592 

kN (133 kips) in the push direction and 514 kN (116 kips) in the pull direction, and the diaphragms 

reinforced with FRP displayed greater peak load-carrying capacity and ductility in both directions 

compared to the control specimen. The increase in strength ranged from 23% to 40% in one 

direction of the loading and 33% to 47% in the other direction of the loading. The control specimen 

failed due to concrete diagonal shear cracks. Similarly, the FRP-strengthened diaphragms 

developed diagonal shear cracks during testing; however, their failure stemmed from either 
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delamination of the FRP composite followed by concrete diagonal shear failure, as shown in Figure 

2-9(c), or concrete crushing beneath the load application point. Notably, concrete crushing 

occurred in the specimen reinforced with FRP on both sides. Further, the transverse reinforcement 

in the strengthened specimens experienced a lower strain compared to the reference specimen due 

to the contribution of external FRP reinforcement. 
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Figure 2-9. Experimental specimens (Aryan et al. 2023). 

Hutton (2023) conducted an experimental study to investigate the shear behavior of RC 

diaphragms strengthened using externally bonded FRP. The study consisted of six, four-inch-thick, 

10 ft × 8.5 ft cantilever RC diaphragm floors supported by beams, concrete pedestals, and shear 

walls as shown in Figure 2-10. The specimens were designed to represent the diaphragm shear 

zone adjacent to a shear wall in a concrete building. One specimen was an unstrengthened 

(a) Schematic test setup. 

(b) FRP layout of the specimen with glass-FRP on both sides. 

(c) Test setup and delamination of FRP. 
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diaphragm deficient in shear, which served as a control specimen. The five other diaphragm 

specimens were strengthened with various arrangements of externally bonded FRP and FRP 

anchorages. The compressive strength of concrete ranged from 3670 psi to 4760 psi. The minimum 

amount of reinforcing steel, according to ACI 318 (2019), was provided in the diaphragm field. 

The beams were designed to remain elastic, and the shear wall was designed for twice the load 

capacity of the actuator. The FRP layouts for each specimen are shown in Figure 2-11 of which 

CD5 was glass-FRP, while the rest of them were carbon-FRP. Each retrofitted specimen was 

designed to incorporate four FRP sheets with individual ply stiffness per longitudinal strain  

ὉὰὥίὸὭὧ άέὨόὰόί έὪ ὊὙὖ z ὸὬὭὧὯὲὩίί έὪ ὩὥὧὬ ὴὰώzύὭὨὸὬ έὪ ὩὥὧὬ ὴὰώ of approximately 

4000 kips/(in./in.). The FRP sheets were bonded to the top surface of the diaphragm and anchored 

at the ends. The retrofit configurations incorporated different FRP materials, ply width, ply 

spacing, ply orientation, and anchorage. 

The diaphragm specimens were subjected to reverse cyclic displacement loading applied 

from an actuator that transferred the in-plane load to the specimen through loading channels. The 

results demonstrated that the FRP strengthening approach led to an increase in both the shear 

strength and stiffness of the test specimens. Specifically, a 38% increase in strength was observed 

in specimens strengthened with FRP. The global envelope curves as load vs shear angle are 

provided in Figure 2-12. The control specimen experienced diagonal tension shear failure, and the 

retrofitted specimens experienced FRP debonding initiated in the major diagonal shear crack 

region. The configuration in which the strong axis of the FRPs was oriented parallel to the applied 

shear was found to be effective in increasing strength, whereas the configuration with the strong 

axis of the FRPs oriented perpendicular to the applied shear was found to be effective in enhancing 

ductility. The in-plane diaphragm strength in the perpendicular retrofitting technique was 
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measured at 75% of the strength of diaphragms with the parallel retrofitting scheme. Additionally, 

the contribution to shear strength was found to be influenced by the retrofit surface coverage. For 

the same stiffness of FRP per unit length, higher coverage with wider strips offered better control 

of shear cracks and higher strength compared to less coverage with narrower strips. Moreover, the 

presence of intermediate anchors resulted in localized failures, leading to a significant reduction 

in the diaphragm's deformation capacity. The analysis based on modified compression field theory 

provided reasonably accurate predictions of the peak strength of the shear-deficient diaphragm. 

Also, for a known debonding strain of FRP, the equations for the shear design of FRP in ACI 440-

2R (2017) offered reasonable predictions for the shear strength contribution from externally 

bonded FRP with the strong axis parallel to the applied shear. 

 

Figure 2-10. Schematic illustration of the test setup (Hutton 2023). 
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Figure 2-11. Retrofit schemes for the six specimens (Hutton 2023). 

 

Figure 2-12. Global envelope curves (Hutton 2023). 

2.5.3 Shear Design of FRP ï Guidelines and Practices 

Several researchers have proposed analytical models to estimate the shear resistance for 

RC members strengthened with externally bonded FRP laminates based on RC beams (Khalifa et 

al. 1998; Triantafillou 1998; Chen and Teng 2003b; Monti and Liotta 2007a; Lee et al. 2017). 

(a) Specimen CD1. (b) Specimen CD2. 

(d) Specimen CD4. 

(c) Specimen CD3. 

(e) Specimen CD5. (f) Specimen CD6. 
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Belarbi and Acun (2013) classified the models into four groups: the first group relies on an 

empirical value for the limiting stress/strain corresponding to the failure of the strengthened 

member, the second group is based on the determination of effective FRP strain mostly associated 

with the debonding of FRP, the third group takes into account the non-uniformity of strain 

distribution in externally bonded FRPs while the last group is based on mechanics based theoretical 

approaches. Of these, the simple analytical models determine the contribution of external 

reinforcement to shear capacity, in which the shear reinforcements are treated in analogy with steel 

stirrups with allowable strains mostly based on the experiments with the maximum value equal to 

the tensile rupture strain (Triantafillou 1998). ACI 440.2R (2017) also adopts this simple approach, 

the details of which are provided in Chapter 11 of the document. Even though the shear provisions 

are based on beams or columns, due to the lack of other guidance, this document has been used by 

practitioners (Dhakal et al. 2022) and is discussed in the following section. 

ACI 440.2R-17 Shear Design Method 

ACI 440.2R (2017) provides general design recommendations for FRP shear strengthening 

on RC beams or columns based on limit state design principles and strength/serviceability 

requirements in ACI 318 (2019). The FRP design guideline mainly takes into consideration the 

tensile capacity of FRP and the strain compatibility between FRP and concrete. Several factors, 

such as FRP wrapping schemes, beam or column geometry, and existing concrete strength, affect 

the shear strength contribution of FRP. Three different wrapping schemes ï Complete Wrap, 3-

sided U Wrap, and 2-sided Wrap ï are discussed (Figure 2-13). However, in diaphragms, FRP is 

usually applied to only one side of the diaphragm (Dhakal et al. 2022). 
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Figure 2-13. Typical wrapping schemes for shear strengthening  

using FRP laminate (ACI 2017). 

The required shear strength of the FRP strengthened member calculated using load factors 

in ACI 318 (2019) should be less than the design shear strength of the strengthened concrete 

member as given by Eq. (2-2), in which the nominal shear strength is provided by FRP, concrete, 

and reinforcing steel as specified in Eq. (2-3). For diaphragms, the contributions from concrete 

and reinforcing steel are provided by Eqs. (2-4) and (2-5) are based on the ACI 318 (2019). 

 •ὠ ὠ (2-2) 

 •ὠ  •ὠ  ὠ ‪ὠ   (2-3) 

 ᾠὧ  ς‗Ὢᴂ ὃ   (2-4) 

 ὠ ”Ὢ ὃ  (2-5) 

where ὠ is the nominal shear strength of the FRP strengthened concrete member, ὠ is the required 

shear strength, ὠ is the nominal shear strength provided by concrete, ὠ is the nominal shear 

strength provided by reinforcing steel, ὠ is the nominal shear strength provided by FRP, ‪  is the 

FRP strength reduction factor accounting for bond reliability, ‗ is the modification factor for 

lightweight concrete, Ὢᴂ is the compressive strength of concrete, ὃ  is the gross area of the 

concrete diaphragm section, ” is the ratio of the area of distributed transverse reinforcement for 

in-plane shear to the gross concrete area perpendicular to the reinforcement, Ὢ is the yield strength 

of reinforcing steel 

The FRP contribution to the shear strength, ὠ, in Eq. (2-3) is calculated from the force 

from the tensile stress in the FRP across a crack in the member. Thus, Eq. (2-6) for ὠ incorporates 
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the FRP fiber orientation and crack pattern. The dimensional parameters involved are illustrated 

in Figure 2-14. The reduction factor ‪  for the shear strength of FRP is based on the type of FRP 

scheme incorporated. The values of ‪  for completely wrapped members is 0.95 and for three-

side scheme and two-opposite-sides schemes is 0.85. The ACI 440.2R (2017) does not provide 

any recommendation for the FRP applied to only one side.  

 ὠ
ὃ Ὢ ίὭὲ‌ ὧέί‌Ὠ

ί
 (2-6) 

where ὃ  is the area of FRP shear reinforcement, Ὢ  is the tensile stress in the FRP shear 

reinforcement, ‌ is the angle of application of FRP direction relative to the longitudinal axis of the 

member; Ὠ  is the effective depth of FRP shear reinforcement; ί is the center-to-center spacing 

of FRP strips 

 

Figure 2-14. Dimensional variables used in the calculation of FRP shear strength (ACI 

2017). 

The area of FRP shear reinforcement, ὃ , for members with rectangular cross-sections 

where FRP is applied to one side, can be computed using Eq. (2-7)  

 ὃ ὲὸύ  (2-7) 

where ▪ is the number of layers of FRP; ὸ is the thickness of each ply of FRP and ύ  is the width 

of each FRP strip 

The tensile stress in the FRP shear reinforcement, Ὢ , depends on the effective strain 

developed in the FRP shear reinforcement at nominal strength, ‐ , and is given by Eq. (2-8). The 
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effective strain is the maximum strain in FRP, which corresponds to the critical failure mode of all 

the possible failure modes. The ACI 440.2R (2017) provides guidance for determining the 

effective strain for the two cases ï completely wrapped members and bonded U-wraps or bonded 

face plies using Eqs. (2-9) and (2-10) respectively. For the complete wrap case, loss of aggregate 

interlock in the concrete is suggested as the critical failure mode. Thus, the strain is limited by the 

strain associated with aggregate interlock in concrete instead of the ultimate FRP strains. In the 

case of bonded U-wraps, the delamination of FRP from a concrete substrate is suggested as the 

most likely critical failure mode. Subsequently, the effective strain is limited by the strain 

associated with delamination. These empirical equations for effective strains are based on FRP 

pull tests conducted by Khalifa et al. (1998). 

 Ὢ Ὁ‐  (2-8) 

 ‐ πȢππτ πȢχυ‐  (2-9) 

 ‐ ‖‐  πȢππτ (2-10) 

where Ὁ is the elastic tensile modulus of FRP; ‐  is the ultimate fiber strain; ‖ is the bond 

reduction coefficient 

The bond-dependent coefficient for shear, ‖, which can be calculated with Eq. (2-11) 

depending on the active bond length, ὒ, the concrete modification factor, Ὧ, and the wrapping 

scheme modification factor, Ὧ. These variables can be determined with Eqs. (2-12), (2-13), and 

(2-14) or (2-15) respectively.  

 ‖
ὯὯὒ

τφψ‐
 πȢχυ (2-11) 

 ὒ
ςυππ

ὲὸὉ
Ȣ  (2-12) 
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 Ὧ
Ὠ ὒ

Ὠ
 5 ×ÒÁÐÓ (2-14) 

 Ὧ
Ὠ ςὒ

Ὠ
Ô×Ï ÓÉÄÅÓ ÂÏÎÄÅÄ (2-15) 

Further, the total shear strength from FRP and steel shear reinforcements has been limited 

based on Eq. (2-16) 

 ὠ ὠ  ψz ὦὨ Ὢ (2-16) 

Despite the practice of using the equations associated with the bonded U-wraps for the case 

of the diaphragm, a panel of industry experts on FRP recommends an FRP effective strain of 0.15% 

(Dhakal et al. 2022). This limit is expected to preclude intermediate crack-induced debonding, loss 

of aggregate interlock in concrete, and wide cracks from high-reinforcing steel strains. 

2.6 Numerical Modeling of FRP Strengthened RC Diaphragms 

FE analyses play a crucial role in complementing experimental research by offering 

valuable insights into structural behavior. For example, in concrete structures, FE analyses could 

reveal the process of crack formation and propagation, limit states and failure mechanisms, strains, 

and deflections, which might be difficult to obtain from experiments. Moreover, numerical studies 

enable the examination of a system's sensitivity to various parameters, which might be challenging 

considering that experimental studies require a great number of resources. 

Numerical studies on the shear behavior of RC structures strengthened with FRP are widely 

based on beams (Godat et al. 2007). Similarly, existing numerical studies on RC slabs focus on 

the effects of out-of-plane loading, i.e., slabs subjected to loading in the direction perpendicular to 

their plane (Pacoste et al. 2012; Genikomsou and Polak 2015; El-Mawsly et al. 2022). Further, 
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numerical studies on shear walls reinforced with FRPs are also available (Aslani and 

Kohnehpooshi 2018), but unlike diaphragms, shear walls resist axial loads in addition to the in-

plane shear loads, and shear walls transfer the shear loads from floors to the foundation. There 

have been very few numerical studies on the behavior of RC diaphragms without FRPs 

(Nakashima et al. 1981; Marini et al. 2008; Khajehdehi and Panahshahi 2016), which are discussed 

further in the subsequent paragraphs. There do not appear to be any numerical studies on the 

behavior of RC diaphragms strengthened with FRP.  

Khajehdehi and Panahshahi (2016) conducted an FE study to investigate the effect of 

openings on the in-plane behavior of RC slabs. Initially, a nonlinear 3D FE model of a slab panel, 

as per Nakashima's experimental study (shown in Figure 2-5) (Nakashima et al. 1981), was 

validated against experimental results using the ANSYS commercial FE program. Figure 2-15(a) 

shows the geometry of the panel modeled in the FE program. The model employed an eight-node 

concrete brick element capable of cracking and crushing for concrete and an axial element suitable 

for discrete modeling of the embedded reinforcing bars for reinforcement steel. A mesh size of 

152mm x 152 mm was used. A perfect bond was assumed between the concrete and steel. Live 

load and dead load were applied in the out-of-plane direction, while in-plane loading was applied 

monotonically along the edge beam parallel to the wall. The concrete material model incorporated 

parameters such as shear transfer coefficients, uniaxial tensile and compressive constitutive 

relationships, hydrostatic stress, biaxial crushing stress, and stiffness multiplier for cracked 

conditions. The input tensile behavior of the concrete is shown in Figure 2-15(b). Steel material 

was modeled with an idealized bilinear stress-strain relationship. Nonlinear static analysis using 

the Newton-Raphson method was conducted. The FE analysis resulted in the load-displacement 

curve with initial stiffness higher compared to the experimental result, as can be seen in Figure 
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2-15(c). This was attributed to the loss of strength and stiffness due to shrinkage cracks and 

accidental damage incurred by the experimental specimen before loading. This slope was verified 

against the stiffness calculated using the virtual work method, assuming the slab was a deep beam. 

The FE model was used to investigate the effect of opening with different opening sizes (6.25%, 

14%, and 25%) and concluded that as opening sizes increased, the effect of out-of-plane loading 

on in-plane capacity diminished. Several events throughout the loading are mentioned in the plot 

in Figure 2-15(d).  and the comparison of results for different openings is provided in Figure 

2-15(e). Additionally, in slabs with openings, the yielding of bars at corners significantly 

influenced slab behavior and failure mechanisms. Thus, any slab strengthening techniques may be 

more effective if they prioritize reinforcement at corners. 
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Figure 2-15. FE details (Khajehdehi and Panahshahi 2016). 

Marini et al. (2008) conducted non-linear finite element analyses to explore the viability 

and effectiveness of reinforcing existing diaphragms with a layer of steel fiber-reinforced concrete. 

Their study compared the results from FE analyses for a 20 mm (0.79 in.) thick concrete slab 

reinforced with steel fibers against a 50 mm (1.97 in.) concrete slab reinforced with welded wire 

mesh. In both models, the bending resistance was provided by chord beams. The diaphragms were 

(a) FE model geometry. 

(b) Tension softening model used for concrete. (c) In-plane load-displacement curves for the slab 

panel subjected to in-plane and out-of-plane loading. 

(d) Load-displacement curve for the FE slab with 

25% opening subjected to in-plane loading only. 

(e) Load-displacement curves for the FE solid slab and 

the FE slabs having different opening sizes. 
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subjected to an in-plane uniformly distributed load and were represented as a two-dimensional 

plane stress model, as shown in Figure 2-15(a). The models employed eight-node quadrilateral 

isoparametric plane stress elements with embedded reinforcement, adopting the smeared crack 

approach to model concrete cracking. 

The stress vs crack opening relationship of plain concrete was represented by a nonlinear 

law, while for the post-cracking residual strength of fiber-reinforced concrete, a bilinear law was 

adopted (Figure 2-15(b)), and fracture energy was calculated according to the CEB-FIP Model 

Code 1990. The behavior of concrete under uniaxial compression followed the constitutive law 

proposed by Thorenfeldt, see Figure 2-15(c). Ordinary steel reinforcement was represented using 

the isotropic plasticity model with strain hardening based on the Von Mises criterion. 

Increasing distributed loads were monotonically applied, and load-displacement plots, 

crack patterns, and principal strain in concrete and steel elements were compared for the two 

strengthening techniques. In all RC diaphragms, the maximum resistance corresponded to the 

yielding of chord bars under bending. Notable observations included the progression of shear 

cracks towards the panel mid-span as chord rebars yielded at larger displacements, leading to 

decreased structural stiffness (point d in Figure 2-15(d)). Additionally, the increase in fracture 

energy of concrete with the addition of steel fibers delayed crack propagation and avoided shear 

failure. The structural behavior was characterized by an initial "deep beam behavior" in the small 

displacement field, transitioning to an "arch behavior" for larger displacements, during which 

macro-cracks localized and advanced towards the mid-span. In the arch mechanism, the tie effect 

of rebars in the chord under tension provided resistance. 
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Figure 2-16. FE details (Marini et al. 2008). 

2.6.1 FE consideration ï Concrete-FRP Interface 

The FRP-concrete bond interface plays a critical role in transferring stresses from the 

strengthened structure to FRP. This transfer of stresses allows the composite action between the 

two components. FRP debonding has been found to be one of the most common failure modes in 

concrete structures bonded with FRP, including diaphragms (Aryan et al. 2023; Hutton 2023). The 

(a) Simplified model of the diaphragm. 

 

(b) Tensile stress-displacement relation for concrete. (c) Stress-strain plot for compression in concrete. 

(d) Response of the fiber-reinforced concrete diaphragm. 
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two most common debonding failure modes of FRP strengthened RC members have been 

identified as (a) Peeling-off or End debonding and (b) Intermediate crack induced debonding (Pan 

and Leung 2007). The end debonding begins near the FRP end due to the high shear and normal 

stress concentrations and progresses in the concrete. In intermediate debonding, failure starts 

around a major shear or flexural crack. High interfacial stresses induced in the vicinity of the crack 

lead to the debonding of the FRP, which then spreads towards the stress-free FRP end. Some 

studies that assume a perfect bond between the concrete and FRP have shown that this assumption 

results in results with higher stiffness and strength. Further, this simplified assumption might lead 

to incorrect failure mechanisms, as FRP debonding would not be possible. The bond stress-slip 

relationship could be used to simulate the interface and the corresponding debonding. 

2.7 Topology Optimization of FRP Layouts in Concrete Structures 

Several studies have investigated the optimization of concrete structures strengthened with 

FRP. However, no studies have focused on the optimization of the RC diaphragm strengthened 

with externally bonded FRP. Bruggi and Taliercio (2013, 2015) examined the optimal strengthening 

of plain concrete beams under flexure, square plain concrete panels under shear, and concrete 

plates with FRP. Their work was motivated by the development of design tools capable of 

identifying optimal reinforcement layouts, rather than relying on intuition-based FRP design. 

Pham et al. (2015) conducted an experimental program on 33 concrete cylinders (6 in. diameter 

and 12 in. height) confined with glass FRP and carbon FRP using different wrapping schemes to 

investigate the confinement and failure mechanisms of columns. They proposed a non-uniform 

wrapping scheme that achieved higher compressive strength and strain compared to an equal 

amount of fully wrapped FRP. Chisari and Bedon (2016) introduced a genetic algorithmïbased 

optimization procedure for the seismic retrofit of RC buildings using FRP jacketing. A case study 
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on a three-story, three-bay RC frame demonstrated that the optimized retrofit design maximized 

frame ductility while minimizing the required FRP volume. A review of existing studies on the 

optimization of concrete structures by Stoiber and Kromoser (2021) has shown the implementation 

of the optimization process in concrete design. More recently, Ramadan and Elgendi (2023) 

provided a review of optimization algorithms applied to FRP in civil engineering structures, 

identifying their use in RC beams, columns, and frames with externally bonded FRP. Fischer et al. 

(2023) applied topology optimization to steel deck diaphragms subjected to lateral loads to identify 

layouts that maximize in-plane stiffness. The optimized diaphragm layouts were then interpreted 

into practical, constructible designs. Their findings showed that the optimized layouts achieved 

the greatest stiffness, the interpreted designs exhibited greater in-plane stiffness than traditional 

configurations, and the traditionally designed diaphragms were the most flexible.  

Bruggi et al. (2013) implemented a gradient-based topology optimization approach using 

mathematical programming to determine optimal layouts of externally bonded FRP on masonry 

walls subjected to in-plane loading. The objective of the optimization was to minimize FRP 

volume while constraining masonry stresses, assuming perfect bond between FRP and masonry. 

The numerical optimization framework was validated against experimental results from diagonal 

compression tests available in the literature. The validated approach was applied to two masonry 

panels: (i) a square panel measuring 12 in. on each side, and (ii) a square panel of the same size 

with an opening measuring 3 in. × 6 in. Optimization was performed using a 0.008 in. thick FRP 

layer with a fiber-direction elastic modulus of 23,000 ksi. For the panel without an opening, the 

optimal layout included both horizontally and diagonally oriented FRP. Importantly, the study 

demonstrated that the optimized placement identified by the mathematical approach differed 

significantly from layouts typically determined by engineering intuition. 
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Chaves and Cunha (2014) applied density-based topology optimization to identify the 

optimal regions for carbon-FRP reinforcement in an L-shaped RC slab, aiming to reduce material 

usage while maintaining structural performance. The slab was 4 inches (10 cm) thick, L-shaped, 

and subjected to a uniformly distributed surface load in the out-of-plane direction. In the 

conventional design (shown in Figure 2-17(a)), FRP was applied uniformly across the tension zone 

ï as typically done in practice ï to increase the slabôs load-carrying capacity from 84 psf (4 kN/m²) 

to 178 psf (8.5 kN/m²).  

The study demonstrated the efficiency of optimization guided FRP placement (shown in 

Figure 2-17(b)) with minimal change in structural performance measured in terms of deflection. 

The optimization objective was to minimize mean compliance, thereby maximizing the overall 

stiffness of the structure by selectively removing 50%, 70%, and 90% of the FRP material applied 

uniformly on the surface of the slab. The optimization results for different FRP amounts are shown 

in (shown in Figure 2-17(c)) where the FRP material is indicated in red color. For the final design 

based on optimization results, the conventional layout was refined by retaining FRP in the required 

regions as indicated by the optimization results. This refined layout led to a 50.3% reduction in 

FRP area, decreasing from 81.8 ft² (7.6 m²) to 40.5 ft² (3.76 m²), while producing only a marginal 

increase in maximum deflection, from 0.783 inches (19.88 mm) to 0.794 inches (20.18 mm). 

However, the ultimate strength or failure capacity of the conventional versus optimized 

reinforcement layouts.  
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Figure 2-17. FRP layouts applied to RC slab in the study by Chaves and Cunha (2014). 

Fischer et al. (2023) applied topology optimization to steel deck diaphragms subjected to 

lateral loads to identify layouts that maximize in-plane stiffness. The optimized diaphragm layouts 

were then interpreted into practical, constructible designs. Their findings showed that the 

optimized layouts achieved the greatest stiffness, the interpreted designs exhibited greater in-plane 

stiffness than traditional configurations, and the traditionally designed diaphragms were the most 

flexible. However, no studies have focused on the optimization of the RC diaphragm.  

2.8 Summary of Literature Review 

Despite experimental and analytical studies demonstrating the effectiveness of externally 

bonded FRP in enhancing the in-plane shear capacity of RC diaphragms, several challenges remain 

(a) Design with conventional FRP layout.  (b) Design with optimization based FRP layout.  

(c) Optimization result at different FRP volume. 
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unresolved. Current code and design guidelines, such as ACI 318-19 (2019), ACI 440.2R-17 

(2017), and ACI PRC-440.2-23 (2023), are based on beam and column applications and fail to 

capture the distinct behavior of diaphragms, particularly regarding strain development, debonding 

mechanisms, and anchorage performance. Experimental findings consistently reveal that these 

provisions inadequately predict bond strength and effective strain, necessitating in-situ testing or 

modified approaches for reliable design. Moreover, most experimental studies have focused on 

isolated specimens rather than capturing system-level diaphragm behavior under seismic loading. 

Numerical models, while valuable, are limited either to out-of-plane slab behavior or non-FRP-

retrofitted diaphragms, with very few tailored to simulate the complex interaction between FRP, 

concrete, and reinforcement in strengthened diaphragms. In practice, FRP application strategies 

are often driven by ease of implementation rather than structural demand, leading to widespread 

but non-targeted reinforcement. Although optimization methods have been applied to general 

slabs, no studies have addressed the targeted placement of FRP in diaphragms. This synthesis 

highlights the critical need for diaphragm-specific experimental data, advanced numerical tools 

that capture realistic failure modes and FRP-concrete interface behavior, and design practices that 

prioritize targeted strengthening of critical regions. Addressing these gaps can play a key role in 

developing effective, efficient, and performance-informed FRP retrofitting strategies for RC 

diaphragms under lateral loading.
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Chapter 3. Finite Element Analysis of Reinforced Concrete 
Diaphragms Strengthened with Externally Bonded FRP 

Sheets 

Pratiksha Dhakal, Matthew R. Eatherton, and Eric Jacques 

Preface to Chapter 3 

This chapter is based on the manuscript titled ñFinite Element Analysis of Reinforced 

Concrete Diaphragms Strengthened with Externally Bonded FRP Sheetsò by Pratiksha Dhakal, 

Matthew R. Eatherton, and Eric Jacques, submitted to Engineering Structures in March 2025. The 

manuscript is currently under review. 

The dissertation author was the primary contributor to the conceptual development, 

numerical modeling, data analysis, and manuscript preparation. Dr. Matthew R. Eatherton and Dr. 

Eric Jacques supervised the research and contributed to the conceptualization, interpretation of 

results, and manuscript editing. 

Units are presented in the English (in-lb) system to maintain consistency with the rest of 

the dissertation. The original manuscript was prepared in the SI unit system, so the units are also 

presented in the SI system inside parentheses. 
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Finite Element Analysis of Reinforced Concrete Diaphragms Strengthened with 

Externally Bonded FRP Sheets 

Pratiksha Dhakal1, Matthew R. Eatherton2, Eric Jacques3 

Abstract 

A set of experiments was recently conducted on reinforced concrete diaphragm specimens 

retrofitted with fiber reinforced polymers (FRP). Due to inherent limitations associated with the 

size and distribution of instrumentation in the experiments, it is not possible, based on the 

experimental data alone, to understand the mechanics of force transfer and interaction between the 

concrete, reinforcing steel, and FRP. Instead, well-calibrated and validated finite element models 

can serve to elucidate aspects of the diaphragm behavior that would be difficult, if not impossible, 

to understand from a physical test. In this study, numerical modeling strategies for capturing 

reinforced concrete diaphragms strengthened with externally bonded FRP are developed, validated 

against experiments, and used to evaluate specimen behavior. A concrete damage plasticity model 

was adopted for the concrete, and the sensitivity in the response due to modeling parameters such 

as concrete dilation angle, fracture energy, and viscosity parameter was investigated. Additionally, 

a study was conducted to understand the simulation of FRP debonding using surface-based 

cohesive bonding behavior. The findings were then implemented to model six experimental 
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diaphragm specimens. The analysis results were compared with and found to accurately capture 

the experimental results in terms of load-displacement behavior, crack patterns, and failure mode. 

Then, the mechanism for how FRP interacts with concrete and reinforcing steel was investigated 

using the finite element models, and the contribution of each component to the shear strength of 

the diaphragm was quantified. 

Keywords: Diaphragm, finite element modeling, fiber reinforced polymers, shear 

strengthening, reinforced concrete  

3.1 Introduction  

Diaphragms, chords, and collectors are critical components of the lateral load path, 

distributing horizontal lateral loads at the floor level and transferring them to vertical elements of 

the lateral force resisting system, such as moment frames or shear walls. The diaphragms in a 

building may require retrofit when the moment frames or shear walls are relocated due to 

renovations, when there are new penetrations in the slab, or in older buildings when deficiencies 

in the diaphragm load path, strength, or ductility are discovered (Obaidat et al. 2011). Nonductile 

reinforced concrete (RC) buildings constructed prior to the 1970s are particularly susceptible to 

requiring diaphragm retrofit, as they were constructed prior to the adoption of modern seismic 

design codes that incorporated the first diaphragm design provisions (Bracci et al. 1997; 

Gkournelos et al. 2021; Kam and Pampanin 2008).  

The use of FRP to strengthen diaphragms is widely used in practice because of the reduced 

mass and less intrusive installation than traditional methods, such as adding concrete (Dhakal et al. 

2022). However, there is limited research on the topic and even less guidance in design codes. 

Aryan et al. (2023) tested five 180 in. (4570 mm) long, 60 in. (1525 mm) wide, and 4 in. (102 mm) 

thick simply supported RC diaphragms, finding that the FRP retrofit increased the shear strength 
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by about 25% to 50%, with carbon FRP retrofits showing higher ductility than glass FRP. Three 

retrofitted specimens with FRP applied to one side failed due to debonding, starting at diagonal 

shear crack locations. Hutton et al. (2025) tested six 102 in. (2590 mm) long, 120 in. (3048 mm) 

wide, and 4 in. (102 mm) RC cantilever diaphragms to explore how externally bonded FRP affects 

in-plane shear behavior. The addition of FRP enhanced both the stiffness and the shear strength of 

the RC diaphragms. The peak shear strengths were associated with intermediate crack-induced 

FRP debonding, initiating at diagonal tension cracks. The retrofitted specimens exhibited cracks 

that were more distributed and smaller in width, with greater surface coverage, improving 

effectiveness. To prevent brittle FRP rupture due to over-constraint, a minimum clear spacing 

between sheets and the use of intermediate anchors was recommended. 

Continuum-based finite element (FE) analysis is a valuable tool for examining the behavior 

of complex structures, particularly in the case of diaphragms, where conducting full-scale 

experiments is challenging due to their size and complexity (Arnold 2019; Erickson 2019; 

Goodwin et al. 2019; Harries and Witt 2019). While numerous FE simulations have focused on 

RC slabs subjected to out-of-plane gravity loads (Labibzadeh 2015; Mosallam and Mosalam 

2003), FE studies focused on the in-plane behavior of RC slabs are limited. Examples include 

Nakashima (1981) and Khajehdehi and Panahshahi (2016), who developed and validated nonlinear 

FE models to predict slab behavior subjected to both in-plane and out-of-plane loads. To the best 

knowledge of the authors, no computational studies were found in the literature that examined the 

behavior of RC diaphragms strengthened with FRP.  

The strength of RC elements retrofitted with externally bonded FRP is often limited by 

failure modes such as FRP debonding, FRP rupture, or anchor failures (Chen and Teng 2003a; 

Teng and Chen 2009). Debonding of FRP can occur in several modes, including cover separation, 
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plate end debonding, intermediate (flexure) crack-induced debonding, and critical diagonal (shear) 

crack-induced debonding (Lu et al. 2005). RC beam and diaphragm specimens with FRP shear 

strengthening have experienced crack-induced debonding (Hutton et al. 2025). Only a few 

numerical studies on concrete members address debonding behavior, as it is challenging to 

accurately model the FRP-concrete interface properties (Naser et al. 2021). Many numerical 

investigations on FRP-strengthened concrete members assume a perfect bond between FRP and 

concrete (Hu et al. 2004; Ibrahim and Mahmood 2009; Kachlakev et al. 2001). However, this 

approach does not allow simulation of the debonding phenomena and results in an overprediction 

of strength and stiffness. Some numerical studies that include the bond behavior were conducted 

on FRP-strengthened concrete beams (Hu et al. 2004; Ibrahim and Mahmood 2009; Obaidat et al. 

2013). Obaidat et al. (2013) conducted an FE study based on RC beams retrofitted with carbon 

FRP to increase shear strength. The FE study used two different approaches for the bond: (a) a 

perfect bond and (b) a cohesive zone model. For the interface bonding case, cohesive elements 

representing an interface with a bilinear bond-slip relation prescribed by Lu et al. (2005) were 

used. Following calibration, the interface modeling was able to capture the intermediate crack-

induced debonding observed in the experiment. Despite these advancements, the numerical 

simulation of FRP debonding behavior in concrete diaphragms remains underexplored and 

warrants further investigation. 

In the current study, FE models are used to simulate RC diaphragms with externally bonded 

FRP subjected to in-plane shear, and then the models are used to investigate aspects of test 

specimen behavior not accessible from the experiments. The models were created in Abaqus, a 

commercial FE analysis software, employing the built-in concrete damaged plasticity (CDP) 

model for concrete, along with a surface-based cohesive traction-separation law for the FRP bond 
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and FRP anchors. The model was first calibrated to match key response features of a bare RC 

diaphragm tested by Hutton et al. (2025), then extended to the case of specimens strengthened with 

carbon FRP (CFRP) and glass FRP (GFRP) composites mechanically anchored with FRP anchors. 

The FE simulation results are compared against the experiments in terms of load, shear angle, FRP 

strain, damage progression, and crack patterns. The model was then used to investigate the 

mechanism by which FRP contributes to RC diaphragm shear strength. The goals of this 

computational study are to better understand the shear behavior of FRP-strengthened diaphragms, 

clarify the influence of FRP anchors on bond behavior, and offer new insights into how concrete, 

steel, and FRP each contribute to shear strength.  

3.2 Overview of Past Experiments Used in This Study 

Six RC cantilever diaphragm specimens, subjected to reversed-cyclic loads by Hutton et 

al. (2025), were used to calibrate and validate the numerical models in this study. The test setup 

and typical details are shown in Figure 3-1, while specimen details are given in Table 3-1 and 

Figure 3-2. The specimens simulated the portion of a diaphragm span immediately adjacent to a 

shear wall. Specimen CD1 was an unretrofitted control specimen, while the other five specimens 

were strengthened with different arrangements of externally bonded FRP and FRP anchorages as 

described in Table 3-1 and shown in Figure 3-2.  

The half-scale test specimens consisted of a 4 in. (102 mm) thick, 120 in. (3048 mm) wide, 

and 102 in. (2591 mm) deep two-way slab supported by beams, concrete pedestals, and shear walls 

as shown in Figure 3-1(a). The slab reinforcing consisted of two mats of orthogonal D5 deformed 

steel wires (db = 0.25 in. (6.35 mm), Ab = 0.05 in.2 (32.3 mm2)) spaced at 12 in. (305 mm) center-

to-center in each direction with a 0.5 in. (12.7 mm) cover. The D5 deformed wires were 

geometrically equivalent to No. 2 deformed bars but had higher yield stress and lower ductility in 
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comparison with typical ASTM A615 reinforcing (ASTM 2024). The D5 reinforcing bars had 

measured yield stress, fy, ultimate stress, and elongation of 88.33 ksi (609 MPa), 93.55 ksi (645 

MPa), and 3%, respectively, obtained as the average of three tests conducted per ASTM A370 

(2022). Two chord beams and an edge beam with their reinforcing details, as shown in Figure 3-

1(b) were designed to remain elastic. Each diaphragm specimen was cast integrally with a 12 in. 

(305 mm) thick, 37.24 in. (946 mm) tall, heavily reinforced shear wall segment along one edge of 

the diaphragm that was restrained against translation in all directions. See Hutton et al. (2025) for 

details. Table 3-2 summarizes the compressive strength, fcm, cylinder split tensile strength, fsp, and 

modulus of elasticity, Ec, of concrete on the day of testing for each specimen. 

The specimens were subjected to a reversed cyclic displacement history through a pair of 

loading steel channels connected to a servo-hydraulic actuator. The steel channels sandwiched the 

edge beam and were attached to the edge beam through five embedded plates spaced uniformly at 

20 in. (508 mm). This load arrangement approximated a uniform distribution of applied load along 

the centerline of the edge beam.  

As detailed in Table 3-1 and shown schematically in Figure 3-2, Specimens CD2, CD3, 

CD4, CD5, and CD6 included various arrangements of externally bonded FRP with FRP anchors. 

All specimens with FRP were designed to maintain an approximately constant FRP ply stiffness 

of 4000 kips/(in./in.) (17.8 MN/(mm/mm)) to facilitate direct comparison of results. The first FRP 

retrofitted specimen, Specimen CD2, was strengthened with a 9.7 oz./yd2 (330 g/m2) CFRP applied 

as 0.02 in.  (0.508 mm) thick by 12 in. (305 mm) wide strips spaced at 24 in. (610 mm). Each strip 

was adhered to the concrete diaphragm with epoxy and anchored to the concrete diaphragm at both 

ends with 0.5 in. (12.7 mm) diameter anchors having 60-degree, 12 in. (305 mm) long splays 

embedded at an average depth of 4 in. (102 mm). Specimen CD3 was designed to investigate the 
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impact of intermediate anchorage on diaphragm behavior. It employed a similar FRP configuration 

as Specimen CD2 but with the addition of two 0.75 in. (19 mm) diameter FRP anchors along the 

length of strips to prevent the progression of debonding failure initiated at shear cracks. In 

Specimen CD4, wider fabrics with low modulus were used such that the equivalent axial stiffness 

of the FRP was the same as the other specimens. Each strip was 21 in. (533 mm) wide and spaced 

at 21 in. (533 mm), thus providing 100 percent coverage, with two 0.5 in. (12.7 mm) diameter 

anchors on each end of each strip. Specimen CD5 utilized FRP fabrics with a higher modulus but 

less surface coverage. The strips were 7 in. (178 mm) wide and spaced at 25.7 in. (653 mm) with 

one 0.75 in. (19.1 mm) diameter anchor at each end. Specimen CD6 was designed to investigate 

the effect of the orientation of FRP by providing similar FRP as in Specimen CD2 and anchors as 

in Specimen CD3, but with FRP oriented perpendicular to the applied shear force. See Hutton et 

al. (2025) for a comprehensive discussion of the design and detailing of the FRP schemes. 

The experimental results presented by Hutton et al. (2023) showed that the shear stiffness, 

strength, and ductility of the diaphragms with FRP were all improved in unique ways compared to 

the unretrofitted specimen. Some of these experimental observations will be discussed in 

conjunction with the computational results in the subsequent sections. 

An example of the cyclic hysteretic behavior is provided in Figure 3-3(a) for Specimens 

CD1 and CD2, while Figure 3-3(b) shows the envelope plots for all the specimens. Prior to 

cracking, the specimens exhibited an elastic response characterized by initial high stiffness. For 

Specimen CD1, a flexural crack occurred at a load of 49.91 kips (222 kN) followed by a shear 

crack at 67.45 kips (300 kN), which led to a decrease in the stiffness. With further loading, diagonal 

shear cracks continued to develop and grow. The specimen reached a maximum strength of 203 

kips (903 kN), following which the primary diagonal shear crack widened further, leading to the 
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loss of aggregate interlock along the crack plane and fracture of the reinforcing bars spanning the 

crack. In specimens with FRP, the load at which the initial cracking occurred, corresponding to 

the load at which a decrease in stiffness is observed, is larger compared to that in Specimen CD1. 

Diagonal tension cracks and edge debonding of the FRP sheets were observed with further loading. 

Following the debonding of FRP from concrete at peak load, the strength of the specimen 

decreased with the loss of composite action associated with debonding. The strength and stiffness 

of the specimens with FRP were larger than those of the unretrofitted specimens.  

Table 3-1. Test matrix and retrofit details. 

ID 

FRP Properties FRP Configuration FRP Anchors 

Type 
Ὁ 

(ksi) 
Ὢ  (ksi) 

ὸ 

(in.) 

ύ  

(in.) 

ί 

(in.) 

‌ 

(deg.) 
Layout 

Ὠ  

(in.) 
ὲ  

CD1 No FRP - - - - - - - - - 

CD2 9.7 oz./yd2 carbon 16700 216 0.02 12 24 0 End Only 0.5 2 

CD3 11.6 oz./yd2 carbon 13900 143 0.02 14.5 23.2 0 Int.+End 0.75 4 

CD4 27 oz./yd2 glass 3730 66 0.05 21 21 0 End Only 0.5 4 

CD5 17.7 oz./yd2 carbon 14240 180 0.04 7 25.7 0 End Only 0.75 2 

CD6 9.7 oz./yd2carbon 16700 216 0.02 12 24 90 Int.+End 0.75 4 

Ef = Elastic modulus of the composite along the fiber direction; ffu = tensile strength of the 

composite, tf = thickness of FRP strip, wf = width of FRP strip, sf = c/c spacing of FRP strips; Ŭ = 

orientation of FRP clockwise from the chord beam axis; dfa = diameter of anchor, na = number of 

anchors per sheet; Layout: End Only means FRP anchors are provided at the two ends along FRP 

length; Int.+End means FRP anchors are provided at ends and intermediate locations along the 

length 
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Figure 3-1. Experimental specimen details (all dimensions in inches). 

 

Figure 3-2. FRP layouts (all dimensions in inches). 

(a) Plan view of the diaphragm. (b) Beam cross sections. 

(a) Specimen CD1. 
(c) Specimen CD3. (b) Specimen CD2. 

(d) Specimen CD4. (f) Specimen CD6. (e) Specimen CD5. 
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Table 3-2. Input parameters for concrete compression and tension behavior. 

Parameters 
Test 

CD1 CD2 CD3 CD4 CD5 CD6 

Ὁ (ksi ) 3550 3380 3230 3230 3530 3640 

Ὢ  (ksi) 4.76 4.57 3.67 3.67 3.95 4.47 

‐ (in./in.)  2.41×10-3 2.43×10-3 2.05×10-3 2.05×10-3 2.01×10-3 2.21×10-3 

Ὢ  (ksi) 0.445 0.4 0.37 0.37 0.41 0.42 

Ὢ  (ksi) 0.289 0.26 0.241 0.241 0.267 0.273 

Ὠ  (in.) 0.4 0.4 0.4 0.4 0.4 0.4 

Ὃ  (kips/in.)  0.00015 0.00015 0.00015 0.00015 0.00015 0.00015 

Ὢ  (ksi) 1.45 1.45 1.45 1.45 1.45 1.45 

Ὃ (kips/in.) 4.00×10-4 3.90×10-4 3.40×10-4 3.40×10-4 3.60×10-4 3.80×10-4 

Ὃȟ  (kips/in.) 8.57×10-5 3.25×10-4 2.80×10-4 2.80×10-4 2.97×10-4 3.20×10-4 

Ec = elastic modulus of concrete, fcm = measured compressive strength of concrete; Ůo = strain of 

concrete corresponding to the peak compressive strength, fsp = splitting strength of concrete, ft
' = 

tensile strength of concrete, dmax = maximum size of aggregate; Gfo = base fracture energy, Gf = 

fracture energy of concrete, Gf,FE = fracture energy values used in FE models 

 

Figure 3-3. Global response of the diaphragm specimens in the experiment. 

3.3 Finite Element Model Development 

3.3.1 Model Geometry, Boundary Conditions, and Loading 

Nonlinear three-dimensional continuum FE models of the diaphragm specimens were 

created using the software Abaqus (Dassault Systèmes Simulia 2021). The basic geometry of the 
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(a) Cyclic response for Specimen CD1 and CD2. (b) Envelope plot for all the specimens. 
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model, shown in Figure 3-4(a) and (b), included the concrete slab, chord beams, and edge beams. 

The other components of the setup, such as the shear wall and the concrete pedestals, were not 

explicitly modeled; instead, their effects were integrated into the simulation using boundary 

conditions, as shown in Figure 3-4(c). To simulate the fixity provided by the shear wall, all nodes 

of the slab and chord beams in contact with the shear wall were restrained against translation in all 

directions. At the intersection of the chord and edge beams, where the diaphragm was supported 

underneath by rollers mounted on concrete pedestals during the test, the model was restrained 

against out-of-plane translation. 

The concrete portion of the diaphragms was modeled using full-integration solid 

continuum 8-node linear brick elements (referred to as C3D8 in Abaqus). The reinforcing steel 

bars in the slab and the beams were modeled using two-node linear displacement truss elements 

(referred to as T3D2 in Abaqus) and were assumed to be perfectly bonded to the concrete using 

embedded constraints. The externally bonded FRP sheets were represented using four-node, 

quadrilateral, stress/displacement shell elements with reduced integration (referred to as S4R in 

Abaqus). As will be discussed later, the bond characteristics between the concrete and FRP were 

simulated using surface-based cohesive bond behavior. A mesh sensitivity study with 8 in. (203 

mm), 4 in. (102 mm), 2 in. (51 mm), and 1 in. (25 mm) mesh size for all the elements determined 

that a 2-inch (51 mm) mesh size for the solid and truss elements, and a 1-inch (25 mm) mesh size 

for shell elements, provided a reasonable balance between accuracy and computational cost. The 

load vs shear angle plots for different mesh sizes are shown in Appendix C. 

The experimental specimens were subjected to a cyclic displacement history to evaluate 

issues like cyclic strength degradation during seismic loading. Conversely, it was desirable to use 

monotonic loading in the models for computational efficiency and to avoid challenges associated 
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with modeling cyclic behavior, such as cyclic damage and crack opening and closing (Moharrami 

and Koutromanos 2016). To facilitate comparison between the cyclic test results and 

monotonically loaded models, envelope curves were extracted from the test data. It is noted that 

matching monotonic behavior to the envelope of a cyclic test will not capture the larger strength 

that would be expected from a monotonic test, nor the cyclic damage. However, the monotonic 

model is expected to capture the fundamental behavior and interaction between the FRP, 

reinforcing steel, and concrete, which is the focus of this work. The Newton-Raphson iterative 

method within Abaqus was used to conduct a nonlinear static implicit analysis. 

3.3.2 Concrete and Reinforcing Steel Material Models 

Different constitutive material models were used for the deformed reinforcing steel bars in 

the perimeter beams and the D5 deformed wires in the slab. Reinforcing steel bars in the perimeter 

beams used a bilinear constitutive relationship with the elastic modulus of 29000 ksi (200 GPa), 

yield strength of 60 ksi (414 MPa), and post-yield hardening slope of 75 ksi (517 MPa). The 

engineering stress-strain data from coupon tests were converted into true stress-strain values for 

the D5 deformed wire, provided in Figure 3-5(a). To capture the experimentally observed fracture 

of the D5 bars, a ductile damage criterion based on the Mises model was used in which the stress 

in the constitutive relation decreased from the rupture point of 96 ksi (662 MPa) at 3% strain to 0 

ksi (0 MPa) with the area under the linear softening branch equal to the specified fracture energy 

of 1 kips/in (175 N/mm). The damage parameters included a stress triaxiality, the ratio of 

hydrostatic stress to von Mises stress, equal to 1/3, as the steel reinforcement is subjected to 

uniaxial loading, and the equivalent plastic strain rate of 0, as the dynamic loading effects are not 

considered in this FE modeling.  
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The CDP model, which defines the behavior of concrete material using the concepts of 

isotropic damaged elasticity combined with isotropic tensile and compressive plasticity, was used 

to represent the behavior of concrete material. The compression and tension constitutive models, 

compression and tension stiffness damage, flow potential parameters, yield surface parameters, 

and viscosity parameters are discussed in the following paragraphs and subsections.  

The uniaxial compression response of concrete, shown in Figure 3-5(b), was modeled using 

the symmetric Hognestad parabola (Hognestad 1951). The measured concrete compressive 

strength, fcm, given in Table 3-2 was used for the peak compressive strength, and the shape of the 

softening response beyond the peak was selected to produce the best match with experimental 

behavior. 

The constitutive behavior of concrete subjected to uniaxial tension followed a linear elastic 

relation with a modulus of elasticity, Ec, up to tensile strength, ftm, followed by a bilinear softening 

response. The tensile strength of concrete was taken as 65% of the measured splitting cylinder 

strength, Ὢ  (Collins and Mitchell 1997). The values of Ec and fsp, obtained from cylinder test data, 

are reported in Table 3-2.  

The tension stiffening effect, which refers to the residual strength of cracked concrete 

between adjacent tensile cracks due to the bond between concrete and reinforcement (Gilbert and 

Warner 1978), was incorporated using the fracture energy cracking criterion from the CEB-FIP 

Model Code 1990 (1993). This effect was modeled with a bilinear stress-displacement 

relationship, as illustrated in Figure 3-5(c). The energy required to propagate a tensile crack of a 

unit area, defined as the area under the stress-crack displacement curve and known as fracture 

energy, Gf, was calculated using Eqs (3-1) and (3-2). Using the fracture energy and the parameters 

calculated in Figure 3-5(c), the stress-displacement data generated was specified to define the 
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tension stiffening of cracked concrete. The following section discusses an investigation of the 

fracture energy for the specimens. 

 Ὃ Ὃ Ὢ ȾὪ Ȣ (3-1) 

 Ὃ πȢπτφωὨ πȢυὨ ςφȾρπππȠ ὔȾάά  (3-2) 

where Gfo is the base fracture energy, fcm is the mean compressive strength of the concrete taken 

equal to the average of measured compressive strength, fcm0 = 1.45 ksi (10 MPa), da, is the 

maximum aggregate size equal to 0.39 in. (10 mm). See Table 3-2 for values. 

The damage parameters for tension, dt, and compression, dc, represent elastic stiffness 

degradation during post-peak unloading and range from 0 (undamaged at peak) to 1 (completely 

damaged beyond peak). The damage parameters were defined as tabular functions of cracking 

displacement in tension and inelastic strains in compression. The damages were calculated with dt 

= 1-ft/ftm and dc = 1-fc/fcm, where ftm is the peak tensile stress and fcm is the peak compressive stress.  

The yield function in the CDP model is based on Lubliner et al. (1989) and Lee and Fenves 

(1998), with the yield surface shown in the principal stress coordinate system in Figure 3-5(d). In 

the inelastic state, concrete can undergo volume change, also known as dilation, which is 

accounted for through the definition of a plastic potential function, G. The CDP model assumes 

non-associated plastic potential with the Drucker-Prager hyperbolic function for the plastic 

potential surface as shown in Figure 3-5(e). The flow rule is defined as, d᷾p=ɚĬÖG/Öů, where d᷾p 

is the plastic strain increment vector, ɚ is the plastic multiplier that determines the magnitude of 

the plastic strain, and ÖG/Öů describes a vector normal to the plastic potential surface. The 

horizontal component of the plastic strain increment in Figure 3-5(e) represents volumetric strain, 

i.e., dilation. The dilation angle, ɣ, shown graphically in Figure 3-5(e) as the slope of the potential 

surface relative to the hydrostatic stress axis, therefore, controls the amount of dilation during 

plastic straining. Larger values of the dilation angle indicate greater amounts of volumetric strain, 



Finite Element Analysis of Reinforced Concrete Diaphragms Strengthened with Externally Bonded FRP 

Sheets 

68 

while a value of ɣ = 0 indicates that the material is incompressible. The dilation angle is studied 

separately in the subsequent subsection. The flow potential eccentricity parameter, ,᷾ defines the 

rate at which the hyperbolic potential function approaches the asymptote, as shown in Figure 

3-5(e), and the default value of 0.1 was selected.  

Several parameters need to be specified to define the CDP model in Abaqus. The shape 

parameter, Kc, defines the shape of the yield surface in the deviatoric plane as shown in Figure 

3-5(d). The default value of 2/3 for CDP has been used for the shape parameter, resulting in the 

modified Drucker-Prager yield surface. Another parameter is the ratio of initial equibiaxial 

compressive yield stress to initial uniaxial compressive yield stress, ůb0/ůc0, which describes the 

point at which the concrete undergoes failure under biaxial compression. The default value of 1.16 

is used. The Poissonôs ratio, ɜ, of uncracked concrete was assumed to be 0.18 (Hany et al. 2016). 

Visco-plastic regularization was employed to address convergence issues caused by 

concrete softening and stiffness degradation in post-peak tensile and compressive behavior. The 

viscoplasticity allows the stresses to be outside the yield surface; thus, a small amount of 

viscoplasticity allows convergence. Viscosity is investigated separately in the following 

subsection. 

3.3.2.1 Investigation of Selected CDP Model Material Parameters 

While calibrating the concrete damage plasticity model to match the experimental results 

of the FRP retrofitted RC diaphragm specimens, it was found that the dilation angle, ɣ, concrete 

fracture energy, Gf, and viscosity, ɛ, all exerted significant influence on their shear behavior. 

Therefore, a parameter investigation was conducted to assess the influence of these parameters. In 

the studies discussed below, baseline Specimen CD1 with a dilation angle of τπЈ, viscosity of 10-

5, and fracture energy of 0.00034 kips/in. (0.059 N/mm) were used unless specified otherwise.  
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3.3.2.2 Dilation Angle  

As previously discussed, the dilation angle controls the volumetric strain generated during 

plastic deformation. In previous studies investigating concrete subjected to shear failure using the 

CDP model (Genikomsou and Polak 2015; Malm 2006; Stoner 2015; Wosatko et al. 2019), the 

value of the dilation angle is usually selected based on sensitivity studies. For example, 

Genikomsou and Polak (2015) studied dilation angles ranging from 20 degrees to 42 degrees and 

selected a value of 40 degrees in their investigation of punching shear of concrete slabs. Studies 

of GFRP-reinforced concrete beams by Stoner (2015) used a dilation angle of 30 degrees for the 

beams without stirrups and 50 degrees for the beams with stirrups based on a sensitivity study. 

Similar studies by Malm (2006), Mansour and Tayeh (2020), and Zhou et al. (2020) used higher 

dilation angles for shear-strengthened specimens, suggesting that the concrete material behavior 

changed as a result of adding shear reinforcement. 

In this study, the dilation angle was varied for Specimen CD1 and Specimen CD4 in 

increments of 5 degrees from 35 to 55 degrees. Figure 3-6(a) and Figure 3-6(b) show the impact 

of the dilation angle on the load-displacement behavior of Specimen CD1 and Specimen CD4, 

respectively. The dilation angle significantly influenced the inelastic response, with larger dilation 

angles resulting in higher peak strength and stiffer post-cracking behavior. This effect occurs 

because larger dilation angles generate greater hydrostatic stresses, which enhance the shear 

strength. 

The inclusion of FRP on the surface of Specimens CD2 to CD6 limited the width of cracks, 

enhancing interlock at the cracks and increasing the contribution of concrete to the shear transfer 

mechanism (Huber et al. 2016). A higher dilation angle was used to indirectly account for the 

effect of FRP in the specimens. Based on the comparison of the load versus shear angle curve with 
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the experimental results, a dilation angle of 40 degrees was selected for Specimen CD1, 55 degrees 

was selected for Specimens CD2, CD3, CD4, CD6, and 50 degrees was selected for Specimen 

CD5. The lower dilation angle for the Specimen CD5 is attributed to its limited FRP coverage.  

3.3.2.3 Fracture Energy and Residual Tension Strength 

A fracture energy criterion based on the CEB-FIP bilinear model was used to describe the 

post-cracking tensile behavior of concrete. Fracture energy in concrete, defined as the energy 

required for crack growth of concrete (Bazant and Kazemi 1990), influences the shear behavior of 

concrete by affecting crack distribution, residual crack strength, and overall member strength and 

stiffness. A sensitivity analysis was conducted to examine the response of Specimen CD1 to 

variations in fracture energy, including 0.25Gf, 0.5Gf, Gf, 2Gf, and 4Gf, as shown in Figure 3-6(c). 

The values of Gf, calculated using Eq. (3-1), are reported in Table 3-2 for each specimen. The 

corresponding load versus shear angle curves are shown in Figure 3-6(d), demonstrating that 

increasing fracture energy results in a higher load at the onset of cracking (i.e., point on the load 

versus shear angle response when nonlinearity begins), but does not increase the peak load. Based 

on the comparison with experimental data, including crack patterns, initial crack load, and post-

cracking stiffness, a fracture energy of 0.25Gf (8.57×10-5 k/in (0.015 N/mm)) was chosen for 

Specimen CD1. For each of the FRP-strengthened specimens, a tension fracture energy parameter 

of 1.0Gf was used, with Gf values reported in Table 3-2.  

Another investigation into the concrete tension material model involved varying the 

residual tensile strength of the bilinear plot in the post-cracking tension region, as shown in Figure 

3-5(c). Following the cracking at ftm, the residual tensile strengths were set at 5%, 25%, 50%, 75%, 

90%, and 100% of the peak tensile strength. It is expected that the larger residual tension strengths 

increase the tension stiffening effect. The corresponding load versus shear angle plots for 
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Specimen CD4, shown in Figure 3-6(e), demonstrate that the residual concrete tension strength 

had little effect on the overall diaphragm load versus deformation behavior. This result suggests 

that tension stiffening alone does not capture the post-cracking stiffness and peak load of an FRP-

strengthened diaphragm and reinforces the need to use larger dilation angles as described in the 

previous subsection. 

3.3.2.4 Viscosity Parameter 

Viscosity improves convergence by allowing stresses to slightly exceed the yield surface, 

which helps slow crack propagation. Since viscosity can have a similar effect as increasing the 

concrete tension fracture energy, the fracture energy of 0.25Gf was held constant for this sensitivity 

study. Figure 3-6(f) illustrates the effect of the viscosity parameter, ɛ, on the load versus shear 

angle response of Specimen CD1, considering ɛ values of 10-6, 10-5, 10-4, 10-3, 10-2, and 0. Using 

a viscosity parameter equal to 0 resulted in convergence failure early in the analysis at 50 kips 

(222 kN), coinciding with the formation of the first flexural cracks near the fixed boundary 

condition. Consequently, this sensitivity result is not visible in Figure 3-6(f). While increasing the 

viscosity parameter improved convergence, it also led to higher peak loads and stiffnesses. 

Viscosity values greater than 10-4 significantly deviated from experimental results, with peak loads 

reaching 1.4 and 1.75 times the experimental peak load for viscosity parameters of 10-3, and 10-2, 

respectively. This trend was also observed in FRP-strengthened specimens (not shown here).  

Based on these findings, a viscosity parameter, ɛ, of 10-5
 was selected to balance 

computation efficiency with response accuracy. 
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3.3.3 Fiber Reinforced Polymer Modeling 

The FRP composites were modeled with linear elastic orthotropic shell elements using the 

material properties summarized in Table 3-3. This material model was selected to ensure that the 

FRP contribution was only along the primary fiber direction. The elastic modulus in the fiber 

direction, E1, was based on data provided by the FRP manufacturer. Other parameters were not 

available and were assumed based on common practices in literature, such as Baky et al.(2007), 

Hany et al.(2016), Hawileh et al.(2013), and Obaidat et al.(2013). A Poisson's ratio of 0.1 was 

assumed. The off-axis moduli of elasticity, E2, and E3, were set at 10% of E1, while the shear 

moduli, G12 and G13, were 5% of E1, and G23 was 2.5% of E1.  

FRP debonding is the most common failure mode in RC members strengthened with FRP, 

especially in one-sided FRP configurations (Chen and Teng 2003a; Monti and Liotta 2007b). 

Debonding tends to initiate in regions of high stress concentrations, which are usually associated 

with regions of discontinuity of FRP, such as at FRP cut-off locations and regions of cracks (Aram 

et al. 2008; Buyukozturk et al. 2004; Yu et al. 2017). As a result, accurately simulating the bond 

between concrete and FRP is essential for the model to reliably capture the ultimate behavior of 

the experimental specimens.  

A surface-based traction-separation law was selected to model the initial linear elastic 

behavior, damage initiation, and subsequent damage evolution of the FRP-concrete bond, as shown 

schematically in Figure 3-5(f). The key parameters defining the bond behavior are the initial 

interfacial stiffness, peak bond strength, and fracture energy. This behavior is described in terms 

of nominal stress and separation, with the nominal traction stress vector consisting of one normal 

tn, and two shear components, ts, and tt. The corresponding separations ŭn, ŭs, and ŭt represent the 

normal and two shear displacements, respectively. The energy dissipated during the softening 

phase (i.e., the area under the softening portion of the traction-separation curve) corresponds to the 
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fracture energy. In this study, an exponential curve was chosen as a smooth representation of 

damage evolution. 

Sensitivity studies (discussed in Appendix A) were conducted to investigate the effect of 

initial stiffness, peak stress, and fracture energy in the traction-separation law to simulate the bond 

between concrete and FRP. These parameters were initially calculated using the Lu et al. (2005) 

model and then varied as part of the sensitivity study. The initial stiffness varied between 103 

kips/in.3 (271 N/mm3) to 104 kips/in.3 (27100 N/mm3), peak stress between 0.05 ksi (0.345 MPa) 

to 0.3 ksi (2.07 MPa), and fracture energies between 0.5 × 10-5 kips/in. (0.000875 N/mm) to 10 × 

10-5 kips/in. (0.0175 N/mm). The initial stiffness of the FRP bond traction-separation law was 

found to have a negligible effect on the global diaphragm response. In contrast, the peak stress 

determined the load at which debonding began, while the fracture energy governed the progression 

of debonding. To ensure tensile cracking was not inhibited, the tensile strength of the concrete was 

used as an upper bound for the peak bond stress. The peak bond stresses and fracture energies 

given in Table 3-4 were selected for each specimen to ensure that the shear force at debonding and 

the progression of debonding matched experimental observations. 

In the experimental setup, the FRP anchors were embedded in concrete, and the anchor 

fans were bonded to the top surface of the FRP. This was simulated by using a cohesive bond over 

a rectangular FRP surface with greater bond properties than the typical cohesive bond between 

FRP and concrete. The anchors were modeled using the same cohesive traction-separation law but 

with higher fracture energy. This increased fracture energy delayed FRP-concrete bond failure 

within the anchor zone, capturing the contribution of anchor embedment in concrete. Table 3-4 

summarizes the parameters used for the traction-separation laws for both the diaphragm and anchor 
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zone. The performance of the FRP bond and FRP anchor models will be discussed in the next 

section. 

 

Figure 3-4. FE model geometry. 
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Figure 3-5. Material properties. 
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Figure 3-6. Sensitivities of the model to variation in CDP parameters. 
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Table 3-3. Input parameters for FRP Material. 

Test 
Ὁ  

(ksi) 

Ὁ  

(ksi) 

Ὁ  

(ksi) 
‡  ‡  ‡  

Ὃ   

(ksi) 

Ὃ   

(ksi) 

Ὃ   

(ksi) 

CD2 16700 1670 1670 0.1 0.1 0.1 835 835 418 

CD3 13500 1390 1390 0.1 0.1 0.1 695 695 348 

CD4 3730 373 373 0.1 0.1 0.1 187 187 93 

CD5 14240 1424 1424 0.1 0.1 0.1 712 712 356 

CD6 16700 1670 1670 0.1 0.1 0.1 835 835 418 

1: primary fiber direction, 2 and 3: transverse direction, E1 = elastic modulus of composite in the 

fiber direction, E2 and E3 = elastic modulus of composite in the transverse direction, ɡ = Poisson's 

ratio, G12 = shear modulus on 1-2 plane, G13 = shear modulus on 1-3 plane and G23 = shear modulus 

on 2-3 plane 

Table 3-4. Cohesive parameters used to model FRP debonding. 

 FRP Sheets FRP Anchors 

ID Peak 

Stress 

(ksi) 

Stiffness 

(kips/in.3) 

Fracture 

Energy 

(kips/in.) 

Peak 

Stress 

(ksi) 

Stiffness 

(kips/in.3) 

Fracture 

Energy 

(kips/in.) 

CD2 0.26 1000 8.00×10-5 0.26 1000 6.40×10-4 

CD3 0.24 1000 8.00×10-5 0.24 1000 1.00×10-4 

CD4 0.24 1000 8.00×10-5 0.24 1000 6.40×10-4 

CD5 0.27 1000 8.00×10-5 0.27 1000 6.40×10-4 

CD6 0.27 1000 8.00×10-5 0.27 1000 1.00×10-4 

3.4 Computational Results 

The accuracy of the FE model was validated by comparing the resulting load versus shear 

angle behavior, crack patterns, FRP strains, and failure modes with the results of the experimental 

study. Figure 3-7 compares the experimental envelope load versus shear angle results with those 

obtained from the FE analysis for all specimens. 

3.4.1 Control Diaphragm ï Specimen CD1 

Figure 3-7(a) compares the experimental load versus shear angle for Specimen CD1 with 

FE predictions generated using the modeling approach discussed in Section 3.3. The FE model 

successfully captured the evolution of shear strength and stiffness of Specimen CD1, including the 
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initial shear cracking calculated at 75 kips (334 kN), yielding of the diaphragm steel at 137 kips 

(609 kN), the peak load of 201 kips (894 kN), and the strength decay during post-peak response. 

Experimentally, initial shear cracking was observed at 80 kips (356 kN) (a 7% difference from the 

model), and the peak load was 203 kips (903 kN) (10% difference from the model).  

In addition to load-displacement behavior, crack patterns from the experiment were also 

compared to the model results. Figure 3-8(a) shows a photograph of the cracking pattern in the 

experiment at peak load, with the cracking associated with load in the positive direction drawn 

with heavy lines. The concrete tension damage parameter, dt, was used to evaluate crack patterns 

in concrete in the FE model. Figure 3-8(b) compares the crack trajectories observed during the 

experiment and tension damage patterns predicted by the analysis at the peak load. The principal 

strain distributions in concrete at the peak load are shown in Figure 3-8(c) and (d). The model 

predicted a distribution, spacing, and extent of tensile cracks resulting from shear and flexural 

stresses that closely resembled those observed during the test and were consistent with the diagonal 

tension shear failure.  

Figure 3-8(e) shows the magnitude of reinforcement stresses in the Specimen CD1 at peak 

load for diaphragm slab reinforcing bars 7x (perpendicular to the applied shear) and 6y (parallel 

to the applied shear), as illustrated in Figure 3-8(f). These results indicate that diaphragm bars 

aligned parallel to the applied shear experienced stresses reaching or exceeding their yield point at 

shear crack locations. In contrast, bars oriented perpendicular to the applied shear generally 

exhibited lower stresses compared to their parallel counterparts. 

Although conventional diaphragm shear design approaches based on beam theory often 

disregard the contribution of perpendicular reinforcement (ACI 2019), the analysis suggests that 
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the perpendicular bars provide some shear resistance, although less effectively than the parallel-

oriented bars. 

3.4.2 Diaphragms with FRP ï Specimens CD2 through CD6 

The modeling approach described in Section 3 was applied to the FRP-strengthened 

specimens. Figure 3-7(b) to (f) compare the experimental and predicted load versus shear angle 

behavior for Specimens CD2 through CD6. The initial loads at diagonal shear cracking predicted 

by the FE analysis were 109 kips (485 kN), 94 kips (418 kN), 95 kips (423 kN), 97 kips (431 kN), 

and 97 kips (431 kN) for Specimens CD2 to CD6, respectively. Experimentally, the corresponding 

loads were 108 kips (480 kN), 124 kips (552 kN), 93 kips (414 kN), 94 kips (418 kN), and 107 

kips (476 kN). The differences between experimental and FE results were within 3% for 

Specimens CD2, CD4, and CD5, which did not include intermediate anchors. However, the 

differences were higher for specimens with intermediate anchors: 24% for the Specimen CD3 and 

10% for the Specimen CD6.  

The peak loads from the FE analysis were 283 kips (1259 kN), 261 kips (1161 kN), 266 

kips (1183 kN), 243 kips (1081 kN), and 255 kips (1134 kN), respectively, for the Specimens CD2 

to CD6, all within 2% of the experimental peak loads. The FE models effectively captured the 

progression of shear strength and stiffness in the global response of the retrofitted diaphragms. 

They also accurately represented key behaviors, including the initial elastic response, stiffness 

degradation due to the onset of diagonal tension cracking, peak load, and the failure mode.  

Figure 3-9 presents the crack patterns at peak load, principal strains in concrete, FRP strain, 

and reinforcement stresses for Specimen CD4, chosen as a representative example of the FRP-

strengthened specimens. The peak load of Specimen CD4 corresponded with FRP debonding in 

both the test and the model. As shown in Figure 3-9(a), there was a strong correlation between the 
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extent of shear cracking observed on the underside of the slab during the experiments and the 

cracks predicted by the model, represented by the concrete tension damage, dt. The average crack 

angle observed during the experiments was approximately 50° relative to the chord beams, 

compared to 47° between the FE tension damage contours, demonstrating good agreement. The 

principal strain distributions in concrete at the peak load are shown in Figure 3-9 (c) and (d). 

The FRP strains and concrete-FRP bond were examined to validate whether the model 

captured the intended behavior. Figure 3-9(b) compares the maximum strain in the FRP sheets 

near a shear crack predicted by the FE model with the strains recorded by a strain gauge at the 

location indicated by a circle in Figure 3-9(a). Consistent with the experimental results, the FE 

model predicted FRP strains increase with the formation of cracks and continue to increase until 

debonding at peak load. Figure 3-9(e) shows the stress evolution in two highly stressed reinforcing 

steel bars near a shear crack, along with a representative plot of FRP strain evolution from the FE 

model. In both the FRP and the steel, the stress experienced increased as diagonal shear cracks 

formed. Near the peak load, the FRP debonded, causing a reduction in strain, while the steel 

continued to carry stress until rupture. Figure 3-9(f) shows the stress distribution in the reinforcing 

bars at peak load. The stress contours reveal higher stresses in the reinforcing bars within the crack 

regions compared to other regions. These observations from the FE model are consistent with the 

experimental behavior. 

The bond damage contours in Figure 3-10(a) and Figure 3-10(b) illustrate the extent of 

bond damage predicted by the FE model for representative Specimens CD3 and CD5 at their peak 

load. For comparison, debonding observed experimentally for these respective specimens is shown 

in Figure 3-10(c) and Figure 3-10(d). 
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During testing, the peak load for all retrofitted specimens corresponded to the loss of 

composite action between the FRP and concrete in the field of the diaphragm. This loss of 

composite action was primarily driven by FRP debonding initiated by intermediate shear cracks. 

The debonding process typically began with localized debonding of the FRP along the longitudinal 

edges of the sheets at principal shear crack locations. As the applied shear angle increased and 

cracks in the concrete substrate widened, this localized debonding propagated inward along the 

diagonal cracks.  

Notably, at peak load, debonding did not extend across the entire sheet from one anchor to 

another. Instead, complete sheet debonding and anchor failures typically occurred in the post-peak 

region after strength began to decay. The FE model effectively captured the bond behavior and 

subsequent debonding of FRP-concrete observed during the experiments, using the cohesive bond 

parameters provided in Table 3-4. 

3.4.3 Strain Evolution in FRP 

Accurately capturing the process of intermediate crack-induced debonding of FRP is 

crucial for understanding the force transfer between concrete and FRP in shear-deficient 

diaphragms. The accuracy of the FE models in capturing this behavior was assessed by comparing 

predicted FRP strains at peak load to those obtained experimentally. In addition, strains were also 

compared to those predicted using ACI PRC-440.23 (2023) debonding calculations. Table 3-5 

summarizes the FRP strain results at peak load for Specimens CD2 through CD6 including (1) 

experimental measurements obtained from strain gauges installed on sheet 2 and sheet 3 at the ñSò, 

ñMò, and ñNò locations (See Figure 3-11 for these locations); (2) the mean and standard deviations 

of the FRP strains predicted by the FE analysis, as well as the maximum strain anywhere in sheet 
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2 and sheet 3; and (3) the effective strain in FRP, Ůfe, used to design shear strengthened elements 

as per ACI PRC-440.2-23 (2023), given below in Eqs (3-3) to (3-6):  

 ‐ ‖‐ πȢππτ (3-3) 

 ‖ Ὧ Ὧ ὒ Ⱦρρωππ‐  (3-4) 

 ὒ ςσσππȾὲὸ Ὁ Ȣ  (3-5) 

 Ὧ ὪȾςχȾ (3-6) 

where:‐  is the design rupture strain of FRP reinforcement, n is the number of FRP plies, tf is the 

thickness of one FRP ply, Ef is the tensile modulus of elasticity of FRP, fc' is the specified minimum 

concrete compressive strength taken as the measured strength, fcm, in these calculations, and k2 can 

be taken as 1.0 for diaphragms where the effective depth is much larger than the active bond length 

(Hutton et al. 2025). 

Based on the results presented in Table 3-5, several conclusions can be drawn about the 

FRP strains at peak load. First, the experimental strain values show large variability across 

different locations on the sheets. This is due to the non-uniform strain distribution in the sheets, 

influenced by factors such as crack location, crack width, and bond quality. Second, despite the 

variability in experimental strains, the FE analysis predicts maximum strains that are close to the 

largest experimental values. The ratio of the maximum strain from FE analysis to the largest 

experimental FRP strain at peak load is 0.91, with a coefficient of variation of 20%. This 

consistency confirms the FE model's ability to accurately capture the FRP-concrete bond and 

predict strains at crack locations. Third, the ACI calculated design debonding strains generally fall 

within the range of the experimental and FE-predicted maximum strains, although they tend to be 

slightly lower. This suggests that the ACI method provides a conservative estimate of the 

maximum strain in the FRP at peak load. 
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Figure 3-11 compared the evolution of FRP strains as a function of applied load between 

the FE model and experimental results for Specimens CD4 and CD6. Given the variability in FRP 

strains, which depend on the sampling location, a statistical approach was employed to better 

understand the overall behavior of the FE model compared to the experiments. This involved 

calculating the average and standard deviation of the FRP strains from all elements in sheet 2 from 

the FE model. The strains were then plotted in Figure 3-11 with average strains labeled as ñɛò, 

strains equal to one standard deviation below and above the average as ñɛ-ůò and ñɛ+ůò, 

respectively, and the maximum strains as ñMaxò.  

As the load increases past cracking, the strains in the FRP are predicted to grow gradually. 

However, as the force approaches peak values, the strain rate accelerates, indicating the onset of 

local debonding. The experimental strain curves show how individual strain measurements evolve, 

and the overall trends of the test data agree with the statistical range presented. The maximum 

predicted strain trends also agree reasonably well with the maximum test results. These results 

indicate that the FE model is a reasonably accurate tool for capturing FRP strains in FRP-

strengthened diaphragms undergoing shear failure. 

Table 3-5. Comparison of experimental, FE, and analytical predicted FRP strains at peak 

load. 

ID FRP 
Experiment Strain Gages FE Analysis 

ACI 440 
S M N Mean, µ Std. Dev., ů Max. 

CD2 
Sheet 2 0.37% 0.32% 0.02% 0.17% 0.04% 0.37% 

0.35% 
Sheet 3 0.01% 0.30% 0.00% 0.14% 0.04% 0.34% 

CD3 
Sheet 2 0.26% 0.45% 0.17% 0.15% 0.06% 0.37% 

0.34% 
Sheet 3 0.04% 0.34% 0.34% 0.14% 0.04% 0.32% 

CD4 
Sheet 2 0.32% 0.27% 0.08% 0.15% 0.10% 0.38% 

0.42% 
Sheet 3 0.47% 0.23% 0.45% 0.13% 0.09% 0.36% 

CD5 
Sheet 2 0.27% 0.23% 0.14% 0.13% 0.04% 0.29% 

0.24% 
Sheet 3 0.03% 0.36% 0.25% 0.18% 0.05% 0.31% 

CD6 Sheet 2 0.04% 0.48% 0.38% 0.08% 0.06% 0.31% 0.35% 
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Sheet 3 0.46% 0.32% 0.09% 0.12% 0.07% 0.32% 

 

Figure 3-7. Comparison of experimental and FE analysis envelope plots. 
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(a) Specimen CD1. (b) Specimen CD2. (c) Specimen CD3. 

(d) Specimen CD4. (e) Specimen CD5. (f) Specimen CD6. 
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Figure 3-8. CD1 results comparison at peak load.  
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Figure 3-9. Specimen CD4 results comparison at peak load. 
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Figure 3-10. FRP debonding in FRP-strengthened specimens at peak load.  

 

Figure 3-11. Comparison of the FRP strains from the experiment and FE. 
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3.5.1 Shear Resistance of Diaphragms based on ACI PRC-440.2-23. 

According to ACI PRC-440.2-23 (2023), the nominal shear strength of an FRP-

strengthened concrete member, Vn, is the sum of the shear strength contributions from the FRP, Vf, 

reinforcing steel, Vs, and concrete, Vc. For the diaphragm specimens in this study, the chord beams 

and edge beams also contribute to the in-plane shear strength through frame-like action, adding 

contribution, Vframe,  to the in-plane shear strength (Hutton et al. 2025). Consequently, the total 

shear strength of the diaphragm specimens can be expressed using Eq. (3-7) 

 ὠ ὠ ὠ ὠ ὠ  (3-7) 

ACI 318 Clause 12.5.3.3 (2019) provides Eq. (3-8) and Eq. (3-9) to compute the concrete, 

Vc, and steel, Vs, contributions, respectively, while ACI PRC-440.2-23  Clause 11.4 (2023) 

provides Eq. (3-10) for calculating the FRP contribution, Vf. The effective strain, ‐ , in Eq. (3-10) 

accounts for the maximum strain that can be achieved in the FRP considering the debonding of 

FRP as per ACI PRC-440.2-23 (2023) as defined by Eq. (3-3). 

This additive approach assumes that all components (concrete peak shear, steel yielding, 

FRP debonding, and frame action) reach their peak shear contribution simultaneously. 

Furthermore, Eq. (3-7) assumes that the increase in shear strength is solely attributed to the FRP 

contribution, without considering the enhanced biaxial behavior of the concrete or the changes in 

steel stresses resulting from the addition of FRP reinforcement.   

 ὠ ς‗ Ὢὃ  (3-8) 

 ὠ ”Ὢὃ  (3-9) 

 ὠ ὃ  Ὁ ‐ ίὭὲ‌ὧέί‌ Ὠ Ⱦί  (3-10) 

where:‗ is the concrete lightweight factor, ὃ  is the gross area of concrete bounded by the 

diaphragm web thickness and depth, ” is the ratio of distributed reinforcement oriented parallel 

to the in-plane shear, Ὢ is the yield strength of the reinforcing steel, ὃ  is the area of FRP shear 
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reinforcement with spacing ί, ‌ is the angle of application of the primary FRP direction relative 

to the longitudinal axis of the member, Ὠ Ⱦί is the number of sheets crossing the shear crack 

(four sheets considered in this study). 

3.5.2 Strength Contribution from FRP 

This section outlines the method used to determine the increase in diaphragm shear strength 

due to FRP, based on FE results. The increase in shear strength associated with FRP strengthening, 

Vinc, was calculated by subtracting the peak strength of the unretrofitted FE model, Vn,unret, from 

that of the retrofitted FE model, Vn,ret, as defined in Eq. (3-11). The unretrofitted FE models 

retained the measured concrete strength of their retrofitted counterparts but used a dilation angle 

of 40° and a fracture energy of 0.25Gf, consistent with the calibrated Specimen CD1.  

This increase in shear strength was further divided into direct contributions from FRP, Vf, 

and indirect contributions arising from the effects of FRP on concrete and steel, Vother, as expressed 

in Eq. (3-12). The direct FRP contribution Vf was determined as the sum of contributions from 

each sheet obtained by multiplying the maximum stress in each FRP sheet at peak load, ůfi,max, by 

the cross-sectional area of the sheet, Afi, as per Eq. (3-13). The indirect contribution Vother, was then 

back calculated using Eq. (13). 

 ὠ ὠȟ  ὠȟ   (3-11) 

 ὠ ὠ ὠ  (3-12) 

 ὠ ὃ „ȟ  ×ÈÅÒÅ ὲ Ὠ Ⱦί (3-13) 

Figure 3-11 compares the peak strengths obtained from ACI provisions, experiments, and 

FE models, along with a breakdown of shear strength contributions. The FRP contribution from 
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the experiments was estimated by replacing Ůfe in Eq. (3-10) with the maximum strain recorded by 

any strain gage at peak load.  

The results indicate that the ACI equations underestimate the experimentally obtained 

shear strength of the retrofitted specimens by an average of 33%. The calculated strength does not 

take into account the strength reduction factor of 0.75 for shear strength in ACI 318-19 (2019). 

The FRP contribution Vf, based on the experimental FRP strains, was higher than predicted by the 

FE model. This discrepancy may be attributed to the FE model underestimating local FRP strains 

at cracks, where the FRP is not bonded to the concrete. Further, in calculating the FRP 

contributions for the experiment, the maximum of the strains recorded from all the strain gages 

has been used for all four FRP sheets. However, based on the comparison of FRP strains discussed 

in Section 4.3, the FE model reasonably captures the average behavior of the panel. 

One advantage of the FE model is its ability to further distinguish the effects of FRP by 

separating the direct FRP contribution to shear strength, Vf, from additional strength increases from 

other mechanisms. As the FRP bridges cracks in concrete, it restrains crack openings and enhances 

the concreteôs capacity to transmit shear stress along diagonal cracks. Additionally, changes in 

concrete stresses affect reinforcing bar stresses due to the compatibility between concrete and steel, 

further enhancing shear strength. These combined effects are represented as Vother in the FE results 

shown in Figure 3-12. 

This observation is more pronounced in Specimen CD6, where the direct FRP contribution, 

Vf, from FE analysis is only about 3% of the total strength because the FRP sheets are oriented 

perpendicular to the direction of the shear force. However, the increase in shear strength for 

Specimen CD6 is comparable to that of other specimens.  
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Combined, these findings highlight that the increase in diaphragm shear strength due to 

externally bonded FRP is not solely attributed to the direct load carried by the FRP but also to 

enhanced concrete behavior and its interaction with reinforcing steel. 

3.5.3 Interaction between FRP and Reinforcing Steel 

The FE models were also used to investigate the behavior of the reinforcing steel bars in 

diaphragms with and without FRP, as strains in the steel were not measured during the 

experiments. 

Figure 3-13 compares the stress in highly stressed portions of reinforcing steel bar 6y (see 

Figure 3-8(e)) for Specimens CD1 and CD4. In both specimens, the stress in the reinforcing bar 

remained near zero until the formation of the first diagonal shear crack near the sampling location.  

In the bare Specimen CD1, the first diagonal crack passed through the examined element, 

causing a rapid increase in stress in the reinforcing bar from point 1a until point 1b. Between points 

1b to 1c, stress redistribution from the formation of additional diagonal cracks parallel to the initial 

crack resulted in nearly constant stress in the bar. At point 1c, a large number of diagonal cracks 

had formed in the diaphragmôs shear panel, and further loading caused the diagonal crack passing 

through the bar to widen. This increased stress led to bar yielding at point 1d and rupture just after 

peak load at point 1e.  

In the FRP-strengthened Specimen CD4, a diagonal crack formed near the examined 

element, causing an increase in stress from point 4a to 4b. After 4b, a diagonal crack passed 

through the element examined, leading to a higher rate of stress increase. At point 4c, when the 

specimen reached the peak load, the FRP at the location of this bar had debonded. Following 

debonding, in the post-peak range, the steel stresses continued to rise until the bar fractured at 

point 4d. 
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A comparison of the plots shows that the development of stresses in the reinforcing steel 

in the FRP-strengthened specimen was delayed compared to the unretrofitted specimen. This delay 

is attributed to enhanced aggregate interlock and the improved bond area provided by the FRP 

sheets, which offer more effective crack restraint than due to the presence of discrete steel 

reinforcement only. The FRP reduced crack widths, slowing the development of stresses in the 

reinforcing steel and postponing bar fracture to larger shear angles compared to unstrengthened 

diaphragms. However, the overall magnitude of steel stresses was similar and primarily developed 

after the FRP had debonded. Additionally, the reinforcing steel generally remained elastic until 

FRP debonding occurred. 

 

Figure 3-12. Comparison of the component forces computed analytically, based on 

experimental data, and using an FE model. 
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Figure 3-13. Comparison of the stress evolution in  

highly stressed reinforcing bars in CD1 and CD4. 

3.6 Conclusions 

Limited studies have been conducted on the shear strengthening of RC diaphragms using 

externally bonded FRP, and existing guidelines are scarce. Experimental studies on diaphragm 

behavior face challenges due to the inherent limitations in the size and resource requirements of 

diaphragm tests, making it difficult to fully understand the mechanics of force transfer and 

interactions between concrete, reinforcing steel, and FRP. Well-calibrated and validated FE 

models can bridge this gap by providing insights into diaphragm behavior that are challenging or 

impossible to obtain from physical tests alone. In this study, numerical modeling strategies were 

developed to capture the behavior of recently tested RC diaphragms strengthened with externally 

bonded FRP. These models were validated against experimental data and subsequently used to 

evaluate specimen behavior. 

Within the concrete damage plasticity model for concrete material, the dilation angle, 

fracture energy of concrete associated with tension cracking, and viscoplastic regularization were 

identified as critical parameters in the FE modeling of concrete diaphragms. To match the 

experimental behavior, the dilation angle of the concrete material was increased to approximate 

the enhanced shear interlock for FRP-strengthened specimens. A dilation angle of 55 degrees was 
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used for specimens with large FRP surface coverage, while 40 degrees was appropriate for models 

without FRP. Sensitivity studies determined optimal values for the viscosity parameter equal (10-

5) and the fracture energy associated with tension cracking (25% of the energy calculated from the 

CEB-FIP model). Additionally, a cohesive bond model between FRP and concrete was calibrated 

to ensure that the peak diaphragm shear strength and the progression of debonding matched 

experiments. The peak strengths predicted by the models were within 2% of the experimentally 

measured values for all FRP-strengthened specimens. Furthermore, the cracking patterns, 

locations, and progression of debonding, and the FRP strain distributions observed in the models, 

closely aligned with the experimental observations. 

Although the FE models closely matched experimental observations, several limitations 

are associated with this modeling approach. The models were calibrated to align the monotonic 

shear load versus shear angle response with the envelope of the cyclic experimental results. While 

this approach results in a lower monotonic strength than might be observed in a physical test, the 

models successfully capture the fundamental monotonic behavioral aspects. A notable limitation 

is the use of the concrete dilation angle to approximate improved shear interlock due to FRP, as 

this makes the concrete material model dependent on the presence and configuration of FRP. 

Additionally, some idealizations were made, such as restraining chord bars against translation at 

the shear wall, despite some slip occurring in the experiments, and assuming a perfect bond 

between the reinforcing steel and concrete. However, these simplifications are not expected to 

significantly affect the overall results. 

Following calibration and validation, the FE models were used to analyze the contribution 

of concrete, reinforcing steel, and FRP to diaphragm shear strength. This analysis is critical for 

understanding and predicting the shear strength of FRP-strengthened diaphragms. The shear 
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strength components obtained from FE models were compared to the values calculated using ACI 

equations and experiments. The study found that ACI 318-19 (2019) and ACI PRC-440.2R-23 

(2023) equations consistently underestimated diaphragm shear strength by 15% to 24%. 

Additionally, the FE model results revealed that FRP contributes to diaphragm shear strength not 

only through direct force resistance but also by enhancing the behavior of concrete and reinforcing 

steel. 
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Effect of Design Parameters on Shear Behavior of Reinforced Concrete Diaphragms 

Strengthened with Externally Bonded FRP Sheets 

Pratiksha Dhakal, Matthew R. Eatherton, Eric Jacques 

Abstract 

The strengthening of reinforced concrete (RC) diaphragms with externally bonded fiber-

reinforced polymers (FRP) has been shown to enhance their strength, yet limited research and 

minimal guidance are available in design guides such as ACI PRC-440.2R-23. Previous studies on 

FRP-strengthened beams and shear walls have demonstrated that design variables, including FRP 

orientation, number of layers, spacing, and concrete compressive strength, affect the structureôs 

performance. However, the influence of these parameters on RC diaphragms has been 

underexplored, as experimental studies are challenging to perform due to their large size and 

complex behavior. Numerical investigation using finite element (FE) methods offers a practical 

approach for evaluating diaphragm behavior under a range of design parameters. 

This study combined experimental testing and FE analysis to examine the shear behavior 

of RC diaphragms strengthened with externally bonded FRP. Four large-scale specimens with 

different FRP strengthening schemes were tested, and their peak strengths, failure mechanisms, 

and FRP strains were recorded. A validated and calibrated nonlinear FE modeling procedure was 

then used to investigate the effects of concrete compressive strength, reinforcing bar yield strength, 

reinforcing bar ratio, FRP elastic modulus, FRP coverage, and FRP orientation. The FE models 

provided detailed insight into peak shear strength, the contribution of individual components to 

total shear resistance, stresses in reinforcing bars, FRPïconcrete bond damage, and concrete tensile 

and compressive damage. The results elucidated the mechanics of FRP strengthening in RC 
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diaphragms and identified the influence of key design parameters, providing quantitative guidance 

for effective retrofit strategies. 

Keywords: Diaphragm, finite element modeling, fiber-reinforced polymers, FRP, 

reinforced concrete, parametric study.  

4.1 Introduction  

Diaphragms are a critical part of the lateral load path as they transfer the lateral loads to 

and between vertical elements of the lateral force-resisting system (LFRS), e.g., moment frames 

or shear walls. Typically, diaphragm design in North America is based on a deep beam analogy in 

which diaphragms include the field of diaphragm resisting in-plane shear, chords resisting forces 

from in-plane flexure, and collectors transferring lateral load to vertical elements in LFRS. The 

diaphragm in a building may require retrofit when the moment frames or shear walls are relocated 

due to renovations, when there are new penetrations in the slab, or in older buildings when 

deficiencies in the diaphragm load path, strength, or ductility are discovered (Obaidat et al. 2011). 

The use of fiber-reinforced polymers (FRP) to strengthen diaphragms shows significant promise 

and has been used in practice because of the high strength and stiffness-to-weight ratio and less 

intrusive installation than traditional methods, such as concrete overlays and steel jacketing. 

However, there is limited research on the topic and even less guidance in design codes such as 

ACI PRC-440.2R-23 (2023). ACI PRC-440.2R-23, the guide for the design of externally bonded 

FRP for strengthening concrete structures, focuses on beams, shear walls, and columns and does 

not address RC members such as deep beams and diaphragms. 

The studies on RC diaphragms are limited despite their key role in the load transfer in RC 

buildings. A survey of literature has shown that strengthening RC members with externally bonded 

FRP laminates enhances the shear capacity of RC diaphragms (Aryan et al. 2023; Hutton et al. 
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2025). Aryan et al. (2023) conducted an experimental study on five 180 in. long, 60 in. wide, and 4 in. 

thick simply supported RC diaphragms with four specimens strengthened with externally bonded 

unanchored FRP. The tests showed that the strengthening increased the shear strength of the 

diaphragms by about 50%, with carbon FRP retrofits providing higher ductility than glass FRP. Three 

retrofitted specimens failed due to FRP debonding, starting at the locations of diagonal shear cracks, 

and one failed due to concrete crushing at the loading point. Hutton et al. (2025) tested six 102 in. 

long, 120 in. wide, and 4 in. thick RC cantilever diaphragms, including one unretrofitted and five 

FRP retrofitted specimens, to explore how externally bonded FRP affects in-plane shear behavior. 

Their results show that shear strengthening with FRP increased the stiffness and shear strength of 

the RC diaphragms, and FRP debonding led to the failure of the diaphragms. The increase in shear 

strength was attributed to the shear crack bridging and control provided by FRP. Further, the 

retrofit with FRP oriented perpendicular to the shear force was found to increase shear strength by 

74% of the increase obtained from the retrofit with FRP applied parallel to the shear force. After 

debonding the FRP from the concrete, the end anchorage allowed sustained load levels beyond 

peak. The intermediate anchors did not impact the peak shear strength, led to FRP rupture, and 

reduced deformation capacity.  

Based on several studies available in the literature, Askar et al. (2022) identified that factors 

such as FRP orientation, number of layers, spacing, and concrete compressive strength affect the 

shear strengthening of RC beams. Ghayeb et al. (2023) studied the effect of strengthening two-

way RC slabs using Carbon-FRP for punching shear using different widths of FRP sheets and 

spacing. The study showed better performance with higher FRP coverage. Also, for the same 

amount of coverage, 3 in. wide FRP sheets provided higher strength and stiffness compared to the 

specimen with 6 in. wide FRP sheets. Several researchers, e.g., Deniaud and Cheng (2004), Monti 

and Liotta (2007b), Oller et al. (2019), have also identified that there exists an interaction between 
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existing steel and FRP in strengthened members, thus affecting the contribution of these 

components. An experimental study by Oller et al. (2019) on ten full-scale RC beams externally 

strengthened by Carbon-FRP sheets found that the contribution of transverse steel reinforcement 

changed with FRP strengthening and attributed it to the change in strut orientation as a result of 

the strengthening. In these studies, better shear performance in the presence of FRP was often 

associated with high tensile strength of FRP, an increase in crack resistance, and a delay in shear 

crack. 

The work by Dhakal et al. (2025) has shown that continuum-based finite element (FE) 

analysis can be used to model the behavior of RC diaphragms. This is particularly useful for RC 

diaphragms, where conducting full -scale experiments is challenging due to their size and 

complexity (Arnold 2019; Erickson 2019; Goodwin et al. 2019; Harries and Witt 2019). The FE 

analysis process can be used to investigate the diaphragm behavior under design parameters that 

might influence diaphragm performance. 

This paper presents experimental and numerical studies examining the behavior of RC 

diaphragms externally bonded with FRP under varying concrete, reinforcing steel, and FRP 

properties. Four RC diaphragm specimens with different FRP strengthening schemes were tested, 

and their peak strengths, failure mechanisms, and FRP strains were analyzed. The FE models were 

developed based on the previous study on the calibration and validation of RC diaphragms with 

externally bonded FRP (Dhakal et al. 2025). The FE models were developed using Abaqus, a 

commercial FE analysis software, with the built-in concrete damaged plasticity (CDP) model for 

concrete, ductile damage criteria for reinforcing steel, along with a surface-based cohesive 

traction-separation law for the FRP bond and FRP anchors. The effect of concrete compressive 

strength, reinforcing bar yield strength, reinforcing bar ratio, FRP elastic modulus, coverage, and 
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orientations on the shear behavior of RC diaphragms was studied using the FE models. The peak 

strength, component contribution to the shear strength, stress in reinforcing bars, reinforcing bar 

yield strength, FRP-concrete bond damage, concrete tensile damage, and concrete compression 

damage were examined in the FE models. The influence of FRP on the behavior of existing 

reinforcing bars was assessed by comparing longitudinal stresses in the bars in strengthened and 

unstrengthened configurations.  

4.2 Experimental Studies 

Experiments on RC diaphragms were conducted at the Thomas M. Murray Structures 

Laboratory at Virginia Tech to study the performance of RC diaphragms strengthened with 

externally bonded FRPs. The details of the experimental program can be found in Hutton et al. 

(2025). The numerical simulations in this paper are based on the four RC diaphragms in these 

experimental programs ï Specimen CD6, Specimen CD7, Specimen CD9, and Specimen CD10. 

The specimens were strengthened with FRPs on the top surface of the diaphragm with varying 

composite elastic modulus, laminate thickness, number of FRP layers, coverage, laminate width, 

anchorage schemes, and orientations.  

The RC specimens were designed to simulate a deficient diaphragm shear zone adjacent to 

a shear wall. Each specimen, approximately half-scale relative to a typical building, consisted of a 

3.05 m × 2.59 m RC cantilever diaphragm with perimeter beams cast integrally with shear wall as 

shown in Figure 4-1(a) and (b). The diaphragm was a 4-inch-thick, two-way flat slab with two 

chord beams perpendicular to the applied load and one edge beam along the applied load. The 

perimeter beams were designed to remain elastic up to the maximum capacity of the actuator. The 

chord beams were 10 in. × 10 in. square cross-sections reinforced with six #8 bars, and the edge 

beam was 12 in. × 10 in. rectangular cross-sections reinforced with 10 #6 bars. The 12 in. thick, 
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38 in. deep RC shear wall segment was overdesigned to be able to withstand the reaction force at 

the peak of actuator capacity. All the longitudinal reinforcement in the diaphragm extended into 

the shear wall. Further, at the location of the intersection of the beams, the specimen was supported 

on rollers mounted on a concrete pedestal. The slab reinforcement consisted of an orthogonal 

arrangement of steel reinforcing bars providing a reinforcing ratio of approximately 0.18% based 

on temperature and shrinkage requirements in ACI 318-19 (2019). In the FRP strengthening 

scheme, various parameters of FRP ï 0Ǔ, 45Ǔ, and 90Ǔ oriented FRP sheets, single and multi-layered 

FRP sheets, and different surface coverages were used. The schematics of the experimental 

specimens with the FRP layouts are shown in Figure 4-2, and the photographs of the specimens 

are provided in Figure 4-3. Concrete, reinforcing steel, and FRP details for the specimens are 

provided in Table 4-1. 

The Specimen CD6 was tested to study the effect of FRP strengthening in the direction 

perpendicular to the shear force. The FRP layout included 9.7 oz./yd2, 12-inch wide, unidirectional 

Carbon-FRP sheets oriented perpendicular to the applied shear force, as shown in Figure 4-2(a). 

The FRP provided approximately 50% coverage to the top surface of the diaphragm. Each sheet 

was anchored at its longitudinal ends and two intermediate locations with 3/4-inch V-Wrap HM 

Carbon-FRP anchors. The slab reinforcing steel consisted of two mats of orthogonal D5 (ὃ

πȢπυ ὭὲȢ  deformed steel wire bars spaced at 12 in. center-to-center in each direction.  

The Specimen CD7 was intended to investigate the effect of FRP strengthening in the 

direction parallel to the loading, with FRP amount and shear contribution significantly higher than 

that of the existing reinforcing steel. The slab reinforcing steel consisted of a single mat of #3 bars 

spaced at 12 in. center-to-center in each direction. The retrofit scheme in Specimen CD7, shown 

in Figure 4-2 2(b), included two layers of 20 oz./yd2, 12-inch wide, FRP sheets oriented parallel 
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to the applied shear force and provided full coverage. The nominal shear strengths of the specimen, 

determined as the sum of the concrete, ὠ, reinforcing stee, ὠ, and FRP contribution, ὠ were 

greater than or equal to the maximum allowable limit of 8bwdã(fc') in ACI 318-19 (2019). The 

majority of the shear strength contribution was provided by FRP, with the ratio of FRP contribution 

to steel contribution, ὠȾὠ equal to 2.6. Four 5/8-inch CSS-HMP Carbon-FRP were provided at 

each end of each sheet. 

The Specimen CD9 was designed to investigate the effect of FRP strengthening in the 

direction both parallel and perpendicular to the loading, with FRP amount and shear contribution 

significantly higher than that of the existing reinforcing steel. The slab reinforcing steel amount 

was further reduced than in Specimen CD7 and consisted of a single mat of #3 bars spaced at 18 

in. center-to-center in each direction. The retrofit scheme in Specimen CD9, shown in Figure 4-2 

2(c), used two layers of 20 oz./yd2, 12-inch wide FRP, and provided full coverage. The first layer 

of FRP was applied parallel to the shear force, and the second layer was applied perpendicular to 

the shear force. The retrofit was anchored around the perimeter of the shear span with two 16 mm 

(5/8-inch) CSS-HMP Carbon-FRP at each end of each sheet. The nominal shear strengths of the 

specimen exceeded the maximum allowable limit of 8bwdã(fc') in ACI 318-19 (2019). with the 

ratio of FRP contribution to steel contribution, ὠȾὠ equal to 4.2 for CD9. 

The Specimen CD10 was designed to study the effect of FRPs oriented approximately 

perpendicular to the shear cracks. For the strengthening, 9.7 oz./yd2, 12-inch wide FRP sheets 

oriented in a [-45°/+45°] configuration, as shown in Figure 4-2(d), were used. The [-45°/+45°] 

orientation was expected to be favorable in controlling the propagation of diagonal shear cracks. 

The FRP retrofit provided approximately 70% coverage to the top surface of the diaphragm. The 

FRP sheets were anchored at their longitudinal ends with 5/8-inch V-Wrap HM Carbon-FRP and 
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3/4-inch V-Wrap HM Carbon-FRP anchors. The slab was reinforced with a single mat of #3 bars 

spaced at 18 in. center-to-center in each direction, the same reinforcing as used in Specimen CD9.  

The specimens were loaded with an actuator connected to steel channels, which were 

bolted to the edge beams at five locations along the length of the edge beam. This configuration 

produced shear along the length of the loaded end. A reversed cyclic displacement protocol 

following the quasi-static cyclic testing guidelines was applied. The two ends of the edge beam 

were restrained against uplift through a roller assembly at the two ends of the steel channels. 

Throughout the loading, actuator loads and displacements, diaphragm and shear wall 

displacements, uplift and FRP strains, crack maps and debonding patterns, and time-lapse videos 

were recorded. The diaphragm shear angle was calculated using displacements measured using 

string potentiometers. The global shear angle was calculated by subtracting the rigid-body rotation 

of the shear wall from the difference between longitudinal displacements of the loading beam and 

shear wall, divided by their perpendicular distance.  

 

Figure 4-1. Test configuration. 

 

10 in.

4 in. thick 
slab

10 in. wide 
chord beams

12 in. wide 
edge beam

Cyclic 
displacement history

12 in. thick shear wall 
restrained against 
translation in all three 
directions

Vertical translation of 
edge beam  restrained

(b) Photograph of Specimen CD7 before testing. (a) Schematic details of specimen. 
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Table 4-1. Construction details for the diaphragm specimens. 

Parameters Specimen CD6  CD7  CD9 CD10 

Concrete 

fc' (psi) 4470 2650 2980 3100 

Ec (ksi) 3640 2934 3013 3174 

fsp (psi) 420 309 328 334 

Slab Reinforcing Steel 

Reinforcing  

configuration 

2 mats of D5  

@ 12 in. c/c 

1-mat of # 3   

@ 12 in. c/c 

1-mat of # 3  

@ 18 in. c/c 

1-mat of # 3  

@ 18 in. c/c 

” 0.21% 0.23% 0.15% 0.15% 

fy (ksi) 75 60 60 60 

Es (ksi)  29000 

FRP 

Manufacturer  

Label 

1 Layer of CSS  

V-Wrap  

C100HM 

2 Layers of 

CSS V-Wrap  

C220 HM 

2 Layers of  

CSS V-Wrap  

C220 HM 

2 Layers of CSS  

V-Wrap  

C100HM 

Density 9.7 oz./yd2 22 oz./yd2 22 oz./yd2 9.7 oz./yd2 

Ef (ksi) 16700 14700 14700 16700 

ffu (ksi) 216 152 152 216 

nf (in.) 1 2 2 2 

tf (in.) 0.02 0.04 0.04 0.02 

wf (in.) 12 12 12 12 

sf (in.) 24 12 12 24 
” ὲὸύȾὦίίὭὲ‌ 0.25% 2% 2% 0.71% 

Ŭ [90Ǔ] [0Ǔ/0Ǔ] [0Ǔ/90Ǔ] [+45Ǔ/-45Ǔ] 

where fc
': Compressive strength of concrete, Ec: Elastic modulus of concrete ”: Steel reinforcing 

ratio, Ὢ: Yield strength of reinforcing steel, Es: Elastic modulus of reinforcing steel, Ef: 

Longitudinal elastic modulus of FRP, ffu: ultimate tensile strength of FRP nf: Total number of FRP 

plies,  wf: Width of an FRP ply, tf: Thickness of an FRP ply, sf: c/c spacing of FRP sheets, ”: FRP 

reinforcing ratio, ‌: Orientation of plies with respect to the applied force  
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Figure 4-2. Test specimen retrofit details. 

 

Figure 4-3. Photographs of the top view of the specimens before testing.  

(a) Specimen CD6. (c) Specimen CD9. (d) Specimen CD10. (b) Specimen CD7. 

(c) Specimen CD9. 

(a) Specimen CD6. (b) Specimen CD7. 

(d) Specimen CD10. 
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4.3 FE Modeling and Validation with Experimental Results 

4.3.1 Modeling of the RC Diaphragms 

Three-dimensional nonlinear FE models of the four diaphragm specimens ï Specimen 

CD6, Specimen CD7, Specimen CD9, and Specimen CD10 ï discussed in the previous section 

were created using the software Abaqus (Dassault Systèmes Simulia 2021). The Newton-Raphson 

iterative method within Abaqus was used to conduct a nonlinear static implicit analysis. The basic 

geometry of the model, shown in Figure 4-4(a) and (b), included the concrete slab, chord beams, 

and edge beams. The other components of the setup, such as the shear wall and the concrete 

pedestals, were not explicitly modeled; instead, their effects were integrated into the simulation 

using boundary conditions, as shown in Figure 4-4(c). To simulate the fixity provided by the shear 

wall, all nodes of the slab and chord beams in contact with the shear wall were restrained against 

translation in all directions. At the intersection of the chord and edge beams, where the diaphragm 

was supported underneath by rollers mounted on concrete pedestals during the test, the model was 

restrained against out-of-plane translation. The readers are directed to the previous work (Dhakal 

et al. 2025) by the authors for details on the calibration and validation process.  

Although the experimental specimens were subjected to a cyclic displacement history to 

evaluate issues like cyclic strength degradation during seismic loading, monotonic loading was 

applied in the FE models for computational efficiency and to avoid challenges associated with 

modeling cyclic behavior, such as cyclic damage and crack opening and closing (Moharrami and 

Koutromanos 2016). To facilitate comparison between the cyclic test results and monotonically 

loaded models, envelope curves were extracted from the test data. It is noted that matching 

monotonic behavior to the envelope of a cyclic test will not capture the larger strength that would 

be expected from a monotonic test, nor the cyclic damage. However, the monotonic model is 
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expected to capture the fundamental behavior and interaction between the FRP, reinforcing steel, 

and concrete, which is the focus of this work.  

 

Figure 4-4. FE model geometry. 

The concrete portion of the diaphragms was modeled using full -integration solid 

continuum 8-node linear brick elements (referred to as C3D8 in Abaqus). The reinforcing steel 

bars in the slab and the beams were modeled using two-node linear displacement truss elements 

(referred to as T3D2 in Abaqus) and were assumed to be perfectly bonded to the concrete using 

embedded constraints. The externally bonded FRP sheets were represented using four-node, 

quadrilateral, stress/displacement shell elements with reduced integration (referred to as S4R in 

Abaqus). As will be discussed later, the bond characteristics between the concrete and FRP were 

simulated using surface-based cohesive bond behavior. A mesh sensitivity study with 8 in., 6 in., 

4 in., 2 in., 1 in., and 0.5 in. mesh sizes for all the elements determined that a 2-inch mesh size for 

the solid and truss elements, and a 1-inch for shell elements, provided a reasonable balance 

between accuracy and computational cost.  

The engineering stress-strain data from coupon tests of the reinforcing bars were converted 

into true stress-strain values to be used for the material models of the corresponding bars.  
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The CDP model, which defines the behavior of concrete material using the concepts of 

isotropic damaged elasticity in combination with isotropic tensile and compressive plasticity, was 

used to represent the behavior of concrete material. The compression and tension constitutive 

models, compression and tension stiffness damage, flow potential parameters, yield surface 

parameters, and viscosity parameters were specified to define the model. The uniaxial compression 

response of concrete, shown in Figure 4-5(a), was modeled using a symmetric Hognestad parabola 

(Hognestad 1951). The constitutive behavior of concrete subjected to uniaxial tension followed a 

linear elastic relation with a modulus of elasticity, Ec, up to tensile strength, ftm, followed by a 

bilinear softening response. The tensile strength of concrete was taken as 65% of the measured 

splitting cylinder strength, Ὢ  (Collins and Mitchell 1997). The values of Ec and fsp, were obtained 

from cylinder test data. The tension stiffening effect (Gilbert and Warner 1978) was incorporated 

using a fracture energy cracking criterion of the CEB-FIP Model Code 1990 (Béton 1993) with 

the bilinear stress-displacement relationship as shown in Figure 4-5 (b). The damage parameters 

for tension, dt, and compression, dc, which represent elastic stiffness degradation during post-peak 

unloading and range from 0 (undamaged at peak) to 1 (completely damaged beyond peak), were 

defined as tabular functions of cracking displacement in tension and inelastic strains in 

compression. The calibrated values of 40Ǔ, 55Ǔ and 10-5 was used for Dilation Angle in models 

without FRP, Dilation Angle in models with FRP, and Viscosity, respectively (reference Dhakal 

et al. 2025 for more information). The default values as defined in Abaqus were used for the other 

plasticity parameters. 

The FRP composites were modeled with linear elastic orthotropic shell elements. The 

material model included ultimate tensile strength equal to the value provided by the manufacturer 

and no compressive strength, as the contribution of FRP to compression is assumed to be 
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negligible. The bond between concrete and the externally bonded FRP is critical for the model to 

accurately capture the ultimate behavior of the experimental specimens and has been defined in 

terms of a surface-based traction-separation law, as shown in Figure 4-5(c). The anchors were 

modeled using the same cohesive traction-separation law with larger fracture energy. This larger 

fracture energy delayed FRP-concrete bond failure in the anchor zone, simulating the contribution 

of anchor embedment in concrete. 

 

Figure 4-5. Material constitutive relations. 

4.3.2 Comparison of Experiment and FE Results 

The actuator shear force vs shear angle response and the corresponding envelope curves 

for the four specimens are shown in Figure 4-6, and a summary of the test results for all four 

specimens is tabulated in Table 4-2. For all four specimens, the peak load was associated with the 

debonding of FRP. The cracks in concrete in the push direction (N to S in the figures shown) of 

loading are marked with thick solid black lines, and the debonded FRP region is marked with red 

color in Figure 4-7. 

The load vs shear angle plot for the Specimen CD6 with one layer of FRP oriented 

perpendicular to the applied loading is shown in Figure 4-6(a). Initial flexural cracks began in the 
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specimen at 84 kips, and with the increase in the load, shear cracks started appearing at 100 kips. 

The peak load for the specimen was 250 kips at a shear angle of 0.00364 radians. At the peak, 

sheets S2 and S3 experienced debonding along 75% of their length, and sheets S1 and S4 

experienced localized edge debonding. A maximum strain of 0.46% in FRP was observed in sheets 

S2 and S3 at their mid-length. During the post-peak cycle, at 242 kips, the end and intermediate 

anchors towards the loading beam end in sheet S2 pulled out. Further loading caused the widening 

of the primary diagonal tension crack and the rupture of the slab reinforcing bar. At later cycles, 

end and intermediate anchors towards the shear wall side of the sheet S3 pulled out.  

The load vs shear angle plot for the Specimen CD7 with two layers of FRP oriented parallel 

to the applied loading is shown in Figure 4-6(b). At 725 kN (163 kips), diagonal tension cracks 

were first observed in the specimen. As the number of cracks increased with an increase in load, 

FRP sheets began debonding near the middle of sheet S4 at 863 kN (194 kips). The specimen 

reached a peak load of 1263 kN (284 kips) at the shear angle of 0.0046 radians, at which localized 

debonding was observed in sheets S2, S3, and S4. A maximum FRP strain of 0.29% was recorded 

at the peak load. In the negative cycle, at the peak load of 1210 kN (272 kips), the sheets S4, S5, 

S6, and S7 were completely debonded. In the post-peak cycles, the slab edge region where the 

FRP anchors were installed experienced uplift, followed by a direct shear crack at the interface 

between the slab and loading beam. Further loading caused concrete spalling in the direct shear 

crack region. 

The load vs shear angle plot for Specimen CD9 with two layers of FRP ï the bottom layer 

oriented parallel to the applied loading and the top layer oriented perpendicular to the loading ï is 

shown in Figure 4-6(c). At 583 kN (131 kips), diagonal tension cracks were first observed in the 

specimen. The first signs of FRP debonding were observed in sheet S5 at 1085 kN (244 kips) and 
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a shear angle of 0.0027 radians. The specimen reached a peak load of 1417 kN (319 kips) at the 

shear angle of 0.0038 radians, at which localized debonding was observed in sheets S4, S5, S6, 

and S7. A maximum FRP strain of 0.34% was recorded at the peak load. In the post-peak cycles, 

a direct shear crack was observed in the interface between the slab region and the shear wall. 

Further, FRP anchor pull-out was observed in the flange region of the slab. 

The load vs shear angle plot for the Specimen CD10 with two layers of FRP ï the bottom 

layer oriented at approximately 45 degrees counterclockwise, and the top layer oriented at 

approximately 45 degrees clockwise to the applied loading ï is shown in Figure 4-6(d). In the 

positive cycle, the first diagonal shear cracks were observed at 111 kips load at 0.00049 radians. 

Localized debonding was observed in sheet S3 at a 183 kips load and a 0.0015 radians shear angle. 

At 236 kips, sheets S6, S7, S8, and S9 debonded in the region between sheets S2 and S3 along the 

diagonal shear crack. At the peak load of 280 kips at 0.0034 radians, the sheets S6, S7, and S8 

ruptured at the location of the major diagonal shear crack. The rupture region is marked with a 

dotted blue line in Figure 4-7(d). A maximum FRP strain of 0.86% was recorded at the peak load 

in sheet S9.  In the post-peak cycle, at 171 kips and 0.0067 radians, sheet S9 ruptured. Further 

loading caused concrete spalling primarily along the diagonal shear cracks. 
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Figure 4-6. Experimental load vs shear angle plots. 

Table 4-2. Summary of the results for the experimental specimens. 

Parameters CD6 CD7  CD9 CD10 

Shear at First Cracking (kips) 84 163  131 104 

Peak Shear Strength, Vpeak (kips) 250 284  319 280 

Shear Angle at Peak Shear Strength (radians) 0.0036 0.0050  0.0038 0.0047 

Max. FRP strain at Peak Shear, Ůf,SG (radians) 0.0046 0.0029  0.0034 0.0086 

Failure Mode at Peak Load 1 DTC+D DTC+D  DTC+D DTC+D+R 
1: DTC = Diagonal Tension Cracking; D = Concrete-FRP Debonding: R = FRP Rupture 
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(a) Specimen CD6. (b) Specimen CD7. 
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(d) Specimen CD10. (c) Specimen CD9. 








































































































































































































































































































































































































































































































































