
 
 

ABSTRACT  

KHADKA, AAKRITI. Crack Kinematics and Assessment of Shear Critical Reinforced Concrete 

Slender Beams (Under the direction of Dr. Giorgio Talotti Proestos).  

Reinforced concrete slender beams (having shear span to depth > 2.5) are commonly used 

structural elements and are often subject to high shear forces, leading to shear cracks. Shear cracks 

in these slender beams are complex, with branching of cracks and varying crack angles along the 

crack path. The traditional assessment methods do not have the ability to utilize the information 

from the observed shear cracks in slender beams to determine the remaining structural capacity. 

Therefore, the goal of this thesis was to propose a framework that uses measured shear crack 

information for rapid and reliable safety assessments of shear-critical reinforced concrete slender 

beams.  

Experimental studies that evaluate the shear response of slender beams using detailed shear crack 

information are extremely limited. The KSB series with six large-scale shear-critical reinforced 

concrete slender beams with dimensions 7010 mm x 355 mm x 1016 mm were designed and tested 

in a three-point bending setup at the Constructed Facilities Lab at North Carolina State University. 

Each shear span of the six specimens was loaded to fail in shear, so a total of 12 tests were 

conducted. The entire beam length in each test was monitored using three-dimensional Digital 

Image Correlation (DIC) to capture beam response and obtain detailed shear crack kinematics. The 

ACDM tool by Gehri (2022) was found to be effective in tracing the crack patterns from the DIC 

data recorded during the KSB tests. Crack kinematics, such as crack width, slip, angle, and both 

vertical and horizontal crack displacements, were extracted along the critical shear cracks using 

the DIC data. The vertical crack displacement showed the most stable trend along the crack, 

suggesting it as a well-suited parameter to be utilized in crack-based assessment framework for 

slender beams. 

The existing concept of rapid crack-based shear assessment, developed by Mihaylov (2025) for 

deep beams, was extended to slender beams by analytical evaluation of the Critical Loading Zone 

(CLZ) in slender beams. Based on the observations from the KSB series testing, the CLZ in slender 

beams was modeled with failure criteria defined by cracking at the top of the CLZ. Using the newly 

defined CLZ model for slender beams, the equation to estimate the displacement capacity of the 

CLZ in slender beams 



 
 

was derived. The proposed rapid crack-based shear assessment was implemented to calculate the 

remaining shear capacity in cracked slender beams using the newly derived equation for the CLZ 

displacement capacity along with three measurements (the depth of CLZ, the angle of the critical 

shear crack in the CLZ, and vertical crack displacement at the middle of the shear span). An image-

based crack measurement tool, developed in this thesis, that uses a single photograph to compute 

crack geometry and local kinematics was also successfully integrated into the proposed rapid 

crack-based assessment method for slender beams.  

The thesis further advances the crack-based assessment framework for slender beams by exploring 

the simplified kinematic equations that predict deformation patterns. The well-established 2PKT 

framework and its two degrees of freedom were used in formulating the simplified kinematic 

model for slender beams. The two degrees of freedom (vertical displacement of the CLZ and strain 

in the longitudinal reinforcement) were modified as their characteristics in the slender beams and 

the modification was integrated into the general displacement equations from the 2PKT to obtain 

modified displacement equations that could predict the deformed shape for cracked slender beams. 

The proposed framework in this thesis was designed to advance the crack-based, mechanics-based 

assessment of shear-critical reinforced concrete slender beams that relates the shear crack 

measurements with the structural capacity so that reliable safety assessment can be carried out.  
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Chapter 1: INTRODUCTION AND OBJECTIVES 

1.1. Introduction  

Assessment of reinforced concrete structures throughout their design life is critical to ensure safety 

and to provide information about whether structures require intervention such as repair or retrofit. 

As concrete structures like bridges and buildings age, they can experience cracking that results 

from regular use or from extreme events like earthquakes. Cracks in structures are one of the few 

visible and quantifiable parameters that engineers can use to assess the conditions of structures. 

Shear cracks are particularly important to carefully evaluate since shear failures can be brittle and 

occur without much warning. Additionally, the shear provisions in design codes have changed 

substantially over the last 50 years and therefore, there is often a need to quantify the shear capacity 

of members, particularly of those that do not meet modern design provisions.   

Reinforced concrete beams categorized as slender, having a shear span to depth ratio greater than 

2.5, are commonly used as beams in buildings or as girders in bridges. Such members follow the 

plane sections remain plane hypothesis [4]. However, unlike deep beams where critical shear 

cracks are typically approximated by a straight diagonal crack with a single angle [5], the geometry 

of shear cracks in slender beams is more complex. Experimental observations of shear cracks in 

slender beams have shown that the crack angle changes significantly along the critical shear crack, 

meaning the critical shear crack in slender beams is generally not a single straight line. Also, in 

shear-critical slender beams, there are often multiple shear cracks and crack branching contributing 

to the member response. The complexity of shear cracking in reinforced concrete shear-critical 

beams leads to an important research question: How can shear crack information in slender 

concrete beams be interpreted to assess structural safety? To address this, the primary goal of the 

research is to develop a framework specifically for slender beams that uses measured shear crack 

information for rapid assessments of shear critical members. 

Mechanical models that directly input measured shear crack information to compute shear carrying 

components in cracked reinforced slender beams have been utilized in  studies by Campana et al. 

[6], Huber et al. [7], and Cavagnis et al. [8]. These studies were not designed for assessment of the 

slender beams and were focused on evaluating shear transfer mechanisms in shear critical 

members. The results showed that the total shear calculated using the shear transfer equations was 
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close to the experimental value. However, in addition to requiring measured crack information, the 

computation of shear components in these studies also required measurement of numerous other 

parameters like principal strains, dowel lengths, and geometry details of critical loading zones. 

Such studies requiring extensive measurements of the mentioned parameters from high resolution 

data in a laboratory setting makes the process difficult to translate into field applications. 

Additionally, the ability to estimate the shear transfer mechanisms is different than conducting 

safety assessments. 

In contrast, the Two-Parameter Kinematic Theory (2PKT), a kinematic model, combined with 

constitutive relationships, defines the shear carrying components in deep concrete beams using 

just the two degrees of freedom: the average tensile strain in longitudinal reinforcement (Ůt,avg) and 

the vertical displacement of the critical loading zone (ȹc). In the recent studies by Trandafir et al. 

[9, 10], the use of the measured information of critical shear cracks in the 2PKT model has 

provided better shear capacity calculations, enabling mechanics-based, crack-based assessment in 

deep beams. More recently, Mihaylov et al. [11] proposed a rapid crack-based assessment method 

to determine the residual shear capacity of diagonally cracked deep beams using only three simple 

measurements: the depth of the critical loading zone (CLZ), the angle of the critical crack in the 

CLZ, and a single vertical crack displacement at the edge of the CLZ. In the rapid assessment 

method, residual shear capacity is expressed as a function of the measured vertical crack 

displacement and the estimate of the CLZ displacement capacity [11]. The 2PKT defines the CLZ 

as the highly compressed region near the loading plate. Since 2PKT also provides assumptions to 

model the critical loading zone and estimates the CLZ displacement capacity in deep beams, the 

rapid crack-based assessment of deep beams is possible. However, the CLZ in slender beams has 

not yet been modeled or defined, and similar assessment frameworks for slender beams do not 

exist. 

To develop a similar rapid crack-based shear assessment approach for slender beams, it is 

necessary to understand the response of the CLZ in slender beams with critical shear cracks. 

Establishing a simplified CLZ model for slender beams and estimating its displacement capacity 

would enable a rapid crack-based assessment method that predicts the remaining shear capacity 

with only a few measurements. In addition to the CLZ modeling, further understanding the 

complete deformation pattern of diagonally cracked slender beams can form a basis for developing 
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a simplified kinematic model like the 2PKT. A simplified kinematic model that predicts the 

deformed shape of shear-critical slender beams with shear cracks using limited degrees of freedom 

could extend the assessment to serviceability checks and other applications. 

The study of shear crack kinematics and deformation patterns in shear-critical reinforced concrete 

slender beams is essential for establishing the assumptions and identifying appropriate degrees of 

freedom in slender beams. Current studies evaluating the shear response of slender beams using 

full-field field of view data capable of capturing detailed shear crack behavior along the entire 

beam length throughout loading are extremely limited. Additionally, testing large-scale specimens 

is necessary to account for size effects in shear and to ensure the findings are applicable to real-

life large structures. Therefore, the first step in this research program is to conduct large-scale 

testing of reinforced concrete slender beams, combined with advanced monitoring technologies 

like three-dimensional Digital Image Correlation (DIC), to capture the detailed beam response and 

shear crack kinematics across the entire beam length. A detailed investigation of shear cracks and 

the evaluation of global deformation pattern obtained from experimental data can guide the 

development of a simplified crack-based framework for assessing slender beams.   

The long-term goal of this research is to implement crack monitoring technologies to assess the 

in-service reinforced concrete structures and ensure their safety. Recognizing the practical 

limitations of sophisticated tools like DIC, which are primarily suited for experimental setups in 

laboratory environments, this research also aims to develop a simple, image-based crack 

measurement tool. This tool will measure crack width (w), slip (s), angle (ɗ), and vertical (wv) and 

horizontal crack displacements (wh) using images captured with accessible devices, such as 

smartphone cameras, and eliminating the subjectivity in measurements associated with manual 

crack measurements. It also empowers less experienced inspectors to obtain crack information that 

can be conveyed to engineers for evaluation. The proposed pixel-based crack detection algorithm 

identifies critical shear cracks by analyzing gray-scale contrasts in images of cracked surfaces. 

This tool supports the goal of the research by providing a practical, accessible, and efficient method 

for computing crack kinematics that can be integrated into crack-based shear assessment 

framework for slender beams.  
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1.2. Objectives  

The overarching goal of this research is to advance the mechanics-based crack-based assessment 

of shear-critical reinforced concrete slender beams. To achieve this, the detailed objectives are as 

follows: 

a) Conduct large-scale testing of shear-critical reinforced concrete slender beams and monitor the 

tests using three-dimensional Digital Image Correlation (DIC) systems to capture the full 

deformation response of the members along the entire beam length. Analyze the global response 

and evaluate the crack kinematics computed along the critical shear crack from the full field of 

view DIC data. 

b) Create a crack-based assessment framework for shear-critical reinforced concrete slender beams 

by:  

(i) Modeling the critical loading zone (CLZ) in slender beams and proposing an estimate 

of its displacement capacity to enable rapid crack-based assessments that predict the 

remaining shear capacity of cracked shear critical beams.  

(ii) Deriving simplified displacement equations using defined degrees of freedom that 

predict the deformed shape of slender beams. Compare the predicted deformation pattern 

with the experimentally obtained deformation pattern from DIC data.  

c) Develop a simplified image-based crack measurement tool to determine local crack kinematics, 

including crack width, slip, angle, and vertical and horizontal crack displacements. Integrate the 

tool into the crack-based assessment framework.  

1.3. Scope and Outline of thesis 

The scope of this thesis is focused on developing a crack-based framework to understand the shear 

behavior of reinforced concrete slender beams. The focus is to understand how the observed shear 

crack geometry and kinematics influence the global deformation of slender beams and how this 

information can be incorporated into simplified kinematic models and rapid assessment tools. The 

development of the framework with the rapid crack-based shear assessment method and a 

simplified kinematic model required defining the CLZ in slender beams and identifying simplified 

degrees of freedom can be used in these methods. The framework is designed to accommodate 
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future developments as more kinematic focused experimental results from slender beams tests 

become available. The dissertation also includes the development of an image-based crack 

measurement tool to demonstrate practical implementation of crack-based assessments.  

Chapter 1 introduces the motivation for crack-based assessment of shear-critical slender beams 

and highlights the challenges with existing shear models. It presents the objectives of the thesis 

along with its scope and outline. 

Chapter 2 provides the necessary background on the current guidelines and manual driven 

practices for crack-based assessment. It provides a review of the existing shear behavior theories, 

analytical models and emphasizes the need for a simplified kinematic model that directly 

incorporates measured shear crack information to evaluate shear-critical slender beams.  

Chapter 3 presents the experimental program, the KSB series, consisting of shear-critical large-

scale reinforced concrete slender beams tested under three-point bending and monitored using 3D 

Digital Image Correlation (DIC) throughout the loading. The global deformation patterns, shear 

crack development, and detailed crack kinematics (width, slip, angle, and displacements) are 

analyzed to understand how shear cracks influence the shear response of slender beams. 

Chapter 4 proposes a rapid assessment framework that uses crack measurements to estimate the 

residual shear capacity of shear-critical slender beams. The chapter proposes an estimate for the 

displacement capacity of the CLZ in slender beams through analytical modeling of the CLZ. The 

estimates are compared with VecTor2, finite element, results and with the measurements from the 

KSB series.   

Chapter 5 introduces a simple image-based tool to measure crack kinematics using grayscale 

processing. The algorithm is validated against manual measurements, and its practical application 

is also demonstrated by using the measurements from the tool for rapid crack-based assessment of 

shear-critical slender beam from the KSB series.  

Chapter 6 explores the formulation of simplified kinematic equations for slender beams using the 

Two-Parameter Kinematic Theory (2PKT) framework. Experimental deformation patterns from 

the KSB tests are used to identify governing degrees of freedom, and the existing displacement 

equations from the 2PKT are modified to extend the applicability to slender beams.  
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Chapter 7 provides the summary of the entire thesis along with relevant conclusions and 

suggestions for future work. 
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Chapter 2: BACKGROUND AND LITERATURE REVIEW 

There is a significant gap in the availability of simplified kinematic models for shear-critical 

reinforced concrete slender beams that use the measured shear crack information to calculate the 

remaining shear resistance and thus assess safety. Due to the lack of such models, even when shear 

cracks are detected during inspections, the information cannot be effectively utilized to determine 

the remaining structural capacity or assess safety. There are a wide range of models that exist for 

predicting crack response, but when those cracks do not agree with the field observations, it is 

challenging for engineers to decide on the safety of the members. Incorporating observed crack 

information like shape, widths, slips, and angles, could help eliminate this problem. Additionally, 

research conducted by Trandafir et al. [9] shows that incorporating crack information into analyses 

of deep beams improves the prediction by reducing the coefficient of variation on the assessment 

of peak response from 15% to 3.39% for the members they examined.  

According to the ASCE Report Card of 2021, the United States has more than 617,000 bridges, 

with 42% of those being at least 50 years old, and 7.5% being labelled structurally deficient but 

still in operation [12]. The most recent analysis of National Bridge Inventory (NBI) data in 2024 

ARTBA Bridge Report [13] highlights that, although the percentage of bridges in poor condition 

is decreasing at a slow pace over the years, a significant 36% require rehabilitation or replacement. 

Concrete bridges, in particular, have been reported to develop visible cracking at installation, 

during operation, or towards the end of service life. As per the 2024 NBI data, 70% (432,629) of 

all U.S. bridges are concrete bridges, among which 41% are of over 50 years of age. More 

importantly, 4% of the concrete bridges in the US are rated in poor condition, highlighting 

structural deficiencies and safety concerns. Concrete bridges are normally classified as poor due 

to defects like thermal and shrinkage cracks, spalling, corrosion of reinforcement, overloading, 

fatigue, and damage due to extreme events like earthquakes and impact loading occurrences. The 

National Bridge Inspection Standard assesses the condition of key components like decks, 

superstructures, and substructures, correlating a bridgeôs rating with defects such as structural 

cracks, corrosion, and erosion [14].  

Shear cracks in structures require special attention because they can lead to catastrophic failures 

without much indication of impending danger. A notable example is the collapse of the De la 

Concorde overpass in Canada that failed in shear on 30 September 2006. Inspectors observed a 
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crack, approximately 0.5 to 0.6 mm wide and angled at about 45 degrees (a typical shear crack), 

in 2004. The crack was deemed passive by the engineer. However, sometime later, after reports 

from the public of falling concrete chunks, a road patroller conducted an inspection, photographed 

the crack observed, and submitted an anomaly report recommending a detailed inspection. 

Tragically, the overpass failed in shear within an hour of this inspection [15]. The inability to 

interpret the observed crack quickly in this case highlights the critical need of rapid shear 

assessment tools.  

In 2001, the Missouri DoT reported cracking in 110 concrete bridges with simple span continuous 

precast I-girders. The types of cracking observed included vertical cracks, diagonal shear cracks, 

and reverse diagonal cracks (as shown in Figure 1), and these cracks were attributed to different 

factors: thermal gradient stresses, prestressing forces, high shear forces at the supports, and 

inadequate shear reinforcement. While the diagonal cracks identified in the Missouri DoT report 

were concluded to pose no immediate structural risks, the report emphasized possible future risks 

from the cracks [16]. Therefore, there is a need for crack-based assessment methods to rapidly 

evaluate shear cracks to determine if the progression of existing cracks in concrete structures pose 

urgent structural concerns.  
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(a) 

 

(b) 

Figure 1: (a) Shear Crack reported before the collapse of De la Concorde overpass in Canada  

(Reproduced from [15]) (b) Shear Cracks reported in concrete girders by Missouri DoT 

(Reproduced from [16]). 

Furthermore, the Oregon DoT reported diagonal cracks in 500 out of 1800 conventionally 

reinforced concrete slab-girder bridges inspected in 2004 [17]. The reporting of the diagonal cracks 

resulted in road closures, detours, and costly emergen repairs only for later research to show that 

most bridges had adequate remaining capacity and coucyld have remained operational. Reliable 

and rapid crack-based assessments are necessary not just to identify risks but also to avoid 

unnecessarily disrupting the operations of the bridges. In such circumstances as well, calculation 
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of remaining capacity based on the crack information needs to be done to determine severity of 

the cracks, reducing unnecessary interventions while ensuring structural safety and operational 

continuity.  

 

Figure 2: Shear cracks on McKenzie River Bridge (Reproduced from [17]). 

2.1. Guidelines and Manuals with Provisions for Crack Assessment of Concrete Structures: 

The current practices for evaluation of the cracked reinforced concrete structures mainly relies on 

the experience and judgement of the inspectors, guided by crack widths limits and criteria outlined 

in codes, manuals and guidance documents published by authorities such as ACI, AASHTO MBE, 

FWHA, and IAEA [14, 18-21]. 

For example, ACI 224R-01 offers quantitative limits on crack widths under exposed environmental 

conditions [21]. However, the guidance is irrespective of the structure type, location of crack, or 

the crack pattern, so the decision of severity of the cracks relies significantly on inspectorôs 

expertise. Additionally, this table is only intended as a general guide for service level cracking, not 

safety assessments. 

Table 1: Guide for crack width in concrete under service load as per ACI 224R-01 [Table 4.1]. 
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Section 8 in ACI 562 suggests taking into consideration the effects of cracks against fire protection, 

durability, performance, and design service life of the structure, and further recommends 

nondestructive testing (NDT) to complement traditional visual inspections. Though ACI 562, ACI 

201.2R, and ACI 364.1R do provide qualitative details on effects of cracking and material 

evaluations [20, 22, 23], there is limited information on considering quantitative analysis for 

calculating structural capacity of the structure due to the cracking. 

AASHTO Bridge Element Inspection Guide Manual [19] provides tables and guidelines to 

improve consistency in interpreting the condition states based on the measurements and 

observations during the inspection of the bridge element. As an example, Table 2 shows the 

condition state definitions and the defect definitions for reinforced concrete girders.  

Table 2: Condition State and Defect definition for reinforced concrete girder from AASHTO 

Bridge Element Inspection Guide Manual  [19]. 
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Earlier documents, such as the Recording and Coding Guide for the Structure Inventory and 

Appraisal of the Nationôs Bridges by the FHWA [14], used a rating parameter known as the 

"Sufficiency Rating." This rating provided a numerical score ranging from 0 to 100%, which was 

used to evaluate the bridge condition. The score was based on multiple factors, including structural 

adequacy and safety, serviceability, functional obsolescence, use, and special reductions. In 

addition, the Recording and Coding Guide of the Structure Inventory and Appraisal of the Nationôs 

Bridges by FHWA also has section specified as Condition Rating which provides very general 

guidelines to code the structural member in 10 points from 0 being out of service to 9 being 

excellent.  

AASHTO Manual for Bridge Evaluation (MBE) [18] outlines using load rating for determining 

the reduced maximum load-carrying capacity of bridge. The formula for load rating factor accounts 

for effects of live load, dead loads, overload, and dynamic effects, and the manual provides 

condition factors to further account effect of damage in bridge in calculating safe load-carrying 

capacity. The allowable load in the bridge is also factored based on the condition factor with 1.0 

for good or satisfactory, 0.95 for fair and 0.85 for poor condition rating. MBE does provide detailed 

guidelines for inspecting and documenting cracks but the loading rating method as per MBE still 

does not provide a direct, quantitative method for incorporating crack geometry and details into 

load rating calculations and is based only on the general level of deterioration.  

2.2. Shear Capacity in Reinforced Concrete Beams 

The understanding of shear in reinforced concrete has evolved substantially over the past century, 

with early research providing foundational insights which modern researchers have expanded 

upon. This section provides some background information on the understanding of shear 

components in shear critical reinforced concrete beams. This background will help in 

understanding the proposed crack-based assessment methods discussed in subsequent chapters. 

2.2.1. 45-Degree Truss Model 

Emil Mºrsch introduced a 45-degree Truss Model [24]. This model simplified the complex 

interplay of stresses in a cracked reinforced concrete beam by idealizing it as a truss, with diagonal 

compression in the concrete struts and tension in the steel reinforcement. Neglecting the tensile 

stresses in cracked concrete and assuming that, after cracking, the diagonal compression stresses 

remain at a 45-degree angle provided a straightforward framework for analyzing shear behavior, 
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despite its inherent limitations. Mºrsch assumed that after cracking the concrete could transmit no 

shear stresses (Vc = 0) and therefore all members required shear reinforcement. 

Mathematically, the shear, V, is resisted by the vertical component of the compressive force in the 

diagonal struts. From the transverse equilibrium equations, the tension force in the stirrups is given 

by  ὃὪ  where s is the spacing of the stirrups and dv is effective shear depth and the following 

equation to calculate shear capacity of the concrete section is formulated: 

ὠ  
  
 ύὬὩὶὩ Ὠ ὮὨ  

2.2.2. Variable-Angle Truss Model 

By allowing the angle to vary, this model provided a more accurate representation of the shear 

behavior under different loading conditions. With the angle of principal compressive stress as, —, 

the shear based on the variable-angle trass model is as follows:  

ὠ  
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ί
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Experimental observations showed that these angles often flattened as loads increased, enabling 

more efficient use of transverse reinforcement resulting in less conservative designs [25]. 

However, the variable-angle truss model introduced additional complexity creating an 

indeterminate problem, requiring the simultaneous determination of multiple parameters: principle 

compressive stress, tensile stress in both reinforcements, and the inclination angle of the struts. 

While this approach increased accuracy, it also underscored the indeterminate nature of the 

problem inherent in shear analysis where three equilibrium equations were not sufficient for 

solving the four unknowns of the system.   

2.2.3. The Modified Compression Field Theory (MCFT) 

The Modified Compression Field Theory (MCFT), developed at the University of Toronto, 

represents a milestone in understanding the shear response of reinforced concrete under various 

combinations of in-plane stress states [26]. The smeared rotating crack model underlying MCFT 

forms the basis of the general shear design method outlined in CSA A23.3 and AASHTO LRFD, 

reinforcing its practical significance in model structural design.   
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The MCFT, accounts for the tensile strength of concrete even after cracking which the prior models 

like CFT, Ritter Truss model, and Mºrsch Truss Model did not account for. Also, from the 

equations provided by MCFT in Figure 3, the angle of crack changes throughout the loading. As 

load increases in an element, secondary cracks are formed at new angle and are more inclined. The 

rotation of the angle is also a function of the amount of reinforcement in x and z direction. However, 

it is to be noted that the cracks in MCFT model are smeared and represent average crack width in 

the element. The three sets of equations shown in the figure below (equilibrium equations for 

average stresses in concrete and reinforcement, compatibility relationships for average strains in 

concrete and reinforcements, constitutive relationships) are utilized by MCFT to predict the 

behavior of cracked reinforced concrete in two-dimensional [26]. The phenomena known as 

compression softening, decrease in the compressive strength due to accompanying principal tensile 

stress, has been taken into account in the variable f2max is a function of principal tensile strain, Ů1. 

Importantly, the MCFT provides an equation for average tensile stress in concrete, f1 also known 

as tension stiffening equation which considers the decrease in the average post cracking tensile 

stress in the concrete with the increase in principal concrete tensile strain. This represents the 

tension between the cracks that exist on average. The expression for shear is the sum of concrete 

contribution (dependent on average tensile stress in cracked concrete) and steel contribution 

(which depends on the tensile stress in stirrups), as follows. 

ὠ ὠ ὠ  = ὪὦὮὨÃÏÔ—  
 
 ὮὨÃÏÔ— 

where fv is the average stress in the stirrups. The maximum shear stress on the crack from the 

concrete component is given by Equation (15) of MCFT which is a function of the aggregate size, 

ὥ, and the concrete strength, Ὢ. This equation is based on experimental investigations by 

Walraven [27], which demonstrated the significant role of aggregate interlock as a primary shear 

transfer mechanism. Aggregate interlock enables concrete to sustain substantial shear stresses even 

after cracking, which is an important component for the shear resistance of large-scale members.  
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Figure 3: MCFT equations [26]. 

2.2.4. Shear Transfer Mechanism 

Shear in cracked reinforced concrete beams is carried by four primary mechanisms: aggregate 

interlock (Vci), shear in the compression zone (Vclz), dowel action of the longitudinal 

reinforcement (Vd), and contribution of shear reinforcement, if provided (Vs) [28]. The 

contribution of each mechanism can be summed to find the total shear transfer along a crack, given 

by: 

V = Vci + Vclz + Vd + Vs 

 

Figure 4: Shear Transfer Mechanism in Reinforced Concrete Beams [28]. 

Aggregate interlock is one of the shear carrying mechanisms in beams found to be the dominant 

component in most studies of members without shear reinforcement [29-31]. The shear resistance 

in this mechanism is provided by opposite faces of a crack moving with respect to each other. This 

mechanism involves the interlocking action of aggregates at the crack interface, where the vertical 

component of aggregate interlock stresses prevents relative displacement and carries the externally 

applied shear forces. It is highly influenced by the roughness of the crack surface, so it is dependent 
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on the property of concrete mix and aggregates. In most models, aggregate interlock stresses are 

in expressed terms of the opening (crack width) and sliding (crack slip) between crack surfaces. 

Some of the models that describe interlock stresses are Two Phase Model by Walraven [27] and 

Contact Density Model by Li et al. [32]. 

The Two-Parameter Kinematic Theory, proposed by Mihaylov et al. [5] for deep beams,  identifies 

the uncracked region under the loading plate as a highly compressed region. This region is referred 

to as the critical loading zone (CLZ). There are different ways in which the CLZ is idealized in the 

studies exploring shear transfer mechanism. Since it is an uncracked region in deep beams, the 

contribution of this zone to shear can be determined using the constitutive relationship for concrete 

if the strains in the zone is known [33, 34]. This mechanism will be discussed in more detail in 

subsequent chapters.  

Shear transfer by dowel action (Vd) is a result of interaction of concrete with the embedded 

longitudinal reinforcement bars. The shear resistance is provided by the longitudinal reinforcement 

when it is subjected to transverse displacement across cracks [35]. While dowel action is critical 

in beams with short shear spans, its significance diminishes in longer beams, as the scale of the 

bars relative to the specimen size limits their contribution [36]. Studies have calculated the 

contribution of dowel action assuming that the longitudinal bars crossing the crack has a 

symmetrical double curvature [5, 34]. 

If the transverse reinforcement in the beam crosses the shear crack, then the contribution of 

transverse reinforcement significantly contributes to the response. The additional shear-resisting 

mechanism is due to the tensile straining of the transverse bars crossing the cracks (Vs). The 

contribution of this component is based on the amount of transverse reinforcement provided and 

kinematics of the crack opening. 

2.2.5. Shear Model based on Critical Shear Crack Theory  

Critical Shear Crack Theory (CSCT) for slender reinforced concrete beams without reinforcement, 

which was developed originally for study of punching shear resistance in 1985 by Muttoni [37] 

states that the shear resistance is determined by the development of shear crack, its shape and 

kinematics. For lower loading, the pure opening of the crack is defined as mode I which is due to 

elongation of flexural reinforcement and for higher loading, the cracks become flatter and there is 
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combined crack opening and sliding defined as mixed mode I-II due to rotation about the tip of 

the crack. The basic relation in CSCT is that shear strength is dependent on the critical shear crack 

width and its roughness with the following generalized equation [38]: 

 

where fc is concrete compressive strength, w is critical shear crack width, and dg is maximum 

aggregate size. 

For shear in one-way members, CSCT also provides an estimate of the crack width of the critical 

crack as a function of longitudinal strain calculated from cracked sectional analysis and effective 

depth (i.e. ύᶿ‐Ὠ ). According to Cavagnis et al. [33], a mechanical model for shear strength 

based on the CSCT has shear crack opening geometry as shown in Figure 5.  
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Figure 5: Critical Shear Crack Theory (CSCT) crack kinematics figure and equations 

(Reproduced from [39]). 

The depth of compression zone (c) shown in Figure 5 is defined by equation (A) where response 

of concrete in compression is considered linear and concrete in tension is neglected. Horizontal 

opening of the crack (uA) defined by equation (B) is multiple of Ůs and lB where Ůs is the 

reinforcement strains and lB is the tributary length extending to the secondary cracks associated to 

the cracking opening in CSC. As shown in Figure 5b the critical shear crack in the slender member 

has been approximated as bilinear with line AB and AF where length and angle of AB is shown in 

Equation (C). The segment BF is assumed to be of length lF = d/6 and ɓBF = ́/8. The tip of the 

crack is considered as the center of rotation with the rotation angle as a function of reinforcement 

equation (A)  

equation (B)  

equation (C)  

equation (D)  
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strain given by equation (D). In terms of kinematics of the crack, two main parameters, uA and 

rotation (ɣ), have been calculated as a function of strain in longitudinal reinforcement Ůs. These 

kinematic parameters form the basis for calculating the shear transfer mechanisms, integrating 

aggregate interlock, dowel action, and residual tensile strength of the concrete building a close-

form design expression for total shear in beams without shear reinforcement [39].  

ὠ ὠ ὠ ὠ ὠ  
ὠ ὠ ὠ ὠ

ρ πȢυ ὬȾὶ
 

This closed-form design expression has been included in the European Standard for Concrete 

Structures (Eurocode 2) for shear design of slender beams without reinforcement [40].  

2.3. Published experiments on Shear Behavior of Large-Scale Slender Reinforced Concrete 

Beams 

The shear behavior of reinforced concrete beams has been a topic of research for about a century, 

with numerous research efforts conducting extensive experimental investigations [41-43]. A 

notable early study, "Basic Facts Concerning Shear Failure" by Kani [44], explored the effects of 

variables such as concrete compressive strength (fcǋ), longitudinal reinforcement, and the shear 

span-to-depth ratio (a/d) with findings highlighting the significant influence of a/d on shear 

strength. Early investigations, including Kaniôs large-scale tests [42], also provided foundational 

study into phenomena like size effect, which explains the reduction in shear capacity as the depth 

of a concrete beam increases. Over time, numerous studies [45, 46] have validated and reinforced 

the understanding of size effects and have examined the impact of variables such as a/d, 

longitudinal reinforcement ratio, amount of shear reinforcement, and high-strength concrete on 

shear strength. 

Database studies have distinguished the behavior of slender beams (a/d > 2.5) and deep beams 

(a/d < 2.5) as shown in Figure 6 from a database of 1,200 large-scale tests compiled by Brown et 

al. [45]. These results illustrate the decrease in shear resistance with increasing a/d, particularly 

for lower a/d, while for higher a/d, there is little effect on shear strength with the increase in a/d.  
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Figure 6: Plot showing variation of a/d on shear resistance [45]. 

Further investigation of asymmetrical loading of beams by Brown [45] showed that span with 

higher a/d governs the failure, as it has lower shear strength. It is also important to note that spans 

with different a/d showed distinct crack patterns and shapes as illustrated in Figure 7 by Brown et 

al. [45]. Herbrand [47] also documented these variations in crack shapes, referencing the 

Leonhardt and Walther series, and highlighted how the crack patterns evolved with increasing a/d.    

 

Figure 7: Crack pattern with increasing a/d by Brown et al. [45] and Herbrand [47]. 

Collins et al. [48] assembled a database of experiments on reinforced concrete beams without 

stirrups from references published in the ACI Journal between 1948 to 2006 containing 1849 shear 

tests among which 1098 were shear failures of slender beams. Figure 8 by Collins et al.  [48] 

provides an overview of the timeline of the development of significant shear provisions like 

revised ACI equations, the Modified Compression Field Theory (MCFT), and the strut and tie 

model.  
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Figure 8: Timeline for 60 years of research in shear (Reproduced from [48]). 

Additionally, as the understanding of size effects improved and the need for large-scale tests 

became evident, a notable increase in specimen dimension (depth) can be seen in Figure 8. 

However, only 1.2% of the total tests included by Collins et al. [48] were slender beams of large 

depth (d > 1000mm). The comparison of the predicted shear strength by code procedures with the 

actual experimental capacity from 4m thick slabs tests also demonstrated that neglecting size 

effects could lead to unsafe estimations [49].   

Sherwood [50] made a significant contribution by testing 37 large scale beams with specimens 

ranging from 280 mm to 1.51 m height. These tests investigated a wide range of variables such as 

maximum aggregate size, concrete strength, longitudinal reinforcement, distributed longitudinal 

reinforcement, and size effects. Sherwood [50] concluded aggregate interlock as one of the main 

mechanisms for shear strength in large, slender, lightly reinforced concrete beams and slabs and 

associated the decrease in shear capacity with the decrease in maximum aggregate size adding to 

the mechanics-based analysis of shear strength of the beams. In addition, as shown in Figure 9, 

Sherwood [50] also examined crack details like crack width and spacing between large and small 

specimens, validating the inclusion of the effective crack spacing expression in the Canadian CSA 

A23.3 code provision for shear strength. With some efforts for crack mapping and analysis done 

by technologies like acoustic emission (AE) monitoring system as by Sherwood [50], however, 

most existing studies on shear behavior in slender concrete beams had limited instrumentation to 

capture detailed crack information, often relying on target-based instrumentations (such as Zurich 

targets, LEDs) at discrete points or manual crack measurements. Moreover, the lack of full-field-
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of-view displacement data and continuous monitoring throughout the entire loading process limits 

a comprehensive understanding of the shear behavior and shear crack properties in large-scale 

shear-critical slender beams. 

      

Figure 9: Crack Parameter Investigation (Reproduced from [42]). 

Further, a comprehensive database for shear tests on reinforced and prestressed concrete members 

has been expanded as the ACI-DAfStb database (maintained by the American Concrete Institute, 

ACI, and Deutscher Ausschuss fur Stahlbeton, DAfStb), and the availability of the large database 

has helped investigate and update shear design provisions [51]. In recent years, shear tests on 

reinforced concrete slender beams incorporating advanced technologies like Digital Image 

Correlation (DIC) and distributed fiber optic sensing (DFOS) have enabled the ability to obtain 

complete crack kinematics; enabling both global and local analysis of shear crack behavior.   

Campana et al. [6] performed tests on 4 specimens of dimensions 300 mm x 400 mm with a/d = 

3.5 utilizing a Demec device and metallic measuring target glued to the surface to capture 

measurements of cracking patterns and kinematic based on the position of the targets during the 

testing. The crack measurements were further utilized to compute the shear force transferred 

through aggregate interlock action (Vagg), concrete residual tensile strength action (Vres), dowel 

action of flexural bars (Vdow), and transverse reinforcement action (Vsw) (with contribution of 
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inclined compression chord shown as negligible) [6]. The study also highlighted that with different 

crack geometry the contribution of the components varies. For example, steep cracks showed 

higher aggregate interlock contribution than the flatter cracks. Similarly, Huber et al. [7] conducted 

three-point tests on 20 reinforced concrete slender specimens (a/d =3.04). In the study, the shear 

carrying components from aggregate interlock (Vag), residual tensile stresses at crack tip (Vcr), 

dowel action (Vda), and transverse reinforcement (Vsw) were computed using the crack kinematics 

obtained by monitoring the failure surface with Digital Image Correlation (DIC) and applying 

constitutive laws [7]. Huber et al. [7] used the Two-Phase Model by Walraven [27] to integrate the 

shear and normal stresses due to aggregate interlock along the crack length. Vcr was calculated 

from residual tensile stresses in the fracture process zone, modeled using tension-softening 

relationship by Hordijk [52]. Vda was evaluated using beam-on-elastic-foundation models and 

finding the dowel crack load as per assumptions by Baumann and Rusch [53]. Finally, Vsw, the 

contribution of stirrups, was calculated by summing the forces in each stirrup crossing the crack 

[7].  

       

Figure 10: Distribution of shear carrying components by Campana et al. [6] and Huber et al. [7]. 

Similar analysis for calculating shear carrying components from the obtained crack kinematics 

details using DIC was done by Cavagnis et al. [8, 54] which emphasized the importance of crack 

geometry and details in computing the shear transfer components and further challenging the 

existing mechanical models that assume uniform crack details along the crack and crack shape as 

straight line for calculating shear capacity of slender concrete beams. Further, based on the 

experimental observations on slender reinforced concrete beams without stirrups, Cavagnis et al. 

[33, 39] [54] extended the study to verify the hypothesis of critical shear crack theory (CSCT) for 

beams without shear reinforcement using bilinear critical shear crack shape assumption [38]. This 

approach defined crack segments as a function of length and inclination, and opening of the crack 



24 
 

was related to strains in flexural reinforcement and effective depth. The study led to closed-form 

shear design equations for slender beams without shear reinforcement in terms of shear carrying 

components  [39]. 

The experimental observations from shear-critical slender beams and the detailed measurements 

of crack kinematics have contributed to the development of various mechanics-based models, 

including recent contributions by Mar² et al. [55], Hong-Gun et al. [56], and Tran [57].  

Despite these advancements and ongoing studies, more investigation of detailed crack kinematics 

of shear cracks in reinforced concrete large-scale slender beam and its global behavior are needed 

to develop a simplified kinematic model for the purpose of developing direct crack-based 

assessment methods.  
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Chapter 3: EXPERIMENTAL EVALUATION OF LARGE-SCALE SHEAR-CRITICAL 

REINFORCED CONCRETE SLENDER BEAMS USING A FULL FIELD-OF-VIEW 

DIGITAL IMAGE CORRELATION SYSTEM 

3.1. Introduction  

Numerous experimental investigations have been carried out to evaluate shear carrying 

mechanisms such as aggregate interlock, dowel action, stirrup forces, and compression zone forces 

in shear-critical slender reinforced concrete beams [28, 31, 47, 55, 58, 59]. Such studies have 

shown that the contribution of shear carrying components is strongly influenced by cracking 

patterns and by the location, shape and kinematics of shear cracks. Experimental evaluation of 

large-scale reinforced concrete slender beams with detailed shear crack analysis is therefore 

essential to understand the influence of member specific cracks in shear response of slender beams. 

Interpreting global responses like deformation patterns together with better understanding of shear 

crack kinematics can provide foundation to develop kinematic models and a crack-based 

assessment framework for slender beams.  

Studies by Muttoni and Ruiz [60] and Cavagnis et al. [54] analyzed shear crack development in 

slender reinforced concrete members without shear reinforcement. As the cracking occurs with the 

increase in loading, one of the cracks develop into a dominant crack called Critical Shear Crack 

and it governs the shear strength of the slender beam without shear reinforcement. [33, 38, 54]. 

With further evaluation of crack kinematics of slender reinforced concrete beams without shear 

reinforcements, Cavagnis et al. [33] proposed a bilinear approximation of the critical shear crack 

shape and also provided an estimate for the crack width along the critical crack as a function of 

longitudinal strain and effective depth. With the presence of shear reinforcement, the shape and 

location of the major shear cracks, and its kinematics are influenced by the amount and distribution 

of shear reinforcement [61, 62]. Further, the study of  shear crack development in slender 

reinforced concrete beams by Menoud [61] highlighted the complexity of shear crack kinematics 

in it due to multiple degrees of freedom created by the presence of stirrups and variability of crack 

rotation among the specimens [61]. Therefore, understanding the crack development that 

influences the shear behavior of slender reinforced concrete beams still remains challenging. 

This chapter presents a tests series, the KSB series. The KSB series consist of 12 large-scale 

slender reinforced concrete beam experiments tested under three-point bending and monitored 
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using three-dimensional Digital Image Correlation (DIC) to capture the full displacement field 

response through loading as well as the shear crack kinematics throughout loading. Along with the 

global response of the slender beams, a detailed comparison of shear crack patterns, location, and 

kinematics has been measured and is presented. Shear crack parameters such as crack width, slip, 

angles, and displacements across the crack have been analyzed to determine whether these 

parameters can be simplified and effectively be used for crack-based assessment.  

3.2. Experimental Program  

The details of the specimens are described in this section. The experimental setup was designed to 

capture and investigate shear crack kinematics (such as crack widths, crack slips, crack angles) 

and global behavior (such as deformed shape) of shear-critical reinforced concrete slender 

specimens. The specimens are intended to represent existing reinforced concrete beams that may 

require assessment.  

3.2.1. Specimen Design  

Six large-scale reinforced concrete specimens having dimensions 7010 mm x 355 mm x 1016 mm 

(23 ft length x 1.17 ft width x 3.33 ft height) were constructed at the Constructed Facilities Lab at 

North Carolina State University. Each shear span of the six specimens was loaded to shear failure, 

for a total of 12 experiments in the KSB series of tests. The large-scale dimensions of the 

specimens, with heights exceeding 1000 mm, were specifically selected to closely represent real-

life, full-size beams. Size effect, which influences shear capacity, makes it challenging to compare 

the behavior of small specimens without transverse reinforcement to that of real-life structures. 

Using large-scale dimensions in the experiment is aimed at providing a more realistic 

representation of the shear behavior of actual beams.   

The 28-day concrete cylinder strength (fôc) ranged from 26.8 MPa to 28.8 MPa. The specimens 

were designed with varying shear and longitudinal reinforcement ratios such that diverse shear 

failures with different crack patterns could be observed in the KSB series. The amount of 

longitudinal reinforcement ranged from 0.61% to 2.13%. US #8 longitudinal rebars (headed bars 

of type HRC 555) were used as flexural reinforcement in the bottom for each specimen and two 

US #5 longitudinal headed bars were used at top as compression reinforcement. Based on steel 

coupon tests conducted at the Constructed Facilities Laboratory (CFL), the bottom #8 longitudinal 
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bars had a yield strength of 603 MPa, and the #3 stirrups had a yield strength of 498 MPa (refer 

section 3.2.2.1. for the stress strain plot). 

Specimens KSB4, KSB5, and KSB6 with longitudinal reinforcement ratios of 0.96%, 1.52%, and 

2.13%, respectively, were provided with different amounts of shear reinforcement. The details are 

presented in Table 3. KSB6, with the highest amount of shear reinforcement in the series, had two-

legged US #3 stirrups spaced at 304.8 mm. For reference, that is equal to about two times the 

minimum shear reinforcement requirement specified by ACI 318-19. The specimens with shear 

reinforcements were designed expecting to exhibit more shear cracks and extensive crack 

propagation and branches before shear failure.  

To provide adequate development length, the specimens were designed with supports positioned 

762 mm (2.5 ft.) away from the ends, resulting in a shear span of 2743 mm (9 ft.) and an a/d ratio 

of approximately 3. To confine the longitudinal bars in the development regions beyond the 

supports, two-legged US #3 stirrups spaced at 152.4 mm were provided. The parameters like the 

minimum cover requirement (clause 25.4.4.1), minimum and maximum center to center spacing 

of reinforcement (Clause 25.4.4.1 and Table 24.3.2.), development length requirements (Table 

25.4.4.2) were provided as per ACI 318-19 for the specimens. Reinforcement detailing for each 

specimen is shown in Figure 11.  
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Table 3: Summary of the KSB Series Specimens. 

Test 

Specimen 

depth, 

d (mm) 

a/d 28-day 

fc
ô 

(MPa) 

ɟx (%) Longitudinal 

Reinforcement             

ɟz (%) 

Transverse reinforcement                                              

KSB1, 

KSB7 

939.8 2.92 28.8 0.61 (4-#8 bottom) 0 

KSB2, 

KSB8 

845.6 3.24 28.6 1.28 (6-#8 bottom+ 

12-#5 distributed) 

0 

KSB3, 

KSB9 

895.35 3.06 28.6 0.96 (6-#8 bottom) 0 

KSB4, 

KSB10 

895.35 3.06 28.8 0.96 (6-#8 bottom) 0.04 @ 508 mm c/c one 

legged 

KSB5, 

KSB11 

850.9 3.22 26.8 1.52 (9-#8 bottom) 0.08 @ 508 mm c/c two 

legged 

KSB6, 

KSB12 

806.45 3.40 26.8 2.13 (12-#8 bottom) 0.13 @ 304.8 mm c/c two 

legged 
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KSB1                        KSB7 

  

KSB2                        KSB8 

  

KSB3                        KSB9 

  

KSB10                        KSB4 

  

KSB5                        KSB11 

  

KSB12                        KSB6       

Figure 11: Detailing of KSB Series Specimens with east face elevation view (dimensions in 

mm). 

3.2.2. Material Properties 

The section provides the details for the properties of the concrete and steel reinforcements used in 

the specimens.  
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3.2.2.1. Reinforcing Steel  

Grade 60 #5 and Grade 80 #8 deformed steel reinforcing bars were used for longitudinal 

reinforcements and Grade 60 #3 deformed steel rebars were used for the transverse reinforcement 

in the KSB series. The #5 and #8 longitudinal rebars were headed bars of type HRC 555 which 

aided to decrease the development length in the design of the specimens (as per ACI 318-19 

Section 25.4.4.2).  The high strength (Grade 80) #8 bar for tensile reinforcement provided adequate 

flexural capacity and helped achieve shear failure before bar yielding.  

Single legged and double legged open stirrups with 180-degree bent end hooks with hook length 

in accordance with ACI 318-19 Section 25.3 were used for Grade 60 #3 shear reinforcement. Table 

4 shows the ultimate and yielding strength of the bars and stress-strain plot for each rebar plot is 

shown in Figure 12.  

Table 4: Summary of Reinforcing Steel Properties. 

Bar As (mm
2) fy (MPa) fu (MPa)  

#3 71 498 719 

#5 200 478 672 

#8 509 603 772 
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Figure 12: Stress-strain curve for steel.  

[0.145 ksi = 1 MPa] 

3.2.2.2. Concrete 

The specimens in the KSB series were cast in 3 batches. The first batch included specimens KSB5 

and KSB6, KSB1 and KSB4 were cast in the second batch, and KSB2 and KSB3 in the last batch. 

The maximum aggregate size in the concrete mix was 10 mm (3/8 in.). The beams showed no 

visible voids, honeycombing, segregation, or other defects. The 28-day concrete cylinder strength, 

fôc, ranged from 26.8 MPa to 28.8 MPa. Longitudinal strain of the cylinder during the compressive 

strength testing was recorded using extensometer cell with linear variable displacement transducer 

(LVDT) as shown in Figure 13. The compressive strength of concrete cylinders measured on test 

days ranged from 33 MPa to 37.9 MPa. The summary of concrete strength measured on test day 

is provided in Table 5. 
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Table 5: Concrete cylinder strengths for KSB1 to KSB12 measured on test day. 

Test 

Test day f'c 

(MPa) 

KSB1 35.7 

KSB2 33.0 

KSB3 37.9 

KSB4 33.7 

KSB5 33.1 

KSB6 32.3 

KSB7 35.7 

KSB8 33.0 

KSB9 37.9 

KSB10 33.7 

KSB11 33.1 

KSB12 32.3 

 

 

Figure 13: Stress-strain curve for concrete from Cast 2 (28 days). 

[0.145 ksi = 1 MPa] 
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3.2.3. Specimen Construction   

The specimens were built at the Constructed Facilities Lab at North Carolina State University, in 

Raleigh, NC, USA. The process began by assembling and tying the reinforcement cages. First, the 

top #5 longitudinal bars were placed across sawhorses. The stirrups were slid onto the bars and 

secured in place at appropriate intervals. Wooden blocks were used to maintain even spacing 

between the longitudinal bars and were removed once the reinforcement cage was complete. The 

bottom #8 longitudinal bars were positioned inside the stirrups once the tops of the stirrups were 

tied. These bars were then tied to the stirrups, to keep the stirrups securely in place and vertical 

during the process. Concrete formwork from Form Tech Inc. was assembled into boxes measuring 

7010 mm long x 406 mm wide x 1219 mm high (276-inch-long x 16-inch-wide x 48-inch high).  

One-inch-thick insulation foam was attached to each side wall of the form as shown in Figure 15 

to obtain smooth concrete surface of the beam and avoid the possible irregularities from the seams 

in the formworks. Before placing the cages inside, the walls were sprayed with form release. Slab 

bolsters measuring 63.5 mm (2.5 in.) in height were positioned at the bottom of the forms to 

support the bottom longitudinal bars and ensure consistent and adequate concrete cover. The 

assembled reinforcement cages were then carefully positioned within their respective forms using 

a forklift. To maintain proper alignment and provide adequate concrete cover, 63.5 mm slab 

bolsters were placed vertically along the sides of the forms in the end regions. Form ties were 

secured to the tops of the forms to maintain a uniform specimen thickness. Two specimens were 

cast in a single batch of concrete from ARGOS. To ensure proper workability, adequate placement 

of the concrete was important, and a concrete vibrator was used to achieve sufficient consolidation. 

Concrete cylinders of dimensions 102 mm x 203 mm (4 in. x 8 in.) were cast to obtain the 28 day 

and test day compressive concrete strength.  
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Figure 14: Tying Reinforcement Cages. 

            

Figure 15: Casting KSB Specimen. 

3.2.4. Test Setup and loading protocol  

The test setup was simply supported, and the beams were loaded at the midspan as shown in Figure 

16. The load was applied using a 440-kip hydraulic actuator with a 40-inch stroke. The actuator 

was vertically suspended from a 500-kip capacity load frame. The load frame was securely 

anchored to the strong floor using four Dywidag bars, each subjected to a post-tensioning force of 

445 kN. The load was applied to a 76.2 mm (3 in.) thick steel bearing plate with width of plate 

355.6 mm (14 in.) and length of plate 304.8 mm (12 in.). The support plates, each 50.8 mm (2 in.) 

thick, were also 355.6 mm (14 in.) wide and 304.8 mm (12 in.) long. A thin layer of gypsum cement 

was cast between each plate and the concrete surface to ensure an even bearing surface at the load 

point and supports. 88.9 mm diameter steel rollers were placed beneath the support plates. Bar 

stock was welded on both sides of the roller, creating the pinned support as shown in Figure 17. 

These rollers were positioned on steel plates to distribute the load over a sufficient area on the 

strong floor. Additionally, to create a level and complete bearing area, a layer of gypsum cement 

was cast under these plates as well. 
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Figure 16: Schematic of test setup (dimensions in inches). 

 

Figure 17: Loading plate and pin support. 
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Figure 18: Photograph of Test setup. 

The first series of tests, KSB1 to KSB6, was tested in a three-point bending setup, allowing either 

of the shear span to fail under loading. The specimens were loaded in stages to be able to record 

changes throughout testing. The load was increased in increments and was paused in between the 

increments as load stages to mark and measure the cracks. The load stage was determined by 

preliminary predictions of capacity using codes and modeling tools, which varied for each test. 

The increment of the load between load stages was such that there were at least four load stages 

during each test. The load was increased to the target applied load and left for at least two minutes 

and reduced by around 10% before approaching the beam to mark and measure cracks. At failure 

of the beam, a significant drop in load was observed on further increasing the load. 

After the failure of one span, the beam was retested as the second series of experiments and were 

labeled as KSB7 to KSB12. In this series, the failed span was clamped to ensure the remaining un-

failed span could be subjected to loading until failure. The clamping of the previously failed span 

was achieved using the setup shown in Figure 19. The setup utilized 89 mm (3.5 in.) square steel 
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tubes of thickness 6 mm (ı in.), secured with SAS bars with nuts. The bars in each assembly were 

post-tensioned to 20 kips using Enerpac jacks. Five clamping assemblies were installed along the 

previously failed span at the spacing of 12 inches, so the total clamping force was 445 kN. This 

ensured that the cracks in the previously failed span were closed, and the un-failed span was tested 

to failure. It should be noted that from equilibrium, the amount of shear and moment are not 

influenced by the damaged and clamped shear span (other than plastic deformations in that shear 

span). The local deformations on the re-tested shear span are also not affected; however, the global 

deformations will be influenced from the initial testing.  

   

 

Figure 19: Clamping Setup. 

3.2.5. Instrumentation 

The load was measured using the 440 kips hydraulic actuatorôs internal load cell recorded in the 

data acquisition system (DAQ) and string potentiometer was located on bottom of the specimen 

and centered with the width of the beam to measure the deflection throughout the loading. Along 

the length, 3 string potentiometers were located: one at the center of the total span and 1 at center 

of each shear span.  
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Figure 20: Potentiometer placed under the specimen. 

To acquire high quality crack information, two technologies were used: infrared light emitting 

diodes (LEDs) and three-dimensional Digital image correlations (DIC) equipment. LEDs and DIC 

monitored three-dimensional full field-of-view displacements throughout the loading along with 

manual crack measurements at different load stages.  

3.2.5.1. Digital Image Correlation 

Digital Image Correlation (DIC), a full-field optical instrumentation system by Correlated 

Solutions, was utilized. High resolution digital cameras (12.3 Megapixel in this research) were 

used in this setup. DIC was used to measure and analyze the displacements of ñspecklesò on the 

surface of the concrete beam. These speckles are dots that are applied in a random orientation on 

a test article. A stamp roller and felt tip marker were used to apply the speckle patterns. For the 

KSB series of tests, the speckle size was approximately 0.1 in. (2.54 mm) in diameter. To capture 

the full field of view data, speckling was applied to the entire east face surface of the specimen. 

The random speckle pattern enables the beam to be divided into subsets, and each subset has a 

unique pattern. The subsets are tracked through the images taken and used to determine the 

displacements of the surface of the specimens. The Correlated Solutions software, VIC3D, 

computes displacements across the entire field of view by comparing images throughout time to a 

reference image (reference image is set at loading = 0). Each DIC system consists of two cameras 

positioned at appropriate angles to capture the intended field of view. To ensure adequate resolution 

for accurate crack information for 7010 mm (23 ft.) long beams, four DIC systems (8 high-

resolution cameras) were used simultaneously. A common coordinate system was established in 

all 4 systems by merging each of the systems using multi-view registration from calibrated rigid 

body rotation captures. Figure 21 shows the DIC setup for the speckled KSB specimen with 
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cameras and lights setup. The DIC system and loading recording DAQ system were synchronized 

by passing voltage signal to both the system and considering it as a point for synchronization.  

 

Figure 21: Test Setup with DIC system. 

3.2.5.2. Optotrack LED System  

The Optotrak Certus HD system, manufactured by Northern Digital (NDI), uses optical tracking 

technology to accurately measure the 3D position and orientation of multiple markers in real-time. 

It was used to track the 3D position of infrared light emitting diode (LED) markers in the test. For 

all tests, the LED position data was collected at 10 Hz throughout the test. Two Optotrak cameras 

were used to capture the positions of the LED markers, which were arranged in a 178 mm x 178 

mm (7 in. x 7 in.) square grid covering the entire west face of the specimen. For the Optotrak 

cameras to operate in conjunction with each other by combining their fields of view, the camerasô 

fields of view must overlap. Therefore, it was essential to place the cameras at an angle facing the 

beam to achieve the required overlap and capture the complete range of LED markers. The square 

grid of LED targets was 6x33 square pattern containing a total of 198 LED markers for each 

specimen as shown in Figure 22. LED spacing of 178 mm (7 in.) was used. The data acquisitions 

systems were manually started at the same time during testing to achieve the synchronization of 

the LED data with the load data. 
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Figure 22: LED grid pattern for the KSB specimens. 

3.2.5.3. Image Acquisition using Smartphone 

During the loading stages, high resolution images of crack segments (as shown in Figure 23) were 

taken using smartphone (Apple iPhone 13 Pro with a 12 MP camera). Using smartphones provides 

a convenient way to capture images without disturbing other instrumentations. These images were 

taken to create a database of images for development and calibration of image-based crack 

measurement tools proposed in this research (which is discussed in detail in Chapter 5). The use 

of a smartphone was intentional to simulate regularly available, non-specialized, devices that can 

be used by engineers and inspectors in the field.  

Before capturing the images, the cracks were marked using sharpies. The cracks were also 

measured manually using crack comparators and corresponding values were recorded (for 

example, 0.7 mm as shown in Figure 23). Then, fiducial markers were attached to the surface near 

the cracks. Fiducial markers served as the reference with known dimensions (for example, 10 mm 

x 10 mm as shown in Figure 23) to provide a spatial reference for measurements and calibration 

for the image-based crack measurement tool. Their known dimensions and orientation (aligned 

vertically and horizontally) establish scale and a coordinate system, enabling measurement of 

crack widths and locations. They are also used to perspective correct the images. Images of 

adequate resolution were taken such that at least 4 to 10 pixels spanned over the crack width.  
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Figure 23: Image Acquisition for image-based crack measurement tool. 

3.3. Experimental Results 

3.3.1. Experimental Observation  

Table 6 provides the peak load and failure span for KSB1 to KSB12 tests. As described in the test 

setup and loading protocol section, the specimens in KSB1 to KSB6 tests were tested in a three-

point bending test setup, where loading was applied for the first time and either of the shear spans 

could fail. The specimens in these tests did not have pre-existing structural cracks so details such 

as occurrence of first flexural crack and shear cracking were specifically noted (reported in the 

appendix). The observations focus on comparing how cracking occurred and progressed and the 

gathering of the shear crack information to be utilized for crack-based assessment.  

 

 

 

 

 

 

 

Fiducial marker (10 mm x 10 mm)  
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Table 6: Summary of experimental peak load for the KSB series. 

Test 

Specimen 

depth, 

d (mm) 

fc
ô 

(MPa) 

a/d ɟx (%) 

Longitudinal 

Reinforcement 

ɟz (%) 

Transverse 

reinforcement 

Peak 

applied 

load 

(kN) 

Peak 

shear 

force 

(kN)  

Failure 

Span 

KSB1 939.8 35.7 2.92 0.61 (4-#8 

bottom) 

0 430 215 South 

KSB2 845.6 33.0 3.24 1.28 (6-#8 

bottom+ 12-

#5 

distributed) 

0 737 368.5 South 

KSB3 895.35 37.9 3.06 0.96 (6-#8 

bottom) 

0 528 264 South 

KSB4 895.35 33.7 3.06 0.96 (6-#8 

bottom) 

0.04 @ 508 

mm c/c one 

legged 

529 264.5 North  

KSB5 850.9 33.1 3.22 1.52 (9-#8 

bottom) 

0.08 @ 508 

mm c/c two 

legged 

958 479 South  

KSB6 806.45 32.3 3.40 2.13 (12-#8 

bottom) 

0.13 @ 304.8 

mm c/c two 

legged 

1227 613.5 North  

KSB7 939.8 35.7 2.9 0.61 (4-#8 

bottom) 

0 371 185.5 North  

KSB8 845.6 33.0 3.2 1.28 (6-#8 

bottom+ 12-

#5 

distributed) 

0 834 417 North  
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Table 6 (continued). 

KSB9 895.35 37.9 3.1 0.96 (6-#8 

bottom) 

0 578 289 North  

KSB10 895.35 33.7 3.1 0.96 (6-#8 

bottom) 

0.04 @ 508 

mm c/c one 

legged 

673 336.5 South  

KSB11 850.9 33.1 3.2 1.52 (9-#8 

bottom) 

0.08 @ 508 

mm c/c two 

legged 

1052 526 North  

KSB12 806.45 32.3 3.4 2.13 (12-#8 

bottom) 

0.13 @ 304.8 

mm c/c two 

legged 

1178 589 South  

 

Figure 24 shows the load-displacement plots for each specimen with their peak load values 

highlighted. With the increase in amount of reinforcement among the specimens, the peak load 

increased. Specifically, KSB6 failed at the highest load of all the specimens reaching a load of 

1227 kN. Though the failure load of KSB3 and KSB4 was almost equal (529 kN), their crack 

shapes differed significantly, highlighting the importance of evaluating actual crack geometry for 

accurate assessment. 
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Figure 24: Load-displacement plots for KSB1-KSB12 tests. 
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3.3.1.1.Response of KSB1 to KSB3 tests 

KSB1, KSB2, and KSB3 did not contain transverse reinforcement. Failure in these tests was abrupt 

and brittle due to critical shear crack that appeared suddenly and was not present or marked during 

the earlier load stages. Appendix shows the photographs of the tests at different load stages and 

the principal compressive and tensile strain at those load stages. A single dominant shear crack led 

to failure, as shown in images in Figure 25.  

 

KSB1 

 

KSB2 

 

KSB3 

Figure 25: KSB1 to KSB3 tests after failure. 

In KSB1 and KSB3 tests, the critical shear crack appeared on the surface only at failure, after 

reaching the peak load. Because the critical shear crack did not appear during the load stages or 

before the peak load, these tests could not be used for the cracked-based shear assessments.  
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Though shear cracks appeared only close to failure, the initial loading resulted in flexural cracks 

at the bottom of the specimens. With additional load, the hairline flexural cracks were more 

distinct, and some flexural cracks extended further, connecting with the inclined cracks. Figure 6 

shows the progression of flexural cracks (circled in red) for the KSB1 test with the increase in load 

from 311 kN (left) to 356 kN (right). This was also observed in tests KSB1 to KSB6. Photographs 

and mapping of such crack patterns are included in the appendix of this thesis. 

 

Figure 26: Progression of flexural cracks with loading in KSB1 test. 

3.3.1.2. Response of KSB4 to KSB6 tests 

The formation of shear cracks was influenced by the amount of shear reinforcement provided in 

the specimens, see Figure 27. In tests KSB4, shear cracks appeared only at 85% of peak load. For 

KSB5, and KSB6, with higher amount of shear reinforcement, shear cracks appeared early, with 

approximately 40% remaining shear capacity, providing more warning of failure.  

In these specimens, shear failure occurred as the shear cracks widened and extended with 

increasing load. Specimen KSB4, having shear reinforcement about half of the minimum shear 

requirement by ACI 318-19 (with single-legged US #3 stirrups spaced at 508 mm) also exhibited 

shear cracks before peak load.  
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KSB4 

 

KSB5 

 

KSB6 

Figure 27: KSB4 to KSB6 tests after failure. 

From the manual measurements and observations during the experiments, the first significant shear 

cracks were observed at approximately 445 kN for KSB4, 667 kN for KSB5, and 800 kN for 

KSB6. For KSB5 and KSB6, there were two stages in shear cracking. The initial stage was when 

the first shear cracks appeared, and further additional inclined shear cracks were formed with 

increase in loading. The second stage was when only widening of cracks were observed without 

new shear crack formation. Zakaria et al. (2009) described the second stage as stabilized cracking 

phase where the concrete between the shear cracks deforms significantly and only shear crack 

widening occurs [62]. 

Figure 28 (a) for KSB4, which had the lowest shear reinforcement, shows that the critical shear 

crack formed suddenly after the last load stage. The critical shear crack extended and widened 

rapidly, leading to a sudden drop in load capacity and failure at 529 kN. Figure 28 b) shows the 

principal tensile and compressive strain fields obtained at the peak load for KSB4. The locations 
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of high strain regions in the principle tensile strain plot identifies the areas of significant cracking. 

Also shown by the strain plots at the peak load, the dominant failure crack in KSB4 extended in 

both directions, reaching near the edge of the loading plate at top and inner edge of the support 

plate in the bottom. 
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(a) 

 

Principal tensile strain field at peak load (KSB4) 

 

Principal compressive strain field at peak load (KSB4) 

(b) 

Figure 28: (a) Development of crack pattern with loading in KSB4, and (b) principal tensile and 

compressive strain field at peak load of KSB4. 
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As additional cracks (including shear cracks) develop, the stiffness of the specimens further 

reduces with increasing load. The post-cracking response varies across specimens, with beams 

containing more shear reinforcement exhibiting a more gradual stiffness reduction and more 

warning of failure. KSB5 and KSB6 exhibited a more distributed crack pattern with multiple shear 

cracks, see Figure 29 and 30. This observation aligns with numerous earlier studies showing that 

the increase in the amount of shear reinforcement leads to smaller crack spacings and limits crack 

widening [63, 64]. The variation in shear crack formation and failure modes demonstrates the role 

of shear reinforcement in crack growth.  

 

Figure 29: Development of crack pattern with loading in KSB5 test. 
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Figure 30: Development of crack pattern with loading in KSB6 test. 

3.3.1.3.Response of KSB7 to KSB12 tests 

In KSB7 to KSB12 tests, specimens previously loaded were tested as described in the test setup 

section. In specimens KSB8 and KSB9, failure was brittle and caused by sudden shear cracks that 

appeared only near peak load (KSB7 had an existing shear crack that widened further). In contrast, 

KSB10, KSB11, and KSB12 exhibited failure through the extension and widening of pre-existing 

shear cracks. 
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(a) KSB7 

 

(b) KSB8 

 

(c) KSB9 

 

(d) KSB10 

 

(e) KSB11 

 

(f) KSB12 

Figure 31: KSB7 to KSB12 tests after failure. 
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3.3.2. Global Behavior of Specimens Captured from DIC Data 

Along with generating plots like load-displacement plots, shear force versus average shear strain, 

and mid-point deflection plots (as shown in Figure 32), the availability of full-field of view DIC 

displacement data also allowed plotting of the overall deformed shape of the specimen at different 

load stages (Figure 33).  

  

Figure 32: Load displacement and shear force versus average shear strain response for KSB4 

test.  

[0.225 kips = 1 KN; 0.039 in = 1mm] 

The plot of the deformed shape (magnified 25 times) was obtained by selecting the speckles points 

in a grid of 200 mm x 200 mm.  
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Figure 33: Deformed Shape of KSB4 from DIC displacement data. 

The goal is to explore different parameters that could contribute to developing relationships for 

kinematic models. Global properties of the specimens like the mid-span deflections, deflections 

along the span, and overall deformed shapes were investigated at different load stages. The series 

of deformed shapes in Figure 26 helped visualize the changes with the increase in loading and 

influence of the shear crack in the deformed shape of the specimen.  

3.3.3. Crack Kinematics from DIC Displacement Field Data 

Automated Crack Detection Measurement (ACDM) tool, an open-source tool developed by Gehri 

et al. [65], was used to map the crack patterns from the full-field-of-view DIC data captured using 

4 DIC systems simultaneously for the KSB series. The principal tensile strain fields from DIC post 

processing are input into the ACDM tool. The tool then identifies the regions of high principal 

tensile strain as crack locations and maps the crack patterns. Figure 34 d) shows the crack patterns 

for KSB5 mapped by ACDM tool using the DIC data.  

Figure 34 a) and b) show the crack patterns on the west and east faces of KSB5 respectively 

(prepared by perspective-correcting and combining photographs). The crack patterns mapped by 



57 
 

ACDM were compared to the patterns captured in the photographs of the east face (DIC side) of 

the beam and the patterns were found to be in good agreement. The crack patterns obtained using 

the ACDM tool provide a clear visualization of the complexity of shear cracking in shear-critical 

reinforced concrete slender beams. In figure 34 d), the patterns show significant variations in crack 

angles along the shear crack lines and some visible branching and intersections of cracks. These 

features make interpretation of shear cracks challenging, and detailed analysis of the observed 

shear crack is required to advance crack-based shear assessments. 

 

a) KSB5 at failure in LED/west side (mirrored) 

 

b) KSB5 at failure in DIC/east side  

 

c) KSB5 at failure from DIC post-processing  

 

d) KSB5 crack mapping using ACDM 

Figure 34: Crack Pattern from DIC data using ACDM and compared with actual patterns for 

KSB5. 

After mapping the crack patterns using the ACDM tool, the shear crack lines were discretized into 

smaller segments. The crack lines were discretized using piecewise linear approach and crack 
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angle was calculated locally for each of the crack segments from the data points on the crack line. 

The data points of the crack line were obtained from the ACDM tool, and MATLAB was used to 

discretize the crack line into straight segments as shown in Figure 35. 

The size of the crack segments influences the calculated local crack angles, which subsequently 

influences the computation of crack kinematics (such as crack widths and slips) and the prediction 

of shear resistance components. Trandafir et al. (2022) investigated the sensitivity of predicted 

aggregate interlock shear (Vci) with respect to the crack segment size by discretizing shear cracks 

into segments sizes from 0.25ag to 4ag, where ag is the maximum coarse aggregate size [9]. Based 

on these observations, crack segments of length equal to the maximum coarse aggregate size (ag) 

was selected, considering the size of aggregate to be the smallest possible segment along which 

variation of the angle or crack parameters is reasonable.   

The process of discretization began by identifying the lowest point on the crack line as the start 

point. A circle with a radius equal to aggregate size was drawn with its center at the start point. 

Then, the point of intersection of the circle in the crack line was identified. The line connecting 

the circle's center to the intersection point is the first crack segment. Further, the intersection point 

is taken as the center for the next circle, again with a radius equal to ag. This second circle intersects 

the crack line at another point, and the line connecting the center of the second circle and the 

intersection point is considered the second crack segment. This process is repeated until the entire 

crack line is discretized into segments. Figure 35 illustrates the process showing the crack line in 

blue and the discretization is done by red dashed circle. For each segment, the start point, end 

point, center, length, and angle were tabulated and saved. These parameters were required for 

calculating crack kinematics of each segment.  

     

 

Figure 35: Crack Discretization.  

Crack segment 
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The crack kinematics for each crack segment were determined by considering rigid body on the 

either side of the crack. Two speckle points from DIC data were selected on each rigid body. For 

reference, Figure 36 shows rigid body 1 with points P1 and P2 on one side of the crack and rigid 

body 2 with points P3 and P4 on the other side of the crack. The points are selected with appropriate 

offset of around 15 mm from the crack segment so that the DIC data of the points are not affected 

by the noises around the edge of the crack.  

 

Figure 36: Diagram for crack kinematic calculation. 

As derived by Langer [66] and applied by Palipana [34], the DIC displacement field data of the 

points on the rigid body were used to find the relative translation of each rigid body along x and y 

direction and the rotation of each rigid body. From these parameters, the displaced coordinates of 

the center of the crack segment for rigid body 1 and for rigid body 2 is determined (equation details 

in Langer [66] Appendix A Crack kinematics methodology). As shown in Figure 36, from these 

displaced coordinates of the center of the crack segments, crack width (w) and crack slips (s) can 

be calculated.  

Figure 37 below shows the crack width calculated for the critical shear crack (marked in red in 

Figure 37) for KSB4 test at the peak load. The thickness of the plot represents the value of crack 

width in mm (with magnification of 25 times to visual variation of crack width along the crack 

length).  
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(a) west face (mirrored) 

 

(b) east face 

Figure 37: Crack Pattern for KSB4 at peak load using ACDM 

 

Figure 38: KSB4 Failure crack line with crack width (magnification = 25) at peak load (529 kN). 

As expected, the crack width was observed to be smaller in the region of longitudinal 

reinforcement and near the compression region. The plot in Figure 39 shows variation of crack 

width for KSB4 at different loads over the beam height. The crack widths in KSB4 were small 

towards the top part, varies in the middle height region, and decreases in bottom (the region of the 

longitudinal reinforcement). In the middle height region, the crack widths fluctuated with the 

change in the crack angle, and it was seen that the flatter crack segments that were closer to the 

top had higher crack widths. The results for the rest of the KSB series are reported in the appendix 

section.  
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Figure 39: Crack width variation along height for KSB4 at different load levels. 
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Figure 40: Crack Slip Variation along the height for KSB4. 

The plot in Figure 40 presents crack slip variation along the height of the specimen, and it shows 

increasing slip towards the mid-height for KSB4 specimen. In general, variations of crack slip 

along the height of the specimens are difficult to understand as they have sudden jumps in their 

value due to the changes in the angle of crack segments. Similar fluctuations in crack slip was also 

been reported by Palipana [34], confirming that the observed variation is not simply noise in the 

data. The results for other KSB tests are reported in the appendix.  

The local crack kinematic parameters, crack width (w), slip (s), and vertical (wv) and horizontal 

(wh) crack displacements were calculated for each crack segment for a segment length equal to, ag, 

10 mm along the critical crack length. The crack width (w) and crack slip (s) vary significantly 

even between the adjacent crack segments (local variations) in most regions as observed in Figure 

41 a) and b) for beam KSB4. Such fluctuations were also evident in KSB5 and KSB6 as the crack 

patterns were more complex with branches and intersection of cracks. The cause of these apparent 

rapidly changing values along adjacent segments arises from rapidly changing local crack angles. 
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Therefore, the values of crack width and slip measurements differ depending on the specific 

location along the crack. The apparent rapidly changing values in these crack parameters can bring 

inconsistent assessments and questions the reliability of using these parameters for crack-based 

assessments. Additionally, shear transfer mechanisms such as aggregate interlock are often 

quantified using models where aggregate interlock stresses are in terms of the opening (crack 

width) and sliding (crack slip) between the crack surfaces. This makes the accuracy of the models 

dependent on precise measurement of fluctuating parameters [27, 32]. If these parameters are not 

computed with sufficient detail, assessment may lead to misleading conclusions, or it may require 

a more rigorous analysis that considers appropriate crack segment size. 
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(a) 

 

(b) 

 

(c) 

Figure 41: Crack parameters along beam length for KSB4 (a) crack width versus beam length, 

(b) crack slip versus beam length, (c) Vertical crack displacement wv versus beam length. 
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Further analysis of wv was carried out by plotting across the beam height as shown in Figure 42 

for KSB4 and KSB5 (mid height is set as 0) while the remaining results are reported in the 

appendix. With only one dominant failure shear crack in KSB4, wv was nearly constant in the mid-

height region across the beam (i.e. approximately middle region along the length). KSB5 and 

KSB6 had branches in the failure shear cracks. Therefore, wv of each crack branches attached to 

the failure shear crack were also added to determine the total wv across the beam height.  The 

arithmetic sum of wv is equal to the sum of wv in failure shear crack (red crack in KSB5 shear 

cracking in Figure 42) and wv in crack branches attached to the failure shear crack (green crack in 

KSB5 shear cracking in Figure 42). The sum of wv from all branches may help capture the shear 

deformation or provide representative measure of the beamôs overall shear response. However, this 

requires further investigation, and definitive conclusions cannot be made based on only the tests 

conducted.  

                      

Figure 42: Vertical crack displacement (wv), horizontal crack displacement (wh), and resultant 

displacement (d) across the beam height for KSB4 (left), and vertical crack displacement of 

crack branches and the sum of wv for KSB5 (right). 

Resultant displacement, d, was computed for each crack segment using Ὠ ύ ί to capture 

the total relative displacement across the crack faces. A common observation for all specimens was 

that the values of resultant displacement and vertical crack displacement (wv) for the crack 

segments were nearly equal, see Figure 42 for KSB4. The horizontal crack displacement (wh) was 

small compared to the resultant displacement between the crack faces. Therefore, it further 

supports that wv alone may be sufficient to represent the resultant displacement across the crack 
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for the loading setup used in this study and wv may be more reliable parameter for crack-based 

assessment. 

3.4. Comparison of Beam Response with Model Predictions (VecTor2 and Response2000 

prediction) 

The shear strength of the KSB specimens was predicted using different approaches and each 

demonstrated different levels of accuracy as shown in Table 7.  

Since plane section remains plane assumption is reasonable for reinforced concrete slender beams, 

the layered sectional analysis program Response-2000 [67] was utilized for sectional analysis of 

the designed KSB specimens. The sectional response at dv distance away from the edge of the 

loading plate was considered as critical section for shear in Response-2000 analysis.  Response-

2000 provided better agreement with the experimental failure shear than the other predictions, as 

shown in Table 6. Similarly, VecTor2, a nonlinear finite element analysis program, was also 

implemented to evaluate the capacity and to predict the deformed shape of the specimens. VecTor2 

[68] was developed at the University of Toronto, and it incorporates equations of MCFT along 

with alternative models for tension stiffening, compression softening, and tension softening. The 

KSB specimens were modeled with rectangular elements with bilinear shape functions, and the 

element size was selected to be 70 mm x 70 mm with maximum aspect ratio of 1.5. The model and 

response of the KSB series specimen is shown in Figure 44.  

However, both approaches provided very limited information about cracks information or 

information for predicting crack shapes. Therefore, analysis of detailed shear crack information 

from the experiment could provide information to update and refine the existing finite element 

tools to improve prediction of the shear failure mode and possibly crack details.  
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       KSB2      KSB6      

Figure 43: Modeling of KSB series in Response 2000. 

 

 

Figure 44: Modeling of KSB6 specimen using VecTor2. 
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Table 7: Predictions for the KSB series. 

3.5. Conclusion for Experimental Observations and Result  

The plots generated using the crack parameters obtained from DIC displacement field data as 

experimental results have provided preliminary knowledge and visualization on variation of crack 

patterns, crack locations, and magnitude of each crack parameter. Also, the ability to map and 

compute crack parameters for every shear crack and its branches in the specimen enables a detailed 

evaluation of how changes in crack shape influence the shear behavior of the beam. Complexity 

of shear crack patterns and variability of crack properties showed the need of crack-based shear 

assessment methods that use real crack shape and measurements as direct input. The variability in 

the crack width and crack slip along the crack in the beams was also shown. It highlighted that the 

traditional assessment methods relying on these parameters may introduce inconsistencies in 

assessments. Therefore, vertical crack displacement (wv) that exhibited more stable trends across 

crack regions is proposed as a more reliable parameter for crack-based assessment of slender shear-

Test Vexp 

(kN) 

VAASHTO 

(kN) 

VACI 

(kN) 

 

VResponse 

(kN) 

VVecTor2 

(kN) 

Vexp/ 

VAASHTO 

Vexp/ 

VACI 

Vexp/ 

VResponse 

Vexp/ 

VVecTor2 

 

KSB1 215 201.5 158.1 185.5 260.0 1.07 1.36 1.16 0.83 

KSB2 368.5 329.2 182.5 331.4 405.0 1.12 2.02 1.11 0.91 

KSB3 264.0 228.2 183.9 226.9 319.9 1.16 1.44 1.16 0.83 

KSB4 264.5 278.0 235.9 289.6 455.0 0.95 1.12 0.91 0.58 

KSB5 479.0 420.4 407.3 464.8 514.9 1.14 1.18 1.03 0.93 

KSB6  613.5 503.5 457.7 560.0 564.9 1.22 1.34 1.10 1.09 

KSB7 185.5 201.5 158.1 185.5 260.0 0.92 1.17 1.00 0.71 

KSB8 417.0 329.2 182.5 331.4 405.0 1.27 2.28 1.26 1.03 

KSB9 289.0 228.2 183.9 226.9 319.9 1.27 1.57 1.27 0.90 

KSB10 336.5 278.0 235.9 289.6 455.0 1.21 1.42 1.16 0.74 

KSB11 526.0 420.4 407.3 464.8 514.9 1.25 1.29 1.13 1.02 

KSB12 589.0 503.5 457.7 560.0 564.9 1.17 1.29 1.05 1.04 

     Avg 1.14 1.46 1.11 0.88 

     COV 9.63% 23.2% 8.9% 16.6% 
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critical reinforced concrete beams. Beyond the computation of crack details, the deformed shape 

from the captured DIC data will also provide valuable information towards the objective to build 

kinematic models for shear-critical slender reinforced concrete beams.  
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Chapter 4: FRAMEWORK FOR RAPID CRACK-BASED SHEAR ASSESSMENT OF 

SHEAR-CRITICAL REINFORCED CONCRETE SLENDER BEAMS  

4.1. Introduction 

Reinforced concrete slender beams (having shear span-to-depth > 2.5) are widely used as structural 

elements in bridges, buildings, and other structures and are often subjected to high shear demands 

that can lead to visible shear cracks. Departments of Transportation (DoTs) frequently report shear 

cracks in bridges during routine inspections [16, 17, 69], and diagonal shear cracks are also 

documented in buildings following events such as earthquakes [70-72]. In such situations, there 

are significant concerns about the safety of existing structures, especially when the shear cracks 

are found in slender beams that do not meet the current shear design provisions or crack-control 

requirements. Additionally, many older structures have limited detailing information, and the 

assessment of structures rely primarily on crack measurements and the judgement of the inspector. 

For shear-critical slender beams, the challenge lies in interpreting the shear crack information to 

rapidly evaluate the residual shear capacity and assess the safety of the slender beams in service. 

Chapter 3 of this thesis presented the experimental behavior of shear-critical slender beams and 

measured the crack parameters of the critical shear cracks formed in the KSB slender beam test 

series. In this chapter, the residual capacity of the slender beams is investigated in relation to the 

detailed shear crack parameters measured in Chapter 3. 

Widely used analytical approaches and design equations for reinforced concrete slender beams that 

incorporate cracking while predicting the shear response are basd on advanced constituvie models 

and frameworks such as the Modified Compression Field Theory (MCFT) [26]. The MCFT is a 

smeared rotating crack model where cracks are smeared and represent average crack width in the 

element. There have also been significant developments in computational tools such as VecTor2 

and Response2000 which simulate the cracking response of shear-critical concrete beams and are 

based on the MCFT [67, 68]. However, the crack characteristics predicted by the analytical and 

computational methods often do not align with field-observed crack patterns in reinforced concrete 

slender beams due to the complexity in the shear cracking in slender beams. Additionally, these 

tools give average values for crack widths rather than widths along a single crack, which can vary 

significantly. As demonstrated in Chapter 3, shear cracks in slender beams exhibit branching, 
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intersection of cracks, and variable crack angles along the critical shear crack path that add further 

complexity and are not captured by these models.  

In deep beams, critical shear cracks are typically approximated by a straight diagonal crack with a 

single angle and there exists a kinematic model, namely the Two-Parameter Kinematic Theory 

(2PKT), that defines the deformation pattern of diagonally cracked deep beams using only two 

degrees of freedom: the average tensile strain in longitudinal reinforcement (Ůt,avg) and the vertical 

displacement of critical loading load (ȹc) [5]. The 2PKT in conjunction with constitutive 

relationships can be used to quantify the shear carrying components in deep concrete beams using 

just the two degrees of freedom (Ůt,avg and ȹc). In recent years, the use of measured crack 

information in the 2PKT formulations has shown to improve the prediction of the shear-resistance 

components in cracked deep beams. Trandafir et al. [9] shows that incorporating crack information 

into analyses of deep beams improves predictions by reducing the coefficient of variation on the 

peak response from 15% to 3.39%. It also demonstrated that variation like crack geometry among 

nominally identical specimens have resulted in differences in components of shear resistance in 

deep beams. Recent works by Trandafir et al.[73] has also highlighted the importance and use of 

vertical crack displacements in understanding the residual capacity of deep beams, rather than 

traditional crack kinematic parameters such as widths or slips.  

The evaluation of measured shear crack parameters and their use as direct input into the 2PKT 

formulations has laid foundation for a practical approach to rapid crack-based assessment of 

diagonally cracked deep beams [9, 10, 73]. Most recent work by Mihaylov et al. [11] has 

established direct relationship between shear crack opening and the remaining shear capacity of 

deep beams. The rapid assessment method determines the residual shear capacity of diagonally 

cracked deep beams from only three simple measurements: the depth of the critical loading zone 

(Ὠ ), the angle of the critical crack (ŬCLZ), and a single vertical crack displacement (wv,cr). It does 

not require measurements of complex quantities like reinforcement strains, dowel length, or beam 

reinforcement detailing that are typically needed for computing individual shear components. The 

Critical Loading Zone (CLZ) in deep beams is defined by the 2PKT as the highly stressed 

uncracked concrete zone in the region of load application. The rapid crack-based assessment of 

deep beams follows the 2PKT assumption that failure is initiated by the failure of the critical 

loading zone (CLZ). Therefore, the inputs are based only on the measurements in the CLZ. 



72 
 

The remaining shear capacity in the rapid assessment method is computed as a percentage of the 

original shear strength of the beam. For example, for a beam with an original shear capacity of 100 

kN, if 30kN of shear load is applied, the residual shear capacity is 70%. The following 

mathematical equation proposed by Mihaylov et al. [11] provides the residual shear capacity as a 

function of measured critical vertical crack displacement (wv,cr) and the predicted displacement 

capacity of the CLZ (Ў ).  

2ÅÓÉÄÕÁÌ 3ÈÅÁÒ #ÁÐÁÃÉÔÙ Ϸ  ρ  
ὠ

ὠ
 ρππ 

πȢω  ρ ρ ρ ȟ

Ў
 ρππ   Equation (i) 

For a beam with a predicted displacement capacity Ў , a residual shear capacity curve can be 

generated by plotting the residual shear capacity corresponding to a range of ύȟvalues. The 

critical vertical crack displacement ύȟvaries from zero up to the predicted displacement capacity 

of the CLZ considering that at failure, ύȟ reaches Ў . Figure 45 below shows a typical residual 

capacity curve used for rapid crack-based assessment concept where the residual capacity is 100% 

when the crack displacement is zero, and it decreases progressively to 0% as ύȟ approaches ɝ .   

 

Figure 45: Sample of Residual Shear Capacity curve for rapid crack-based assessment. 

Mihaylov et al. [11] outlines the following five steps for performing the rapid crack-based 

assessment: 

Step 1. Identify the critical loading zone: 
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The region above the critical shear crack and near the load application is identified as the critical 

loading zone (CLZ). The zone must be examined for presence of cracks.  

According to 2PKT, the CLZ crushes at the failure of deep beams. Figure 46 below shows a typical 

CLZ defined for deep beams.  

  

    (a)     (b)  

Figure 46: (a) CLZ in deep beams after failure and (b) CLZ idealization in the 2PKT (Adapted 

from [5]). 

Step 2. Measure the geometry of the CLZ:  

First, locate the edge of the loading plate as point B. Then draw a line from point B to the nearest 

point on the critical shear crack which is labeled as O in Figure 47. Segment OB is approximately 

perpendicular to the critical crack, and its measurement defines the depth of the critical loading 

zone (Ὠ ).  

Next, draw a circle centered at point O with a radius equal to σὨ . The point where the circle 

intersects the critical crack is marked as point A and represents the approximate edge of the CLZ. 

Lastly, angle of line OA is measured as the crack angle, ‌ .    

In this way, geometry of the CLZ is defined using Ὠ  and ‌ . 
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Figure 47: CLZ measurement parameters defined for rapid crack-based assessment of deep 

beams (Adapted from [11]). 

Step 3. Compute predicted displacement capacity of the CLZ:  

The 2PKT provides the following equation to estimate the displacement capacity of the CLZ in 

deep beams. The prediction is a function of the geometry of the CLZ (Ὠ  and ‌ ).  

Ў πȢππωὨ
#ÏÓ‌

ὛὭὲ‌
 

The equation is derived by assuming that the CLZ fails by crushing. Therefore, at failure, the 

strain at the bottom side of the zone reaches concrete crushing strain equal to -0.0035.  

Step 4. Measure the critical vertical crack displacement, ύȟ:  

The vertical crack displacement measured at point A (identified in Step 2) is considered as the 

critical vertical crack displacement for rapid crack-based assessment of deep beams.  

In the 2PKT, the degree of freedom ɝ defines the deformation of the CLZ, and the goal of the 

rapid assessment method is to relate deformation parameters to a directly measurable crack 

quantity. It has been shown that the vertical crack displacement measured at point A closely 

matches the shear degree of freedom, ɝ in deep beams [11, 73]. Therefore, vertical crack 

displacement at point A is taken as a suitable crack measurement for the rapid crack-based 

assessment of deep beams. 

Step 5. Compute the residual shear capacity: 

The predicted displacement capacity and the measured critical vertical crack displacement are 

input in the following equation to compute the remaining shear capacity of the beam as a 

percentage of its original capacity.  

�• �}�æ�è�X 
































































































































































































































































































































































































































