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1. INTRODUCTION 

 

1.1.   Shear Wall  

 

A shear wall, according to building codes, is a rigid vertical diaphragm capable of  transferring 

lateral forces from the exterior walls, floors, and roofs to the ground foundation in a direction 

parallel to their planes. Reinforced concrete walls and vertical trusses are common examples. 

Lateral forces such as wind, earthquake, uneven settlement loads, and the weight of the structure 

and occupants can create twisting (torsional) forces powerful enough to tear (shear) a building 

apart. The shape of the frame can be maintained and rotation at the joints prevented by reinforcing 

it with a rigid wall placed inside or attached to it. Shear walls are particularly important in 

earthquake-prone high-rise buildings. 

 

It is important to mention that the use of shear walls in building design is now required by building 

codes in many countries. This is due to the acceptance of shear walls as critical safety features that 

provide resistance to lateral loads and prevent buildings from collapsing due to twisting forces 

generated by wind, earthquake, and uneven settlement loads. 

 

In conclusion, shear walls are critical components in modern building construction because they 

help to keep buildings from collapsing due to the powerful twisting forces generated by lateral 

loads. The shape of the frame can be maintained and rotation at the joints prevented by reinforcing 

it with a rigid wall placed inside or attached to it. Shear walls are especially important in high-rise 

buildings that are subject to lateral wind and seismic forces. Their incorporation into building 

design is now widely recognized as an essential safety feature, and many countries' building codes 

require it.[1] 

 

In addition, the American Concrete Institute (ACI) has issued a code for the design and 

construction of concrete shear walls. The ACI 318 Building Code Requirements for Structural 

Concrete specifies design, detailing, and construction guidelines for concrete shear walls. 
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1.2.   Squat Wall  

 
Squat walls, such as parking level walls or basement walls, are commonly used in low-rise 

construction and lower levels of tall buildings. They are also seen in long walls with window and 

door openings, which result in wall portions between the openings. These walls are intended to 

provide sufficient shear strength to promote flexural yielding, which necessitates the use of a 

model that accounts for nonlinear flexural behavior. 

 

Nonlinear shear responses frequently dominate behavior in low-aspect ratio walls. As a result, the 

modelling parameters for shear stiffness and strength chosen can have a significant impact on the 

predicted distribution of member forces and building lateral drift. This emphasizes the significance 

of accurate modelling in squat wall design. 

 

The above paragraph emphasizes that the design of squat walls requires careful consideration of 

nonlinear flexural behavior and the selection of appropriate modeling parameters to account for 

shear stiffness and strength. According to the article, squat walls are commonly used in low-rise 

and lower levels of tall buildings, but they can also be found in long walls with openings.[2] 

 

Experimental evidence suggests that even relatively slender walls with aspect ratios of three to 

four exhibit flexural and shear deformation interaction, according to Massone and Wallace (2004). 

Shear deformations account for approximately 30% and 10% of the lateral displacement in the 

first story and roof level, respectively. However, how much interaction exists for smaller aspect 

ratios is unknown. To develop accurate modelling approaches that capture key response features, 

relatively simple models that consider the interaction of flexure and shear responses are required. 

While many wall tests have been reported in the literature, the majority of them are concerned with 

determining wall shear strength and lateral displacement response rather than the relative 

contributions of flexural and shear deformations to wall lateral displacements. Experiments with 

extremely detailed instrumentation layouts are required to validate existing modelling approaches 

and develop new ones.[3] 
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1.3.   Strut and Tie Modeling  

 

Strut-and-tie modelling is a structural engineering method for analyzing and designing complex 

concrete structures like deep beams, corbels, and transfer girders. It entails creating a simplified 

model of the structure using struts and ties, which are modelled as tension and compression 

members, respectively. The strut-and-tie model (STM) is used to calculate the structure's internal 

forces and stresses, as well as the size and spacing of reinforcement required to ensure its safety 

and stability. 

 

The structure is divided into a series of nodes or regions in the STM approach, with each node 

representing a point of load or stress concentration. Struts and ties connect the nodes, representing 

the flow of forces and stresses within the structure. Compression forces are transferred by struts, 

while tension forces are transferred by ties. The struts and ties are designed in size and shape to 

reflect the anticipated forces and stresses in the structure, and they are reinforced as needed to 

ensure their ability to withstand the anticipated loads. 

 

Strut-and-tie modelling is widely used in the design of reinforced concrete structures, and it is 

particularly useful for complex structures that are difficult to analyze using traditional methods. 

The STM approach allows engineers to design structures that are both safe and economical by 

modelling the complex forces and stresses within the structure in a simple and efficient manner.[4] 

 

Researchers use strut-and-tie models to approximate the internal stresses in the compression and 

tension regions of concrete elements. These models represent the flow of these stresses with struts 

and ties. It is critical to select an appropriate strut-and-tie model to accurately capture the strength 

of reinforced concrete (RC) deep beams. The strut-and-tie mechanism is considered the primary 

load transfer mechanism in RC deep beams, though truss action may also play a role in load 

transfer in some cases. The type of load transfer mechanism is determined primarily by the shear 

span to beam depth (a/d) ratio and the amount of shear reinforcement. For beams with an a/d ratio 

less than 1.0, regardless of shear reinforcement, a single concrete strut forms to transfer the load 

to the support. As a result, a strut-and-tie model is appropriate for designing and analyzing such 

elements.[5] 
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As shown in Fig. A, a strut-and-tie model (STM) is made up of three types of elements: concrete 

struts (with or without reinforcement) in compression, ties with or without reinforcement, nodes, 

and nodal zones. Any strut-and-tie model can fail in one of three ways: The tension tie may fail 

due to yield or anchorage failure, one of the struts may crush if the stress in the strut exceeds the 

effective compressive strength of concrete, and a nodal zone may fail if it is stressed beyond the 

effective compressive strength of concrete.[6] 

 

 

                                            Figure (A) Components of a strut-and-tie model of a deep beam 

 

 

 

 

1.4.   Abaqus modelling 
 

Abaqus software comes in handy in visualizing the finite element analysis results, simulating 

various types of material behavior (including Non-linear and linear elasticity), analysis of different 

assemblies and mechanical components. It can be used to predict how structures will behave under 

different loads. It can also be used to determine the strength and stiffness of structures, as well as 

to identify potential failure points. This information can be used to improve the safety and 

reliability of structures. 
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2. LITERATURE REVIEW 

 

2.1. Analyzing Shear Wall Performance and Design Optimization  

 

Reinforced concrete shear walls are popular structural components in buildings and bridges. 

Seismic failure of these walls can have disastrous consequences, making it critical to accurately 

identify failure modes. Traditional failure mode identification methods rely on analytical or 

numerical models, which can be time-consuming and computationally expensive. Recent research 

has investigated the use of data-driven machine learning techniques to identify failure modes of 

reinforced concrete shear walls more efficiently. 

 

Machine learning-based approaches for identifying failure modes in reinforced concrete shear 

walls have been proposed in several studies. Zhang et al. (2020), for example, proposed a 

convolutional neural network (CNN)-based machine learning model to classify damage patterns 

in reinforced concrete shear walls. The model identified failure modes with high accuracy, and the 

authors suggested that it could be used as a tool for post-earthquake damage assessment.[7] 

 

Similarly, Guo et al. (2020) proposed a deep neural network (DNN)-based machine learning 

approach for identifying the failure modes of reinforced concrete shear walls. The authors used 

seismic response data collected from physical tests on reinforced concrete shear walls to train the 

DNN model. The results demonstrated that the model correctly identified the failure modes of the 

walls.[8] 

 

Wang et al. (2021) used an acceleration response-based support vector machine (SVM) algorithm 

to identify the failure modes of reinforced concrete shear walls. The authors gathered data from 

physical tests and used the SVM model to categorize acceleration response signals into various 

damage categories. The results demonstrated that the SVM model correctly identified the damage 

patterns on the walls.[11] 

 

 

Finally, recent research has demonstrated that data-driven machine learning techniques are 

effective in identifying the failure modes of reinforced concrete shear walls. These methods are 
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more efficient and accurate than traditional analytical or numerical methods. Future research could 

concentrate on the development of more robust machine learning models that can be applied to a 

broader range of structural components and scenarios. 

 

An extensive database created based on the available experiments containing 393 one-story, one-

bay reinforced concrete shear walls with rectangular or non-rectangular (barbell or flanged) 

sections. Specimens with flexural failure (152), flexure-shear failure (96), shear failure (122) and 

sliding shear failure (23) respectively were examined.[9] 

 

The study assembled eight machine learning models, including Naive Bayes, K-Nearest 

Neighbors, Decision Tree, Random Forest, AdaBoost, XGBoost, LightGBM, and CatBoost and 

were evaluated in order to establish the best prediction model.[9] 

 

The proposed Random Forest model had 70% recall and 84% precision in identifying the flexure-

shear failure mode for the test set. Critical factors governing the failure mode includes: the aspect 

ratio, boundary element reinforcement indices, and the wall length-to-thickness ratio.[9] 

 

2.2. Experimental and Analytical Investigation of Shear Strength of 

Reinforced Concrete Squat Walls under Seismic Loads using STM-based 

Approaches 

 

A strut-and-tie model (STM) was created to estimate the shear strength of squat shear walls with 

rectangular, barbell, and flanged cross-sections.[10] The model was developed using two distinct 

force-transfer mechanisms, namely the diagonal strut and truss mechanisms. The diagonal struts 

in a squat shear wall transfer shear forces through compressive stresses in concrete, while tension 

ties carry tensile forces through steel reinforcement.[11] The STM provides a comprehensive 

approach to predicting the shear strength of various types of squat shear walls by taking these two 

mechanisms into account. 

 

 

A dataset of 614 test walls was used to build the model. The peak shear strengths of these test walls 

were determined through experimental testing. The data obtained served as the foundation for 
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developing and calibrating the STM. The predicted shear strengths were compared to the peak 

shear strengths obtained from existing models to validate the model's accuracy.[10] This validation 

process ensured that the STM could predict the shear strength of squat shear walls with confidence. 

 

Other D-region elements, such as dapped end beams and internal beam-column junctions, might 

be included to the suggested model. The critical zone near the connection points where shear forces 

are concentrated is referred to as the D-region.[10] Engineers can improve their understanding of 

force transfer mechanisms and predict shear strengths more accurately by adapting the STM to 

these structural elements. This extension enables a more comprehensive analysis of various 

structural system components, thereby improving the overall design process. 

 

The suggested model's prediction performance and generality were assessed using a ten-fold cross-

validation technique. This method entails splitting the dataset into ten subsets, training the model 

on nine of them, and testing it on the tenth. The model's accuracy and robustness can be evaluated 

by repeating this process ten times and rotating the subsets. In terms of accuracy, the proposed 

STM model outperformed both the ACI 318-19 and state-of-the-art models,[10] indicating that it 

has superior predictive capabilities for estimating the shear strength of squat shear walls. 

 

By developing an interaction correlation between the shear strengths of the diagonal concrete strut 

and the steel tension tie, the STM model was created. This relationship describes the interaction 

of compressive and tensile forces within the squat shear wall.[10] Even in the absence of web 

reinforcement, the model provides a comprehensive representation of shear strength by 

considering the contributions of both materials. This is especially significant because it enables 

engineers to analyze and design squat shear walls without the need for additional reinforcement, 

simplifying the construction process and lowering costs. The STM model provides engineers with 

a dependable and efficient tool for accurately predicting the shear strength of squat shear walls. 

 

2.3. Mohr-Coulomb Failure Criteria and Significance of the Value of k  

 
The stress distribution factor k is an important design parameter for simply supported deep beams 

(SSDBs), which are commonly used in buildings and structures. To calculate the stress distribution 

factor k, the force equilibrium condition must be met, which states that the total vertical forces and 



15 
 

moments acting on the beam must be balanced. Other factors, such as the distribution of horizontal 

stresses and deformations within the beam can however influence the value of k.[12] 

 

Further from force equilibrium, the value of k is extremely sensitive to the tensile strength of the 

concrete used in the beam. This is due to the fact that the tensile strength of concrete is difficult to 

determine accurately in practice and can vary depending on a variety of factors such as the type 

and quality of materials used, curing conditions, and the age of the concrete. As a result, when 

calculating the stress distribution factor k, it is critical to account for the uncertainty in the value 

of concrete tensile strength.[12] 

 

When calculating k, another important factor to consider is the bottom reinforcing component 

force in the direction of the concrete diagonal strut. For simplicity, this term is frequently 

overlooked, however it can be important if the strut angle is tiny. In such cases, the component 

force of the bottom reinforcement can have a significant impact on the value of k, it is crucial to 

account for the possibility of error in concrete tensile strength values.[12] 

 

The existing model for SSDBs has a limitation in that it does not explicitly account for the 

softening factor, which is a measure of the decrease in beam stiffness caused by cracking and 

deformation. The softening factor is a critical parameter that influences the behavior of SSDBs 

and has a significant impact on the value of k. While the current model implicitly accounts for the 

softening factor, it is critical to explicitly derive this parameter to ensure accurate SSDB design.[12] 

 

To overcome these constraints, a modified STM (Strut-and-Tie Model) for SSDBs was developed 

and tested using 233 test specimens from the literature.[12] 

 

Finally, the force equilibrium condition, the uncertain nature of concrete tensile strength, a 

component of the force of the bottom reinforcement along the path of the concrete diagonal strut, 

and the softening factor must all be carefully considered when designing SSDBs. This study's 

modified STM provides a better framework for designing SSDBs and can help ensure the safety 

and reliability of these structures in practice.[12] 
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3. AIM 

 
The current study aimed to improve the accuracy of predicting the shear strength of squat walls 

with an aspect ratio (height to length) of 2 or below, thereby overcoming the limitations of 

traditional ACI (American Concrete Institute) methods. To accomplish this, we will consider and 

incorporate various influencing parameters that affect squat wall shear behavior. 

 

Earthquakes are major design concern for structural engineering. Tall buildings are sensitive to 

wind and earthquake loads and hence slender shear walls are designed to serve the purpose. 

Pakistan is considered as one of the most seismically active countries in the world. We have 

observed that not only tall structures, but also small structures are prone to destruction via strong 

earthquakes as well. Prime locations for high seismic activities are areas closed to mountain 

regions in Northern and Western regions of Pakistan (Gilgit Baltistan and central region of 

Baluchistan). The famous October 8, 2005, 7.6 magnitude (Kanamori-1977) resulted in huge 

human and financial loss. Two to four story establishments were either levelled to ground or 

developed huge structural cracks. This way the design of Squat Shear walls for smaller building 

height to length ratio role comes to play. 

 

We have created a numerical model of the squat wall using basic understanding from different 

researchers’ methodologies and validated our model using Abaqus finite element analysis 

software. Experimental data from previous studies will be used to calibrate and validate the model. 

This ensures that the numerical model accurately represents the behavior of squat walls in real life. 

 

We will investigate and analyze several influencing parameters with the aim of enhancing the 

precision of shear strength prediction. Wall thickness, concrete strength, reinforcement ratio, and 

the presence of shear reinforcement are examples of these parameters. We hope to develop a 

comprehensive understanding of squat wall shear behavior by taking these parameters and their 

interactions into account. 
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To simulate realistic scenarios, the numerical model will be subjected to monotonic loading at 

various frequencies. The model's response will be compared to experimental data in order to 

validate its accuracy in predicting shear strength. 

 

The findings of this research will help to advance shear strength prediction methods for squat 

walls, giving engineers and designers a more reliable tool for structural analysis and design. It will 

be possible to optimize the design of squat walls by improving accuracy, resulting in safer and 

more cost-effective structures. 
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4. RESEARCH METHODOLOGY 

 
 

4.1. Strut and tie modelling for predicting shear strength of  squat shear 

walls under earthquake loading 

 
4.1.1. Model Novelty 

 

Unlike other equations to determine shear strength of shear walls, our model differs in following 

ways: 

 

• To determine shear strength, ACI 318 Section 11.5 illustrates equations of slender rectangular 

walls which underestimates peak shear strength of squat walls. 

 

• When the shear wall height is smaller than that of its horizontal length, the horizontal shear 

force could be assumed to be transferred directly via diagonal strut, to wall supports. Hence, 

the resultant shear strength would be more than that of slender shear walls as shear  

strength is influenced primarily by strut crushing. 

 

 

• ACI 318 Section 11.5 considers the effect of horizontal web reinforcement only. Whereas 

Wood (1990) in his research depicted that vertical reinforcement contributes to shear strength 

of squat walls more in comparison to horizontal web reinforcement [13]. Hence both vertical 

and horizontal bars were considered in this model. 

 

• For simplicity researchers assume uniform distribution of “stresses at center of the wall”. 

Therefore, such an assumption is inadequate. Our model inculcates non- uniform stress 

distribution along the concrete strut. It also accounts for bulging of diagonal concrete strut. 

 

• Softening effect is an effect that occurs in concrete structures when experiences load for longer 

period, undergoes creep and causes micro cracks in the concrete members. This effect was also 

incorporated while deriving Mohr - Coulomb failure criteria. 
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• Normal shear strength derivation doesn’t count for boundary element reinforcement 

contribution, which is found vital at peak shear values. This model accounts for boundary 

element reinforcement bars as well. 

 

4.1.2. Influencing Parameters 

 

Following influencing parameters were incorporated: 

• H/Lw:           Height to length ratio (aspect ratio) 

• fc:                Concrete compressive strength 

• Nc/Awfc:      Axial load ratio 

• Ah and Av:  Area of steel of web horizontal and vertical bars 

• Abe:             Area of steel of boundary elements 

• K1:              Non-linear strut stress distribution constant 

 

 

4.1.3. Model derivation 

 

The shear strength of a squat shear wall is primarily provided by the Diagonal strut mechanism 

and the Truss mechanism. 

 

4.1.4. Assumptions 

 

 Following assumptions were made to derive the analytical equation: 

 

• For uniform distribution of vertical bars in rectangular walls, boundary element length is 

equal to 10% of total length of the wall.  

For concentrated distribution of vertical bars in rectangular walls, boundary element length 

is equal to “twice the concrete cover plus the length of the region of the concentrated 

vertical bars”, as defined in Section R18.10.6.5 of ACI 318-19. 

 

• The STM approach assumes that the strength of concrete struts governs the shear failure of 

squat shear walls, and these struts often have lower strength than nodal regions. As a result, 

this model has ignored the strength of nodal regions and assumed that all forces can be 
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transferred through the struts. However, when squat shear walls are subjected to high axial 

loads, nodal regions can fail, particularly those connecting diagonal and truss mechanisms. 

Thus, it is necessary to consider the strength of nodal zones in these cases and further 

research is needed on this topic. 

 

• The strut was assumed to be prismatic, having uniform cross section along the length. 

 

• As boundary element confinement effect is found to be negligible, hence it was ignored as 

well. 

 

• Non-uniform stress distribution was assumed along the strut for simplicity.  

A distribution factor K1 was introduced in the model. To satisfy the equilibrium of forces 

and moment equilibrium, this constant was utilized and is explained in the next part of the 

document. 

 

• For diagonal strut mechanism, it was assumed that the axially compressive load is acting 

on the two points upon the boundary elements. Hence, it is logical to assume that the axial 

load is participating in diagonal strut mechanism only. 

 

• In strut mechanism, the diagonal strut resists compressive forces Cc and boundary elements 

vertical bars resist tensile forces T. 

 

• In truss mechanism, the axial rigidity of all truss members was assumed to be equal, (in 

order to analyze the statically indeterminate Strut and Tie model).  

 

• It is assumed that the squat wall would fail under diagonal compression type failure. 
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4.1.5. Data-driven machine-learning-based seismic failure mode identification of 

reinforced concrete shear walls [9] 

 

 

Figure above shows four different shear failure mode of shear walls. Starting from figure a, due to 

fracture of longitudinal reinforcement or crushing of concrete causes wall to fail in flexure. 

Secondly, due to inadequate horizontal shear reinforcement “categorized by one or more corner-

to-corner diagonal cracks”, diagonal tension failure becomes unavoidable. Thirdly, for walls with 

proper horizontal shear reinforcement, it experiences concrete crush under diagonal compression 

with widespread crack patterns, hence causing diagonal compression failure. Finally sliding shear 

failure is a result of either 

• Over a narrow band along wall base, rebars buckle and the crushing of concrete, as shown. 

• Large cracks visible at wall base 

In short, sliding shear is the shear failure of the wall when seismic load is applied along exact 

horizontal plane, while diagonal shear failure is shearing failure when load is applied at an angle 

to the horizontal plane. 

Although the research paper devised ML program to predict failure mode identification with 84% 

accuracy, there isn’t any exact empirical or ML approach to predict failure mode types. However, 

the paper indicates that the essential characteristics that determine failure modes include aspect 

ratio, boundary element reinforcement indices, and wall length-to-wall thickness ratio. 

Figure (B) Various Shear Failure Mode of Shear Walls 
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4.2. Size Effect of Squat Shear Walls Extrapolated by Micro plane Model 14 

 
The failure load of a squat wall is influenced by numerous factors: compressive strength of 

concrete, the boundary reinforcement ratio, the aspect ratio, cross section of the wall, transverse 

and vertical web reinforcement ratios and vertical axial force. Such factors lead to diverse failure 

mechanisms like diagonal tension, sliding shear and diagonal compression as shown above. 

For shear walls with smaller aspect ratios, failure shifts from flexural to shear thanks to lesser 

cross-sectional area of the wall. Resultingly, size effect becomes of key importance for aspect 

ratios lesser than two. Concrete being a quasi-brittle material rather than plastic, size effect must 

be considered in further analysis.  

 

From the research paper, following conclusions can be extracted for doubly reinforced S4 and 

singly reinforced S9 Shear walls of various sizes: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Key points 

 

• Smaller the aspect ratio, higher the chances of shear failure in concrete strut which in turn 

results in catastrophic brittle failure of the shear wall, which negates one of the intentions 

of having shear wall at first place- to have flexure-controlled failure to get inhabitants 

enough time to evacuate. 

• Shear wall size doesn’t play much role in slender shear walls in comparison to squat walls. 

• Increasing steel ratio makes size effect to contribute to shear strength. 

• Vertical steel bars prevent inclined shear cracks but remain in-active against sliding shear. 

• Absence of horizontal bars may cause shear cracking and size effect. 
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4.2.1. Analytical model development 

 

4.2.1.1. Mathematically 

 

For D-region members, total shear strength is sum of the shear strength contributed by each of the 

force transfer mechanisms i.e, diagonal strut mechanism and truss mechanism as follows: 

Vn=Vnc+Vw  ……. (1) 

 

Where Vnc is the shear strength provided by diagonal strut mechanism and Vw represents truss 

mechanism’s resulting shear strength, Vn is shear strength of the squat wall. 

Moreover, Θs is strut inclined angle and is determined as follows: 

𝐭𝐚𝐧𝚯𝐬 =
𝐇𝐰

𝐋𝐰−𝐡𝐛
      (Θs should not be less than 25 as per ACI) 

 

Where hw and lw represent the height and length of the wall, respectively, and hb represents the 

length of the boundary element. For uniformly distributed vertical bars in rectangular walls, 

boundary element length (hb) is equal to 0.1Lw, i.e, 10% of length the wall. 

  

The following figure shows the simplified STM (The dark line shows the diagonal strut, and 

the dotted lines show the ties). 
 

    

Figure (C) Simplified STM of squat wall 
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4.2.1.2. By using Diagonal Strut Mechanism 

 

                    

  

 

 

 

 

 

 

 

 

 

 
 

 

 

 

We consider node C to obtain Mohr-column’s criterion equation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure (c) shows concrete strut assumed biaxial state of stresses in at node C which is CCC node 

(which is bounded by three compressive forces). We resolve above figures using summation of 

forces along x and y axis as follows : 

 

 

 

 

 

K1T 

Fig (a) 

 

Fig (b) 
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Figure (D) Tensile Stress Distribution 

4.2.1.3. Principle tensile stress (𝜶𝟏) 

 

σ𝟏 − 𝒌𝟏𝑻 = 𝟎 

where T is the tension force which has been multiplied with K1- a force distribution factor to 

represent its distribution of tension throughout the diagonal strut. Hence, 

σ𝟏 = 𝒌𝟏𝑻…….…(2) 

 

4.2.1.4. Principle compressive stress (𝜶𝟐) 

 

σ𝟐 − 𝑪𝒄 = 𝟎 

Here Cc is the compressive force generated inside the strut due to application of lateral force Vnc 

which in turn forces the assumed compressive strut to bulge out. Hence, 

σ𝟐 = 𝑪𝒄 ………….(3) 

 

 

4.2.1.5. K1 stress distribution factor 

 

Tang and Tan considered uniform/ rectangular stress distribution which is inaccurate in comparison 

to triangular stress distribution which causes both positive and negative stress distribution as 

shown. 

 

 

 

 

 

 

 

 

 

 

 

   

Along the diagonal strut, triangular stress distribution can be assumed to cater for nonlinear 

changes in stress distribution as we can observe extra confinement at the bottom, in comparison to 

the top, and due to the presence of the bottom steel. Tan et al.[15] proposed k = 2, k being stress 

distribution constant, utilizing force equilibrium, by equating the force represented by the 

triangular stress block to Ts sin𝚯𝑠. We do know that though force equilibrium was satisfied at first 

place, violation of moment equilibrium was observed.  
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In order to satisfy both force and moment equilibrium, the stress distribution is shown in Fig. 2 

and the constant for stress distribution, k, can be simultaneously calculated as follows. Although 

according to the paper, there is a minor 5% difference in strength when K is considered 2 instead 

of 1, yet this effect should be considered for appropriate results. 

 

4.2.1.6. Applying Mohr- Coulomb failure criteria 

 
For nodal zones (tension–compression stress state), Ning Zhang, Kang-Hai Tan model [16] utilizes 

a failure criterion using Mohr–Columb theory (Cook and Young 1985) from research paper [15] 

assumption of Tan et al, as below:  

σ1

𝒇𝒕𝒏
+

σ𝟐

𝒇𝒄
= 𝟏….. (4) 

Where σ2 =< fc keeping in view that bottom node is bounded in both directions(i.e, additional 

lateral confinement), ftn is the tensile strength provided by  boundary reinforcement and concrete 

in σ1 direction and fcr is compressive strength of concrete cylinder, in σ2 direction. 

 

 

Resolving Cc and T: 

 
From The Given Tringle ABC as shown in 

previous figure (b) 

 

 

𝑪𝒄 =
𝑽𝒏𝒄

𝑪𝒐𝒔𝜽𝒔
    …..(5)        

 

 𝑻 = 𝑽𝒏𝒄𝒕𝒂𝒏𝜽𝒔 ……. (6) 

 

 

N was expected to be quietly sensitive to T since most low-rise shear walls are subjected to 

relatively low axial load ratios (lower the height, lesser the earthquake loads) 

 

Vnc is a factor which transforms the compressive force N into equivalent lateral force. 
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Softening coefficient: 

Tan et al [15] suggests:  

 

 

It is assumed that the strut has uniform cross-section along its length and is prismatic. 

As we know,  𝑠𝑡𝑟𝑒𝑠𝑠 =
𝑓𝑜𝑟𝑐𝑒

𝐴𝑟𝑒𝑎
 

 

𝜶𝟐 =
𝑪𝒄

𝑨 𝒔𝒕𝒓
  ……. (7) 

 

                                                                &           𝜶𝟏 =
𝒌𝟏𝑻

𝑨𝒔
 …….. (8) 

 

Here As is area of steel of any single boundary element upon which Vnc is to be assumed against 

which shear strength is being determined. Furthermore, Astr is the cross-section area of the strut, 

and it can be represented by the product of wall web and depth of diagonal strut. 

 

𝑨𝒔𝒕𝒓 = 𝒕𝒘 ∗ 𝒂𝒔 

 

Here, as is the depth of diagonal strut and tw is thickness of wall web.  

 

For the depth of the flexural compression zone of an elastic column, Hwang [17], using Paulay and 

Priestley’s (1992) equation, suggested that as is approximately equal to depth of flexure 

compression zone ac. (“Eq 4.61, P273-74 of Seismic Design of Reinforced Concrete and Masonry 

Buildings” by T. Paulay) 

 

 

𝑎𝑐 = 𝑎𝑠 = (0.25 + 0.85
𝑁

𝐴𝑤𝑓𝑐
) 𝑙𝑤 

 

Here Aw= concrete section net area bounded by lw and tw, namely shear force directional length of 

the wall and web thickness, respectively, and  
𝑵

𝑨𝒘𝒇′𝒄
    is the axial load ratio, N being minimum 

compression force 
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Using equations 5 and 6 in 7 and 8:  

  

𝜶𝟐 =
𝑽𝒏

𝑨𝒔𝒕𝒓𝑪𝒐𝒔𝜣𝒔
 

&    𝜶𝟏 =
𝒌𝟏𝑽𝒏𝒕𝒂𝒏𝜣𝒔

𝑨𝒔
 

Substituting Values in equation 4 we get: 

 

Vnc= 
𝟏

𝒌𝟏𝒕𝒂𝒏𝜣𝒔

𝑨𝒔 𝒇𝒕𝒏
+

𝟏

𝑨𝒔𝒕𝒓𝑪𝒐𝒔𝜣𝒔𝒇𝒄

 ....... (a) 

 

 

4.2.1.7. By using Truss Mechanism 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The truss mechanism constitutes sub trusses in vertical and horizontal directions. The shear 

strength contributed by these sub trusses is mainly governed by the two ties (vertical and 

horizontal).  

 

By providing an additional loading path for transfer of squat wall lateral forces, the presence of 

web reinforcements may activate greater shear resistance in addition to diagonal system. The 

horizontal truss mechanism consists of one lumped (assumed) horizontal tie (blue solid line), two 

Figure (E) Truss Mechanism 
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vertical members and two flat struts represented by dashed lines in blue. Moreover, the vertical 

truss mechanism consists of one lumped (assumed) vertical tie (red solid line), two horizontal 

members and two steep struts represented by dashed lines in red. 

By force equilibrium, Fx = 0;  

𝑽𝒘 = 𝑭𝒉 + 𝟐𝑭𝒗𝒄𝒐𝒕𝜣𝟏 

𝑽𝒘 = 𝑭𝒉 + (
𝟐𝑭𝒗

𝒕𝒂𝒏𝜣𝟏
) 

𝑽𝒘 = 𝑭𝒉 + (
𝟐𝑭𝒗

𝟐𝒕𝒂𝒏𝜣𝒔
) 

𝑽𝒘 = 𝑭𝒉 + 𝑭𝒗𝒄𝒐𝒕𝜣𝒔 

 

Squat shear walls generally fail in shear therefore the horizontal and vertical reinforcement may 

not attain their yield strength. Changing the equation to: 

𝑽𝒘 = 𝑲𝒉𝑨𝒉𝑭𝒚𝒕 + 𝑲𝒗𝑨𝒗𝒇𝒚𝒗𝑪𝒐𝒕𝚯𝐬…………….(b) 

 

Using equation (a) and (b) in equation 1: 

 

 

Vn = 
𝟏

𝒌𝟏𝒕𝒂𝒏𝜣𝒔

𝑨𝒔𝒇𝒕𝒏
+

𝟏

𝑨𝒔𝒕𝒓𝑪𝒐𝒔𝜣𝒔𝒇𝒄

 + 𝑲𝒉𝑨𝒉𝑭𝒚𝒕 + 𝑲𝒗𝑨𝒗𝒇𝒚𝒗𝑪𝒐𝒕𝚯𝐬 

 

 

Here: 

• K1 (Transverse stress distribution factor)         

• 𝜣𝒔 (Depends on Squat wall dimensions) 

• Abe is equal to ρbe(bbxhb) 

• Ah is equal to ρh(Hwxtw) 

• Av is equal to ρv(Lw – hb)tw 

• Where kh = 0.11 and kv = 0.19 from Gulec and Whittaker and Ma et al.[19] 

• For K1, from (N. Zhang, K. H. Tan) 

 Comparing Eqs. (6) and (7), for top and bottom nodal zones, the principal tensile stress can 
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be determined using following factors: 

               k` = 4 − 6 ·(dw /dc)  

               k = 6 ·dw /dc − 2. 

• ftn is concrete's tensile strength and boundary vertical reinforcement, Tang, and Tan et al [18] 

suggests:  

         That the tensile strength of longitudinal reinforcement and concrete in the boundary 

elements: 

𝐴𝑠𝑓tn  =  𝐴𝑏𝑒𝑓𝑦𝑏𝑒  +   0.5√𝑓𝑐 𝑏𝑏 ℎ𝑏 

• Where fc is the compressive strength of concrete. 

• 𝑓𝑦𝑏𝑒 is boundary element yielding strength.  

• 𝑏𝑏  is boundary element thickness and  ℎ𝑏 is boundary element width and Abe is boundary 

element steel area. 

In other words, 𝐴𝑠𝑓tn accounts for concrete and boundary element steel tensile strength. 

• For w = 0 and dw = dc (bottom reinforcement (Fig. 2)), the stress distribution factor is: 

               k` = −2 (compression) 

               k = 4 (tension). Hence for tensile forces due to bottom reinforcement, take k1=4. 

 

 

4.2.2. Determination of optimum parameters for proposed model 

 

The optimum values of Kh and Kv were found to be equal to 0.11 and 0.19 respectively by 

performing non-linear regression using FIMCON function of MATLAB. Gulec and Whittaker[19] 

and Ma et al can be referred to for detailed understanding the parameters optimization. “Strut and 

Tie model for predicting shear strength of squat walls under earthquake loads” paper by Panatchai 

Chetchotisak[10] can be referred to as for the determination of values of the parameters as this 

procedure was out scope of our Final Year Project. 
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FIMCON function can be illustrated as follows: 

Ax =< b 

Aeqx = beq 

min x f(x) subject to C(x) =< 0 

Ceq(x) =< 0 

Lb=<x=<ub 

 

Here f(x) represents the design variable’s x, objective function i.e, a, kh and kv; b and beq being the 

vector coefficients of corresponding matrices, A and Aeq are coefficient matrices of linear equality 

and inequality constraints, respectively. 

 

Of the variables x, ub and lb are vectors of upper and lower bounds, respectively. C(x) and Ceq (x) 

are nonlinear functions of equality and inequality constraints. 

 

 

5. MODEL DESIGN 
 

A sample, step by step design calculations can be shown as follows: 

 

 

Given Data: 

 

 

     Hw =   Height of wall                                 ;               hb = Height of boundary element 

     Lw =  Length of wall             ;               bb = Width of boundary element 

     fc = Compressive strength             ;               tw = Web thickness 

     fyh = Yield Strength of H.bars             ;               fyv = Yield strength of V.bars 

     ρh = Reinforcement ratio of H.bars ;               ρv = Reinforcement ratio of H.bars  

 

 

Step#1: 

𝐭𝐚𝐧𝚯𝐬 =
𝐇𝐰

𝐋𝐰 − 𝐡𝐛
 

 

Step#2: 

                  𝒂𝒄 = 𝒂𝒔 = (𝟎. 𝟐𝟓 + 𝟎. 𝟖𝟓
𝑵

𝑨𝒘𝒇𝒄
) 𝒍𝒘 
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Step#3: 
                                             

                𝑨𝒔𝒕𝒓 = 𝒕𝒘 ∗ 𝒂𝒔 

Step#4: 

   

 

 𝑨𝒔𝒇𝐭𝐧  =  𝑨𝒃𝒆𝒇𝒚𝒃𝒆  +   𝟎. 𝟓√𝒇𝒄 𝒃𝒃 𝒉𝒃 

 

 

 

Step#5: 

 

Ah= ρh Hw tw 

 

 

 

Step#6: 

 

Av= ρv Lw tw 

 

 

 

Step#7: 

 

            Vnc = 
𝟏

𝒌𝟏𝒕𝒂𝒏𝜣𝒔

𝑨𝒔𝒇𝒕𝒏
+

𝟏

𝑨𝒔𝒕𝒓𝑪𝒐𝒔𝜣𝒔𝒇𝒄

 

 

 

Step#8: 

 

 

          Vw = 𝑲𝒉𝑨𝒉𝑭𝒚𝒕 + 𝑲𝒗𝑨𝒗𝒇𝒚𝒗𝑪𝒐𝒕𝚯𝐬 

 

 

 

Step#9: 

    

Vn=Vnc+Vw 

 

 

 

 



33 
 

6. VALIDATION 

 

6.1.   Validation through Abaqus 

 
Abaqus CAE software was used to find the shear strength and deflections of the proposed model. 

The dimensions and materials specifications were taken from literature (SizetEffect of Squat Shear 

WallsrExtrapolatedfby Microplane Model M7 by Mohammad Rasoolinejad and Zdeneˇ k P. Bažant) 

in order to validate Abaqus model first and subsequently the analytical model. The figure below 

shows the dimensions and reinforcement details. 

 

 
Figure (F) Various cross sections shows the reinforcement details of squat shear wall 

For the materials normal concrete with compressive strength of 30 Mpa was used, and the 

reinforcement used had a yield strength of 574 Mpa. All the parts of the model were made 

separately and then assembled as shown. 
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After making the parts and assembling them the model was meshed with concrete parts having 

mesh size of 50mm and reinforcement with 20mm size. The mesh type used for concrete parts was 

C3D8I and for rebars it was T3D2. The figure below shows meshing done through the web and 

whole wall. 

 

                    
 

After meshing the parts, the loads were applied and the analysis were run and the results can be 

seen in the visualization module. The figures below show the stresses developed in concrete and 

later displacement of the wall. 
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In order to check whether our finite element model is giving correct results we compared the 

displacement at maximum load of our model with the research paper from where we have taken 

the dimensions and materials specifications and the results are shown below. 

  

 
Figure (G) Force-Displacement Graph obtained from Abaqus Model 

 

 
 

Figure (H) Results from research paper in the form of max load, force, and displacement 
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The outcomes obtained from our model are depicted in Figure (G) while the results from the 

research paper are depicted in Figure (H). The maximum load recorded for our model was 372 kN, 

while the lateral displacement was 8.06mm. These values are well in the range of the values given 

in the mentioned paper which proves the validity of our Abaqus model. Further the same 

dimensions and material specifications were put in the developed analytical model and the strength 

coming from that was 388 kN. The ratio of the analytical strength and finite element model strength 

was then compared to the ratios in the literature to further validate the developed model. The results 

are shown below. 
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6.2.   Validation through experimental data 

 
The data of 126 walls (attached with Appendix-A) from the literature was entered in the proposed 

model and the shear strength was obtained, further the same data was put in the other 8 state of the 

art models and their respective shear strengths were calculated and the compared with the proposed 

model. Excel file was developed to derive shear strength of squat wall database values available 

online, and resulting shear strength were compared with experimental values. Co-efficient of 

determination ( R2 ) were obtained. Finally respective Co-efficient of determination ( R2 )  were 

compared with our model. Our model had an ( R2 )  of 0.9604. Hence it proves that our model 

performs well for rectangular squat shear walls of respective databases. The following shows 

content from the excel file. 
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Frequency charts: 

 

Figure (I) shows the frequency of different parameters of the experimental database. 
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Figure (I) Frequency vs various parameters of Squat Shear Wall 
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Parameters charts: 

 

Figure (J-a) presents the model accuracy of the wall height (Hw) with a value of 1.00 indicating 

the satisfactory performance of the proposed model across various levels of Hw ranging from 0.5 

to 1.5. Likewise, other figures illustrates the accuracy of other influential parameters such as Lw, 

Tw, Fyh, Fyv, Pv, and P, all of which exhibit an acceptable accuracy value of 1.00. Therefore, based 

on the analysis of the experimental data, it can be confirmed that the proposed model demonstrates 

a reliable predictive capability. 
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e) Shear Strength Ratio vs Compressive 
Strength 

f) Shear Strength Ratio vs Vertical 
Reinforcement Ratio 

g) Shear Strength ratio vs Vertical Reinforcement 
Yield Strength 

h) Shear Strength ratio vs Axial Load 

Figure (J) Graphs of the Shear Strength ratio of calculated over experiment 

vs various parameters of Squat Shear Wall 
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R² = 0.9016
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7. RESULTS 

 

The effectiveness of an empirical model depends on how the model is trained and validated using 

the provided dataset. To create the model, 126 of the designated walls with boundary element were 

selected as training data, shear strengths obtained from various models including proposed model 

of 126 walls are attached with Appendix-B. Various statistical methods can be used to analyze and 

gain numerical understanding of the proposed STM model. 

 

The coefficient of determination (  R2 ) is one of the most popular statistical approaches to testing 

model reliability. The coefficient of determination equal to one is considered to provide the best 

fit.  

 

                                                                      𝑅2 = 1 −
∑[𝑉𝑗ℎ

𝐸𝑥𝑝
−𝑉𝑗ℎ

𝐸𝑠𝑡]2

∑[𝑉𝑗ℎ
𝐸𝑥𝑝

−𝑉𝑗ℎ(𝑚𝑒𝑎𝑛)
𝐸𝑠𝑡 ]2

 

 
It is worth noting that the value of R2 of the proposed model was 0.9604 which is superior to all 

the existing model for squat shear walls. 
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Figure (K) Graphs and comparison of the Coefficient of Determination of various models and proposed 

model of Squat Shear Wall 
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8. CONCLUSION 

 

This research study focuses on the development of an analytical model using the Strut and tie 

(STM) approach to predict the shear strength of squat walls with boundary elements. The 

experimental data set consists of 126 walls, which were utilized to evaluate the shear strength 

predictions made by the proposed analytical model. In order to assess the model's performance, 

the same database was employed in eight other state-of-the-art models, and a comparison was 

made using the coefficient of determination (R2) approach. The results demonstrated that the 

proposed model achieved an R2 value of 0.9604, surpassing all existing models for squat shear 

walls. Additionally, an Abaqus model was constructed, allowing for a comparison of shear strength 

ratios between the analytical model and the Abaqus model. The obtained ratio was determined to 

be 0.96, which was subsequently compared with ratios reported in the literature, thereby providing 

further validation for the proposed analytical model. 
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9. LIMITATIONS / PROJECT EXTENSIONS 

 
Our model has following limitations which can be overcome by extending scope of the project: 

 

• Model gives good results for a set of 126 walls. Empirical equations can be extended to 

more data sets to account for study of variations in different squat walls parameters. 

 

• The model was developed for rectangular squat shear walls only. For other types of shear 

walls like Barbell and flanged, modifications in the model can be made. 

 

• K1, Kh and Kv parameters determined by MATLAB were referred to research papers 

available online. Non-linear regression can be performed on vast data sets available. 

 

• More parameters can be introduced to account for assumptions mentioned at the start of 

the thesis document. 

 

• Small scale experiments can be performed on squat shear walls by casting and curing for 

28 days, to validate results obtained from the strut and tie model and ABAQUS with 

experimental values. 

 

• Model scope can be further extended to flexure and diagonal flexure failure design of 

intermediate and slender shear walls specifying it as second part of the model for aspect 

ratios more than 2. 

 

• Model results can further be compared with strut and tie models developed by other 

researchers except mentioned in the document. 
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APPENDIX-A 

 

 
 

No. Ref. 
Specimen 

ID 
Type 

Hw 
(mm) 

Lw 
(mm) 

tw 
(mm) 

bb 
(mm) 

hb 
(mm) 

Ph 
(%) 

Pv 
(%) 

Pbe 
(%) 

f’c 
(MPa) 

fyh 
(MPa) 

fyv 
(MPa) 

fybe 
(MPa) 

N/(Aw f’c ) 
Vexp 
(kN) 

1 2 RC-M-1.2 Rect w/B 1200 1000 100 100 150 0.63 0.63 3.54 46 667 667 484 0 345 

2 2 RC-H-1.2 Rect w/B 1200 1000 100 100 150 0.86 0.86 6.46 46 633 633 472 0 465 

3 2 RC-M-1.5 Rect w/B 1500 1000 100 100 150 0.63 0.63 6.46 47 667 667 472 0 350 

4 2 RC-H-1.5 Rect w/B 1500 1000 100 100 150 0.69 0.69 8.85 42 622 622 478 0 530 

5 3 NS1M Rect w/B 1750 1500 200 200 300 0.93 1.1 9.57 53 470 470 617 0.07 2275 

6 3 HS1M Rect w/B 1750 1500 200 200 300 0.68 0.7 9.57 53 667 667 617 0.07 2111 

7 3 NS0.5M Rect w/B 1000 1500 200 200 100 0.93 0.92 9.62 45 470 617 617 0.07 2492 

8 3 HS0.5M Rect w/B 1000 1500 200 200 100 0.68 0.58 9.62 37 667 617 617 0.07 2351 

9 7 PW1 Rect w/B 4691 3048 152 152 305 0.28 0.28 3.5 36 522 579 579 0.1 836 

10 7 PW2 Rect w/B 4691 3048 152 152 305 0.28 0.28 3.5 40 522 579 579 0.13 1228 

11 7 PW3 Rect w/B 4691 3048 152 152 305 0.28 1.57 2 34 522 353 353 0.1 1005 

12 7 PW4 Rect w/B 4691 3048 152 152 305 0.28 0.28 3.5 29 522 462 462 0.12 970 

13 8 SW-7 Rect w/B 1905 1905 76 76 191 0.27 0 8.19 43 414 448 448 0 519 

14 8 SW-8 Rect w/B 1905 1905 76 76 191 0.27 0 8.19 42 465 448 448 0 569 

15 9 MCN50M Rect w/B 2498.08 2402 102 102 240 0.14 0.14 3.27 19 447 447 434 0.01 408 

16 9 MCN100M Rect w/B 2498.08 2402 101 101 240 0.28 0.28 4.68 19 447 447 430 0.01 617 

17 9 MCN50C Rect w/B 2494.96 2399 102 102 240 0.14 0.14 3.27 18 447 447 434 0.01 352 

18 9 MCN100C Rect w/B 2492.88 2397 101 101 240 0.28 0.28 4.69 18 447 447 430 0.01 453 

19 9 MRN100C Rect w/B 2484 5400 100 100 200 0.28 0.28 2.84 16 447 447 443 0.02 766 

20 9 MRN50mC Rect w/B 2482.16 5396 103 103 200 0.12 0.12 2.91 20 605 605 456 0.01 776 

21 9 MCN50mC Rect w/B 2493.92 2398 103 103 240 0.12 0.12 3.45 20 605 605 443 0.01 329 

22 9 MEN50mC Rect w/B 2502.78 1239 101 101 124 0.12 0.12 4.54 20 605 605 443 0.01 154 

23 9 MCN50mD Rect w/B 2318.36 1916 83 83 192 0.11 0.11 3.77 25 630 630 411 0.01 234 

24 9 MCN100D Rect w/B 2324.41 1921 84 84 192 0.26 0.26 4.96 25 435 435 411 0.01 274 

25 10 S4-Z4B2-1 Rect w/B 2250 2000 200 200 300 0.25 0.57 1.34 39 327 495 488 0.4 1104 

26 10 S4-Z4B2-2 Rect w/B 2250 2000 200 200 300 0.25 0.57 1.34 39 327 495 488 0.4 1083 

27 10 S5-Z4B2-1 Rect w/B 2250 2000 200 200 300 0.25 0.7 1.34 39 327 465 488 0.4 1140 

28 10 S5-Z4B2-2 Rect w/B 2250 2000 200 200 300 0.25 0.7 1.34 39 327 465 488 0.4 1166 

29 11 M60 Rect w/B 2159 2032 203 203 254 0.34 0.34 4.04 39 453 453 440 0 1122 

30 11 M115 Rect w/B 2159 2032 203 203 254 0.17 0.17 2.33 38 786 786 770 0 1104 

31 11 H60 Rect w/B 2159 2032 203 203 254 0.86 0.86 6.63 44 475 475 450 0 1969 

32 11 H115 Rect w/B 2159 2032 203 203 254 0.43 0.43 3.51 44 806 806 770 0 1808 

33 11 H60X Rect w/B 2159 2032 203 203 254 0.86 0.86 6.63 42 475 475 450 0 1954 

34 12 EB Rect w/B 2159 2032 203 203 406 0.82 0.82 4.6 44.7 441 441 446 0 1680 
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No. Ref. 
Specimen 

ID 
Type 

Hw 
(mm) 

Lw 
(mm) 

tw 
(mm) 

bb 
(mm) 

hb 
(mm) 

Ph 
(%) 

Pv 
(%) 

Pbe 
(%) 

f’c 
(MPa) 

fyh 
(MPa) 

fyv 
(MPa) 

fybe 
(MPa) 

N/(Aw f’c ) 
Vexp 
(kN) 

35 12 3B Rect w/B 2159 2032 203 203 254 0.82 0.82 5.16 49.1 441 441 446 0 1950 

36 14 W7 Rect w/B 1500 750 125 125 210 0.67 0.46 1.8 31 588 588 604 0 203 

37 14 W9 Rect w/B 1500 750 125 125 75 0.2 1.05 2.41 31 588 604 604 0 177 

38 14 W11 Rect w/B 1500 750 125 125 75 0.11 1.05 2.41 31 588 604 604 0 173 

39 14 W13 Rect w/B 1500 750 125 125 75 0.11 1.05 2.41 25 588 604 604 0 158 

40 24 6 Rect w/B 1801 1300 120 120 130 0.13 0.26 6.53 18 314 314 471 0 309 

41 24 7 Rect w/B 1801 1300 120 120 130 0.25 0.13 6.53 18 471 471 471 0 364 

42 24 8 Rect w/B 1801 1300 120 120 130 0.25 0.26 6.53 16 471 471 471 0 374 

43 24 9 Rect w/B 1801 1300 100 100 130 0.26 0.26 7.01 18 366 366 471 0 258 

44 24 10 Rect w/B 1801 1300 80 80 130 0.25 0.25 7.31 16 367 367 471 0 187 

45 24 11 Rect w/B 1400 1400 100 100 140 0.13 0.26 5.71 16 362 362 471 0 235 

46 24 12 Rect w/B 1400 1400 100 100 140 0.26 0.13 5.71 17 366 366 471 0 304 

47 24 13 Rect w/B 1400 1400 100 100 140 0.26 0.26 5.71 18 370 370 471 0 289 

48 24 14 Rect w/B 1199 1700 80 80 170 0.13 0.25 4.41 17 366 366 471 0 255 

49 24 15 Rect w/B 1199 1700 80 80 170 0.25 0.13 4.41 19 366 366 471 0 368 

50 24 16 Rect w/B 1199 1700 80 80 170 0.25 0.25 4.41 19 366 366 471 0 362 

51 24 21 Rect w/B 1801 1300 100 100 130 0 0 4.62 24 0 0 471 0 258 

52 24 22 Rect w/B 1801 1300 100 100 130 0 0 4.62 17 0 0 471 0 222 

53 24 23 Rect w/B 1801 1300 100 100 130 0.25 0 8.54 24 431 431 471 0 333 

54 24 24 Rect w/B 1801 1300 100 100 130 0 0.25 4.62 24 0 431 471 0 232 

55 24 25 Rect w/B 1400 1400 100 100 140 0 0 4.29 24 0 0 471 0 352 

56 24 26 Rect w/B 1400 1400 100 100 140 0 0 4.29 18 0 0 471 0 262 

57 24 27 Rect w/B 1400 1400 100 100 140 0.25 0 6.5 24 431 0 471 0 491 

58 24 28 Rect w/B 1400 1400 100 100 140 0 0.25 4.29 23 0 431 471 0 258 

59 24 29 Rect w/B 1049 1501 80 80 150 0 0 5 23 0 0 471 0 400 

60 24 30 Rect w/B 1049 1501 80 80 150 0 0 5 18 0 0 471 0 356 

61 24 31 Rect w/B 1049 1501 80 80 150 0.25 0 6.67 23 431 0 471 0 391 

62 24 32 Rect w/B 1049 1501 80 80 150 0 0.25 5 23 0 448 471 0 344 

63 23 W2 Rect w/B 2000 1500 200 200 200 0.29 0.32 1.28 28 335 335 395 0.1 443 

64 24 1 Rect w/B 2000 1000 120 120 100 0.13 0.25 8.5 19 392 392 471 0 198 

65 24 2 Rect w/B 2000 1000 120 120 100 0.25 0.25 8.5 20 402 402 471 0 270 

66 24 4 Rect w/B 2000 1000 120 120 100 0.38 0.25 10.57 20 402 402 471 0 324 

67 25 72 Rect w/B 1700 1700 160 160 170 0.26 0.51 5.68 17 419 407 376 0.11 772 

68 25 73 Rect w/B 1700 1700 160 160 170 0.26 0.51 5.68 21 419 407 376 0.09 775 

69 25 74 Rect w/B 1700 1700 160 160 170 0.57 0.51 5.68 21 421 407 376 0.09 790 

70 25 75 Rect w/B 1700 1700 160 160 170 0.57 0.51 5.68 14 421 407 376 0.14 812 

71 25 76 Rect w/B 1700 1700 160 160 170 1.08 0.51 5.68 15 415 407 376 0.13 794 

72 25 77 Rect w/B 1700 1700 160 160 170 1.08 0.51 5.68 18 415 407 376 0.11 875 

73 25 78 Rect w/B 1700 1700 160 160 170 0.61 0.51 2.51 21 421 407 382 0.09 662 

74 25 79 Rect w/B 1700 1700 160 160 170 0.61 0.51 2.51 14 421 407 382 0.14 591 
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No. Ref. 
Specimen 

ID 
Type 

Hw 
(mm) 

Lw 
(mm) 

tw 
(mm) 

bb 
(mm) 

hb 
(mm) 

Ph 
(%) 

Pv 
(%) 

Pbe 
(%) 

f’c 
(MPa) 

fyh 
(MPa) 

fyv 
(MPa) 

fybe 
(MPa) 

N/(Aw f’c ) 
Vexp 
(kN) 

75 25 80 Rect w/B 1700 1700 160 160 170 1.08 0.51 2.51 15 415 407 382 0.13 657 

76 25 81 Rect w/B 1700 1700 160 160 170 1.08 0.51 2.51 18 415 407 382 0.11 713 

77 25 82 Rect w/B 1700 850 160 160 85 0.57 0.4 9.91 21 421 407 381 0.09 318 

78 25 83 Rect w/B 1700 850 160 160 85 0.57 0.4 9.91 18 421 407 381 0.11 304 

79 25 84 Rect w/B 1700 850 160 160 85 1.08 0.4 8.44 18 415 407 378 0.11 319 

80 25 85 Rect w/B 1700 850 160 160 85 1.08 0.4 8.44 21 415 407 378 0.09 336 

81 25 Ohono_1-1 Rect w/B 400 900 100 100 90 0.1 0.1 5 30 224 224 224 0 254 

82 25 Ohono_1-2 Rect w/B 400 900 100 100 90 0.1 0.1 5 29 224 224 224 0 204 

83 25 Yoshizaki-165 Rect w/B 860 800 60 60 86 0.23 0.22 4.92 24 433 433 333 0 102 

84 25 Yoshizaki-166 Rect w/B 860 800 60 60 86 0.82 0.73 5.47 24 433 433 343 0 147 

85 25 Yoshizaki-167 Rect w/B 860 800 60 60 86 0.41 0.44 7.71 24 433 433 343 0 135 

86 25 Yoshizaki-168 Rect w/B 860 800 60 60 86 0.82 0.73 8.25 24 433 433 345 0 159 

87 25 Yoshizaki-169 Rect w/B 860 800 60 60 86 1.17 1.17 8.25 24 433 433 345 0 175 

88 25 Yoshizaki-170 Rect w/B 860 1200 60 60 120 0.23 0.24 3.52 25 433 433 333 0 160 

89 25 Yoshizaki-171 Rect w/B 860 1200 60 60 120 0.82 0.78 3.91 25 433 433 343 0 235 

90 25 Yoshizaki-172 Rect w/B 860 1200 60 60 120 0.41 0.44 5.52 25 433 433 343 0 220 

91 25 Yoshizaki-173 Rect w/B 860 1200 60 60 120 0.82 0.78 5.91 25 433 433 345 0 269 

92 25 Yoshizaki-174 Rect w/B 860 1200 60 60 120 1.17 1.17 5.91 25 433 433 345 0 275 

93 25 Yoshizaki-175 Rect w/B 860 1200 60 60 120 0.23 0.22 3.53 26 433 433 433 0 199 

94 25 Yoshizaki-176 Rect w/B 860 1600 60 60 160 0.82 0.8 2.94 26 433 433 343 0 322 

95 25 Yoshizaki-177 Rect w/B 860 1600 60 60 160 0.41 0.37 4.44 26 433 433 345 0 279 

96 25 Yoshizaki-178 Rect w/B 860 1600 60 60 160 0.82 0.8 4.44 26 433 433 345 0 382 

97 25 Yoshizaki-179 Rect w/B 860 1600 60 60 160 1.17 1.17 4.73 26 433 433 351 0 422 

98 26 WSL1 Rect w/B 1750 1600 100 100 300 0.2 0.2 4.02 29 604 604 438 0 349 

99 26 WSL2 Rect w/B 1750 1600 100 100 300 0.2 0.2 1.34 29 604 604 438 0 233 

100 26 WSL3 Rect w/B 1750 1600 100 100 300 0.26 0.26 4.02 29 601 601 438 0 471 

101 26 WSL4 Rect w/B 1750 1600 100 100 300 0.14 0.14 4.02 29 632 632 438 0 403 

102 26 WSL5 Rect w/B 1750 1600 100 100 300 0.2 0.2 4.02 29 446 446 438 0 357 

103 26 WSL6 Rect w/B 1750 1600 100 100 300 0.14 0.14 4.02 29 446 446 438 0 416 

104 26 WSL7 Rect w/B 1750 1600 80 80 300 0.68 0.25 3.35 29 604 604 438 0 324 

105 26 WSL8 Rect w/B 1750 1600 80 80 300 0.48 0.17 3.35 29 632 632 438 0 292 

106 26 WSL9 Rect w/B 1750 1600 80 80 300 0.25 0.25 3.35 29 446 446 438 0 336 

107 28 C1.0 Rect w/B 1350 1200 100 100 210 0.84 0.32 2.24 35 520 520 520 0.07 455 

108 28 C1.5 Rect w/B 1950 1200 100 100 210 0.84 0.32 2.24 34 520 520 520 0.07 304 

109 29 SW11 Rect w/B 825 750 70 70 140 1.1 2.4 3.1 42 520 470 470 0 260 

110 29 SW12 Rect w/B 825 750 70 70 140 1.1 2.4 3.1 43 520 470 470 0.1 340 

111 29 SW13 Rect w/B 825 750 70 70 140 1.1 2.4 3.1 32 520 470 470 0.2 330 

112 29 SW14 Rect w/B 825 750 70 70 140 1.1 2.4 3.1 34 520 470 470 0 265 

113 29 SW15 Rect w/B 825 750 70 70 140 1.1 2.4 3.1 35 520 470 470 0.1 320 

114 29 SW16 Rect w/B 825 750 70 70 140 1.1 2.4 3.1 41 520 470 470 0.2 355 
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No. Ref. 
Specimen 

ID 
Type 

Hw 
(mm) 

Lw 
(mm) 

tw 
(mm) 

bb 
(mm) 

hb 
(mm) 

Ph 
(%) 

Pv 
(%) 

Pbe 
(%) 

f’c 
(MPa) 

fyh 
(MPa) 

fyv 
(MPa) 

fybe 
(MPa) 

N/(Aw f’c ) 
Vexp 
(kN) 

115 29 SW17 Rect w/B 825 750 70 70 140 1.1 2.4 3.1 39 520 470 470 0 247 

116 29 SW21 Rect w/B 1375 650 65 65 140 0.8 2.5 3.3 34 520 470 470 0 127 

117 29 SW22 Rect w/B 1375 650 65 65 140 0.8 2.5 3.3 40 520 470 470 0.1 150 

118 29 SW23 Rect w/B 1375 650 65 65 140 0.8 2.5 3.3 38 520 470 470 0.2 180 

119 29 SW24 Rect w/B 1375 650 65 65 140 0.8 2.5 3.3 39 520 470 470 0 120 

120 29 SW25 Rect w/B 1375 650 65 65 140 0.8 2.5 3.3 36 520 470 470 0.2 150 

121 29 SW26 Rect w/B 1375 650 65 65 140 0.8 2.5 3.3 24 520 470 470 0 123 

122 30 SW31 Rect w/B 1375 650 65 65 140 0.35 1.5 3.3 28 520 470 470 0 116 

123 30 SW32 Rect w/B 1375 650 65 65 140 0.35 1.5 3.3 43 520 470 470 0 111 

124 30 SW32R Rect w/B 1375 650 65 65 140 0.35 1.5 3.3 31 520 470 470 0 83 

125 30 SW33 Rect w/B 1375 650 65 65 140 0.35 1.5 3.3 39 520 470 470 0 112 

126 30 SW33R Rect w/B 1375 650 65 65 140 0.35 1.5 3.3 30 520 470 470 0 94 
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APPENDIX-B 
 

 

 

No. Vexp 
Dr. Azam 

Khan’s Model 
ASCE-43 EN-1998 

Gulec 
Whittaker 

Proposed 
Model 

Wood et al Barda et al ACI 18.10.4 

1 345 333.0 419.5 672.6 533.0 307.4 339.1164992 422.226836 562.9333886 

2 465 476.0 543.7 1003.9 541.5 416.1 339.1164992 496.728836 562.9333886 

3 350 333.2 418.9 1193.4 612.8 336.3 342.78273 398.151443 569.0193318 

4 530 562.6 427.9 1092.7 555.4 366.6 324.0370349 395.547777 537.901478 

5 2275 2485.9 2778.1 2250.0 2284.0 1873.6 2221 1654.47841 1812.747362 

6 2111 2171.7 2286.4 2100.0 2282.3 1856.2 2018 1564.29841 1812.747362 

7 2492 2511.0 2844.9 2100.0 2431.0 2445.0 2445 1803.46466 1670.342779 

8 2351 2200.0 2400.0 2231.0 2112.0 1566.1 2312 1340.99355 1514.60787 

9 836 808.0 1126.1 767.0 805.5 819.0 866 1279.25489 1354.723834 

10 1228 1311.0 1321.0 1222.0 1019.2 845.5 1255 1421.73402 1391.375347 

11 1005 1090.0 976.1 1044.0 761.3 813.5 1350.728345 1101 1335.633502 

12 970 925.0 933.0 890.0 709.1 681.1 1247.462657 1120.57816 1285.291479 

13 519 522.0 960.5 620.0 488.5 418.9 474.6929748 262.030522 399.1815714 

14 569 570.0 600.4 555.0 477.3 417.2 469.1408192 258.965732 416.3416996 

15 408 404.0 497.9 401.0 380.2 322.7 533.9738384 388.347818 420.3104224 

16 617 763.7 624.2 642.0 382.3 419.5 528.7388008 475.632686 568.0100636 

17 352 347.0 498.0 346.0 359.6 316.5 519.0828454 379.787427 412.6734311 

18 453 466.0 465.0 476.0 361.0 411.1 513.5652912 466.653085 559.7912508 

19 766 864.0 878.7 734.1 755.0 756.4 1080 1174.5648 1215.864 

20 776 855.0 802.9 928.3 810.0 750.3 1242.779749 1113.90678 1024.891963 

21 329 335.0 361.3 333.0 345.0 350.5 552.295374 414.300315 455.465331 

22 154 -35.2 142.0 144.0 497.1 123.4 279.8193106 140.800222 185.9894796 

23 234 224.1 274.7 222.0 244.0 216.8 397.57 270.506628 308.991404 

24 274 237.5 562.4 276.0 288.0 272.5 403.41 316.886623 384.207684 

25 1104 1204.0 1460.8 1149.0 769.8 716.6 1248.9996 1121 951.4997998 

26 1083 1101.0 1144.0 1149.0 769.8 716.6 1248.9996 1020 951.4997998 

27 1140 1201.0 1747.6 1149.0 770.0 744.6 1248.9996 1246 951.4997998 

28 1166 1188.0 1234.0 1149.0 770.0 744.6 1248.9996 1156 951.4997998 

29 1122 1300.0 1381.6 1138.3 1131.0 949.1 1288.018347 1071.89564 1279.335513 

30 1104 1098.0 1198.0 1114.4 1121.0 922.9 1271.398059 1012.4935 1186.876185 

31 1969 1921.0 2040.1 1567.3 2005.1 1558.4 1878 1744.66835 2271.036803 

32 1808 1712.0 2076.5 1567.3 1996.9 1428.5 1368.09446 1591.41784 2113.675867 

33 1954 1851.0 2003.0 1510.6 1917.4 1537.5 2116 1727.80079 2218.822081 

34 1680 1777.0 2166.7 1553.9 1515.0 1501.0 1702 1634.45423 2181.135079 
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35 1950 2102.0 2166.6 1705.6 2213.5 1391.4 2088 1669.99385 2214.27226 

36 203 380.7 392.1 210.0 265.6 172.8 260.9889545 230.441686 433.2416645 

37 177 435.9 118.9 138.9 266.5 183.8 297.28125 435.034186 198.9862445 

38 173 471.9 258.0 138.9 266.5 178.3 297.28125 435.034186 149.3737445 

39 158 428.0 258.8 115.1 217.3 173.8 297.28125 427.05 140.325 

40 309 404.0 179.0 293.9 386.2 228.2 330.9259736 226.947665 229.1421868 

41 364 365.0 442.2 293.9 385.8 235.9 330.9259736 207.843905 349.1529868 

42 374 377.0 470.4 263.5 346.0 239.7 312 256.54608 339.69 

43 258 287.0 566.5 244.9 384.5 206.2 275.7716447 199.668654 261.5938223 

44 187 223.7 273.2 175.7 340.8 157.3 208 151.86768 199.42 

45 235 189.0 211.0 181.0 339.0 235.3 280 233.6208 205.884 

46 304 401.0 213.3 191.4 358.5 238.6 288.6173938 199.284001 277.5326969 

47 289 292.0 287.8 201.8 379.4 257.1 296.9848481 244.743636 283.172424 

48 255 267.0 247.7 125.5 439.2 265.5 280.3711825 250.250906 204.8943913 

49 368 377.0 170.0 386.3 488.7 276.3 296.4051282 224.453699 272.6425641 

50 362 382.0 274.7 386.3 489.2 286.5 296.4051282 260.292419 272.6425641 

51 258 174.0 244.0 883.7 267.0 159.6 318.4336666 144.850086 159.2168333 

52 222 190.9 233.0 645.3 357.7 137.0 268.0018657 121.909513 134.0009328 

53 333 186.9 94.5 883.7 509.1 234.1 318.4336666 144.850086 299.2918333 

54 232 184.3 11.5 883.7 502.9 183.5 318.4336666 228.895086 159.2168333 

55 352 197.6 340.0 728.2 495.6 218.2 342.928564 189.296567 171.464282 

56 262 282.0 265.0 560.6 374.4 191.7 296.9848481 163.935636 148.492424 

57 491 512.0 521.0 728.2 501.2 286.9 342.928564 189.296567 322.314282 

58 258 277.0 240.0 700.9 477.0 240.1 335.7082066 275.82093 167.8541033 

59 400 733.3 421.0 392.9 459.4 261.2 287.9417247 180.794408 143.9708623 

60 356 366.0 340.0 314.3 362.4 229.4 254.7281469 159.940087 127.3640734 

61 391 421.0 450.0 392.9 463.8 311.5 287.9417247 180.794408 273.3570623 

62 344 365.0 89.8 392.9 460.6 284.2 287.9417247 261.488168 143.9708623 

63 443 451.0 98.0 450.0 451.0 300.2 455 690.423484 688.3126967 

64 198 347.7 49.4 787.6 291.7 155.3 261.5339366 149.020181 150.0735384 

65 270 361.2 98.9 825.5 306.3 166.1 268.3281573 152.858447 211.8315735 

66 324 656.2 151.2 825.5 309.5 185.5 268.3281573 152.858447 274.5435735 

67 772 731.0 733.0 1055.1 777.0 557.1 773 724.580026 576.6879825 

68 775 788.0 766.0 1280.9 781.0 587.1 799 759.889363 607.9319473 

69 790 789.0 865.0 1280.9 784.0 626.3 767 759.889363 964.3335473 

70 812 814.0 904.0 880.1 955.8 573.1 508.8654046 699.615943 844.7165716 

71 794 821.0 806.0 938.9 983.0 644.0 526.7257351 709.066846 874.3647202 

72 875 877.0 877.0 1112.3 888.0 669.1 898 738.041762 957.8185615 

73 662 589.0 605.0 1280.9 675.0 454.9 623.2302945 759.889363 1010.138347 

74 591 633.0 580.0 880.1 943.5 428.8 508.8654046 699.615943 844.7165716 
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75 657 688.0 655.0 938.9 970.6 490.3 526.7257351 709.066846 874.3647202 

76 713 750.0 323.4 1112.3 733.0 502.4 576.9991334 738.041762 957.8185615 

77 318 311.4 230.4 964.0 412.4 243.9 311.6151473 264.885344 432.3083501 

78 304 297.4 230.6 837.1 389.2 235.7 288.4995667 259.78667 424.4490527 

79 319 367.4 438.2 837.1 387.0 253.3 288.4995667 259.78667 478.9092808 

80 336 391.8 438.1 964.0 410.3 260.3 311.6151473 264.885344 517.2811444 

81 254 516.3 244.0 141.5 172.9 213.9 246.4751509 182.656804 143.3975754 

82 204 517.9 200.0 137.4 167.3 211.0 242.3324163 179.790032 141.3262082 

83 102 232.6 97.3 245.3 167.7 78.2 117.5755077 90.1143831 106.5909538 

84 147 -15.2 338.1 245.3 169.3 114.7 117.5755077 153.713423 195.1753427 

85 135 -4.8 182.6 245.3 170.2 108.9 117.5755077 117.549263 144.0021538 

86 159 45.5 338.1 245.3 171.2 131.6 117.5755077 153.713423 195.1753427 

87 175 102.3 506.3 245.3 172.2 155.1 117.5755077 208.583183 195.1753427 

88 160 427.0 103.1 252.2 318.5 131.0 180 157.10544 161.7048 

89 235 616.2 341.6 252.2 320.5 188.7 180 258.11568 298.8 

90 220 145.0 187.8 252.2 321.4 181.0 180 194.51664 217.8216 

91 269 203.6 341.6 252.2 322.8 218.8 180 258.11568 298.8 

92 275 253.1 506.8 252.2 323.9 251.6 180 331.06752 298.8 

93 199 112.6 96.3 261.1 332.2 149.6 183.5647025 155.586556 163.4871512 

94 322 404.4 347.1 235.9 510.4 266.6 244.7529367 363.155976 406.2898748 

95 279 382.8 161.2 235.9 511.7 260.0 244.7529367 255.910536 292.8052683 

96 382 412.2 347.1 235.9 513.1 309.3 244.7529367 363.155976 406.2898748 

97 422 438.5 507.0 235.9 514.9 360.6 244.7529367 455.436936 406.2898748 

98 349 356.0 120.3 318.1 410.8 362.2 430.8131846 343.598916 408.6865923 

99 233 321.0 120.3 318.1 404.3 228.5 430.8131846 343.598916 408.6865923 

100 471 420.0 155.8 318.1 411.1 377.2 430.8131846 377.640516 465.4225923 

101 403 444.0 88.0 318.1 410.5 348.6 430.8131846 312.571716 356.9745923 

102 357 331.0 88.7 318.1 410.5 348.9 430.8131846 313.262916 358.1265923 

103 416 441.0 61.9 318.1 410.3 337.6 430.8131846 287.573316 315.3105923 

104 324 386.0 304.8 254.5 407.5 315.4 344.6505477 298.072733 572.1199091 

105 292 301.0 223.3 254.5 407.2 291.7 344.6505477 264.618653 560.6260738 

106 336 301.0 111.0 254.5 407.3 265.5 344.6505477 267.736733 315.0452738 

107 455 476.0 334.9 279.0 449.6 294.8 354.964787 348.667172 589.2415464 

108 304 324.0 435.5 345.8 311.0 233.8 349.8571137 300.666631 580.7628087 

109 260 384.7 761.0 426.2 267.0 232.7 170.1194433 444.938923 282.3982759 

110 340 344.3 761.0 434.3 501.7 243.5 172.1327613 479.862039 285.7403837 

111 330 416.6 761.1 340.4 546.6 239.1 162.855 483.945809 246.4974239 

112 265 497.3 761.0 358.3 218.3 223.7 162.855 435.953318 254.0837288 

113 320 467.2 761.0 367.1 410.6 235.3 162.855 464.693009 257.7931765 

114 355 481.6 761.0 418.1 697.0 248.4 168.0820112 508.440604 279.0161386 



57 
 

No. Vexp 
Dr. Azam 

Khan’s Model 
ASCE-43 EN-1998 

Gulec 
Whittaker 

Proposed 
Model 

Wood et al Barda et al ACI 18.10.4 

115 247 441.9 761.0 200.7 248.7 229.5 163.9311975 441.678955 272.1257878 

116 127 301.7 186.9 205.9 226.5 141.3 204.4769056 331.234495 204.4769056 

117 150 359.6 186.8 235.5 486.1 149.6 221.7863437 359.409511 221.1861186 

118 180 348.6 186.9 225.9 188.0 152.1 216.170588 381.307982 216.170588 

119 120 223.2 186.8 230.7 258.1 144.1 218.9964673 333.604185 218.9964673 

120 150 337.9 186.9 216.0 157.0 151.1 210.405 377.832 210.405 

121 123 334.4 187.1 152.1 163.1 134.1 171.7949631 325.900584 171.7949631 

122 116 267.4 162.5 174.3 185.5 96.8 157.5234375 209.002092 114.9012176 

123 111 121.0 162.0 249.6 119.0 105.6 157.5234375 216.24736 123.9938022 

124 83 78.0 162.4 380.7 97.0 98.9 157.5234375 210.583207 116.8854675 

125 112 102.0 162.1 121.0 124.0 103.6 157.5234375 214.459185 121.7496981 

126 94 85.0 162.4 111.0 103.0 98.2 157.5234375 210.065031 116.2351727 

 


