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Bending Analysis of Castellated Beams 
 

By Sahar Elaiwi
*
 

Boksun Kim
ÿ 

Long-Yuan Li
À
 

 
Existing studies have shown that the load-carrying capacity of castellated beams can be 

influenced by the shear stresses particularly those around web openings and under the T-

section, which could cause the beam to have different failure modes. This paper 

investigates the effect of web openings on the transverse deflection of castellated beams by 

using both analytical and numerical methods and evaluates the shear-induced transverse 

deflection of castellated beams of different lengths and flange widths subjected to 

uniformly distributed transverse load. The purpose of developing analytical solutions, 

which adopted the classical principle of minimum potential energy is for the design and 

practical use; while the numerical solutions are developed by using the commercial 

software ANSYS for the validation of the analytical solutions.  

 

Keywords: Castellated Beam, Deflection, Energy Method, Finite Element, Shear Effect. 

 

 

Introdu ction 

 

Engineers and researchers have tried various methods to reduce the material 

and construction costs to help optimise the use of the steel structural members. The 

castellated beam is one of the steel members which uses less material, but has 

comparable performance as the I-beam of the same size (Altifillisch et al. 1957). 

An example is shown in Figure 1a. The castellated beam is fabricated from a 

standard universal I-beam or H-column by cutting the web on a half hexagonal 

line down the centre of the beam. The two halves are moved across by a half unit 

of spacing and then re-joined by welding. This process increases the depth of the 

beam and thus the bending strength and stiffness of the beam about the major axis 

are also enhanced without additional materials being added. This allows 

castellated beams to be used in long span applications with light or moderate 

loading conditions for supporting floors and roofs. In addition, the fabrication 

process creates openings on the web, which can be used to accommodate services. 

As a result, the designer does not need to increase the finished floor level. Thus, 

despite the increase in the beam depth the overall building height may actually be 

reduced.  

When compared with a solid web solution where services are provided 

beneath the beam, the use of castellated beams could lead to savings in the 

cladding costs especially in recent years, the steel cost becomes higher. Owing to 

the fact that the steel materials have poor fire resistance, buildings made from steel 

                                                           
*
PhD Student, Plymouth University, UK. 
ÿ
Plymouth University, UK. 
À
Plymouth University, UK. 
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structures require to use high quality fireproof materials to protect steel members 

from fire, which further increase its cost. Moreover, because of its lightweight the 

castellated beam is more convenient in transportation and installation than the 

normal I-beam. 

 

 

Literature Review  

 

For many years, the castellated beam have been used in construction because 

of its advantages when considering both the safety and serviceability while 

considering functional requirements according to the use for which the 

construction is intended. Extensive study has been done by researchers who are 

working in the construction field to identify the behaviour of castellated beams 

when they are loaded with different types of loads. It was found that the castellated 

beam could fail in various different modes depending on the dimensions of the 

beam and the type of loading as well as the boundary conditions of the beams. 

Kerdal and Nethercot (1984) informed the potential failure modes, which possibly 

take place in castellated beams. Also, they explained the reasons for the 

occurrence of these failure modes. For instance, shear force and web weld rupture 

cause a Vierendeel mechanism and web post-buckling. Additionally, they pointed 

out that any other failures whether caused by a flexural mechanism or a lateral-

torsional instability is identical to the equivalent modes for beams without web 

opening. 

The web openings in the castellated beam, however, may reduce the shear 

resistance of the beam. The saved evidence, that the method of analysis and design 

for the solid beam may not be suitable for the castellated beam (Boyer 1964, 

Kerdal and Nethercot 1984, Demirdjian 1999). Design guidance on the strength 

and stiffness for castellated beams is available in some countries. However, again, 

most of them do not take into account the shear effect. As far as the bending 

strength is concerned, neglecting the shear effect may not cause problems. 

However, for the buckling and the calculation of serviceability, the shear weakness 

due to web openings in castellated beams could affect the performance of the 

beams and thus needs to be carefully considered.  

Experimental investigations (Aminian et al. 2012, Maalek 2004, Yuan et al. 

2014, Yuan et al. 2016, Zaarour and Redwood, 1996) were carried out and finite 

elements methods (Hosain et al. 1974, Sherbourne and Van Oostrom 1972, Soltani 

et al. 2012, Sonck et al. 2015, Srimani and Das 1978, Wang et al. 2014) were also 

used to predict the deflection of castellated beams and/or to compare the 

predictions with the results from the experiments. The experimental findings 

(Zaarour and Redwood 1996) demonstrated the possibility of the occurrence of the 

buckling of the web posts between web openings. The shear deflection of the 

straight-sided tapering cantilever of the rectangular cross section (Maalek 2004) 

was calculated by using a theoretical method based on Timoshenkoôs beam theory 

and virtual work method. Linear genetic programming and integrated search 

algorithms (Aminian et al. 2012) showed that the use of the machine learning 

system is an active method to validate the failure load of castellated beams. A 
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numerical computer programme (Sherbourne and Van Oostrom 1972) was 

developed for the analysis of castellated beams considering both elastic and plastic 

deformations by using practical lower limit relationships for shear, moment and 

axial force interaction of plasticity. An analysis on five experimental groups of 

castellated beams (Srimani and Das 1978) was conducted to determine the 

deflection of the beam. It was demonstrated (Hosain et al. 1974) that the finite 

elements method is a suitable method for calculating the deflection of symmetrical 

section castellated beams. The effect of nonlinearity in material and/or geometry 

on the failure model prediction of castellated beams (Soltani et al. 2012) was done 

by using MSC/NASTRAN software to find out bending moments and shear load 

capacity, which are compared with those published in literature.  

Axial compression buckling of castellated columns was investigated (Yuan et 

al. 2014), in which an analytical solution for critical load is derived based on 

stationary potential energy and considering the effect of the web shear 

deformations on the flexural buckling of simply supported castellated column. 

Recently, a parametric study on the large deflection analysis of castellated beams 

at high temperatures (Wang et al. 2014) was conducted by using finite element 

method to calculate the growth of the end reaction force, the middle span 

deflection, and the bending moments at susceptible sections of castellated beams. 

More recently, a comprehensive comparison between the deflection results of 

cellular and castellated beams obtained from numerical analysis (Sonck et al. 

2015) was presented, which was obtained from different simplified design codes. 

The comparison showed that the design codes are not accurate for short span 

beams and conservative for long span beams. The principle of minimum potential 

energy was adopted (Yuan et al. 2016) to derive an analytical method to calculate 

the deflection of castellated/cellular beams with hexagonal/circular web openings, 

subjected to a uniformly distributed transverse load.  

The previous research efforts show that there were a few of articles that dealt 

with the deflection analysis of castellated beams. Due to the geometric particulars 

of the beam, however, it was remarkable to note that most of the theoretical 

approximate methods are interested in calculating the deflection of the castellated 

beams for long span beams where the shear effect is negligible. However, the 

castellated beams/columns are used not only for long span beams/columns but also 

for short beams/columns. Owing to the complex of section profile of the 

castellated beams, the shear-effect caused by the web opening on the deflection 

calculation is not fully understood. There are no accurate calculation methods 

available in literature to perform these analyses. Thus it is important to know how 

the shear affects the deflection of the beam and on what kind of spans the shear 

effect can be ignored. In addition, researchers have adopted the finite elements 

method to predict the deflection of castellated beams by using different software 

programs such as MSC/NASTRAN, ABAQUS, and ANSYS. However, these 

programs need efficiency in use because any error could lead to significant 

distortions in results. European building standards do not have formulas for the 

calculation of deflections of castellated beams, which include shear deformations. 

This paper presents the analytical method to calculate the elastic deflection of 

castellated beams. The deflection equation is to be developed based on the 
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principle of minimum potential energy. In order to improve the accuracy and 

efficiency of this method, shear rigidity factor is determined by using suitable 

numerical techniques. The analytical results were validated by using the numerical 

results obtained from the finite element analysis using ANSYS software.  

 

 

Analytical  Philosophy of Deflection Analysis of Castellated Beams 

 

An approximate method of deflection analysis of castellated beams under a 

uniformly distributed transverse load is presented herein. The method is derived 

based on the principle of minimum potential energy of the structural system. 

Because of the presence of web openings, the cross-section of the castellated beam 

is now decomposed into three parts to calculate the deflection and bending stress, 

two of which represent the top and bottom T-sections, one of which represents the 

mid-part of the web. The analysis model is illustrated in Figure 1a, in which the 

flange width and thickness are bf and tf, the web depth and thickness are hw and tw, 

and the half depth of hexagons is a. The half of the distance between the centroids 

of the two T-sections is e. In this study, the cross-section of the castellated beam is 

assumed to be doubly symmetrical. Under the action of a uniformly distributed 

transverse load, the beam section will have axial and transverse displacement as 

shown in Figure 1b, where x is the longitudinal coordinate of the beam, z is the 

cross-sectional coordinate of the beam, (u1, w) and (u2, w) are the axial 

displacements and the transverse displacements of the centroids of the upper and 

lower T-sections. All points on the section are assumed to have the same 

transverse displacement because of the beam assumption used in the present 

approach (Yuan et al. 2014). The corresponding axial strains e1x in the upper T-

section and e2x i in the lower T-section are linearly distributed and can be 

determined by using the strain-displacement relation as follows: 

 

In the upper T-section̔  

‐1ὼὼ,ᾀ=
Ὠό1

Ὠὼ
(ᾀ+ Ὡ)

Ὠ2ύ

Ὠὼ2
                                                                    (1) 

In the lower T-section̔  

‐2ὼὼ,ᾀ=
Ὠό2

Ὠὼ
(ᾀ Ὡ)

Ὠ2ύ

Ὠὼ2
                                                                  (2) 

 

The shear strain ɔxz in the middle part between the two T-sections can also be 

determined using the shear strain-displacement relation as follows: 

 

For the middle part between the two T-sections:  

‎ὼᾀὼ,ᾀ=
Ὠό

Ὠᾀ
+
Ὠύ

Ὠὼ
=
ό1 ό2

2ὥ
+
Ὡ

ὥ

Ὠύ

Ὠὼ
                                                 (3) 
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Ὡ=
ὦὪὸὪ

Ὤύ+ὸὪ
2
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Ὤύ
2

ὥ
Ὤύ+ 2ὥ

4

ὦὪὸὪ+ὸύ
Ὤύ
2 ὥ

                                           (4) 

 

Because the upper and lower T-sections behave according to Bernoulli's 

theory, the strain energy of the upper T-section U1 and the lower T-section U2 

caused by a transverse load can be expressed as follows: 

Ὗ1 =
ὉὦὪ

2
‐1ὼ

2 ὨᾀὨὼ

Ὤύ
2

(ὸὪ+
Ὤύ
2

)

+

ὰ

0

Ὁὸύ
2

‐1ὼ
2 ὨᾀὨὼ

ὥ

(
Ὤύ
2

)

ὰ

0

=
1

2
ὉὃὸὩὩ

Ὠό1
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2

+ ὉὍὸὩὩ
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Ὠὼ2

2ὰ

0

Ὠὼ 

             (5) 
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Ὁὸύ
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Ὤύ
2

)
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+
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0

ὉὦὪ

2
‐2ὼ
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(ὸὪ+
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                   (6) 

 

where E is the Young's modulus of the two T-sections, G is the shear modulus, 

Atee and Itee are the area and the second moment of area of the T- section, which 

are determined in their own coordinate systems as follows: 

 

ὃὸὩὩ=ὦὪὸὪ+ ὸύ
Ὤύ
2

ὥ  
                                                                   (7) 

ὍὸὩὩ=
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+
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                       (8) 

 

The mid-part of the web of the castellated beam, which is illustrated in 

Figure 1a, is assumed to behave according to Timoshenkoôs theory (Yuan et al. 

2014). Therefore, its strain energy due to the bending and shear can be 

expressed as follows: 

 

Ὗὦ=
1

2
ὑὦЎ

2 
                                                                       (9) 

 

where æ is the relative displacement of the upper and lower T-sections due to a 

pair of shear forces and can be expressed as (æ = 2aɔxz). While Kb is the 
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combined stiffness of the mid part of the web caused by the bending and shear, 

and is determined in terms of Timoshenko beam theory as follows, 

 

1

ὑὦ
=

3ὰὦ
2Ὃὃὦ

+
ὰὦ
3

12ὉὍὦ
 

                                                                        (10)  

 

where Ab=ã3atw is the equivalent cross-sectional area of the mid part of the 

web, Ib= (ã3a)
3tw/12 is the second moment of area, and lb = 2a is the length of 

the Timoshenko beam; herein representing the web post length. Note that, the 

Young's modulus of the two T-sections is E=2(1+ɜ)G and the Poissonôs ratio is 

taken as v =0.3, the value of the combined stiffness of the mid part of the web 

caused by the bending and shear can be determined as fallow: 

 

ὑὦ=
Ѝ3Ὃὸύ

4
                                                                                           (11) 

 

Thus, the shear strain energy of the web, Ush, due to the shear strain ɔxy can 

be calculated as follows:  

 

ὟίὬ=
Ѝ3

2
Ὃὸύὥ

2 ‎ὼᾀ
2

ὲ

Ὧ= 1

Ѝ3Ὃὸύὥ
2

2 ×
6ὥ

Ѝ3

‎ὼᾀ
2 Ὠὼ=

ὰ

0

Ὃὸύὥ

4
‎ὼᾀ

2 Ὠὼ

ὰ

0

    (12) 

 

Let the shear rigidity factor ksh = 0.25. Substituting Eqs. (3) into (12) gives 

the total shear strain energy of the mid-part of the web: 

 

ὟίὬ=
ὋὸύὩ

2ὯίὬ
ὥ

Ὠύ

Ὠὼ

ό‍

Ὡ

2
ὰ

0

Ὠὼ                                                (13) 

 

Note that, in the calculation of shear strain energy of Eq. (12) one uses the concept 

of smear model, in which the shear strain energy was calculated first for web 

without holes. Then by assuming the ratio of the shear strain energies of the webs 

with and without holes is proportional to the volume ratio of the webs with and 

without holes, the shear strain energy of the web with holes was evaluated, in 

which ksh = 0.25 was obtained (Kim et al. 2016). However, by using a two-

dimensional linear finite element analysis (Yuan et al. 2016) the value of the 

combined stiffness of the mid part of the web of the castellated beam caused by 

the bending and shear, was found to be  

 

ὑὦ= 0.78 ×
Ѝ3Ὃὸύ

4
                                                                     (14) 

 

which is smaller than that above-derived from the smear model. This leads to 
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the shear rigidity factor ksh = 0.78x0.25. The reason for this is probably due to 

the smear model used for the calculation of the shear strain energy for the mid-

part of the web in Eq. (12).     

 

Figure 1. (a) Notations used in Castellated Beams (b) Displacements and (c) 

Internal Forces 

 
                                                                    

However, it should be mentioned that the factor of 0.78 in Eq. (14) was 

obtained for only one specific section of a castellated beam. It is not known 

whether this factor can also be applied to other dimensions of the beams. A 

finite element analysis model for determining the shear rigidity factor ksh is 

therefore developed herein (see Figure 2c), in which the length and depth of the 

unit are (4a/ã3) and (2a+a/2), respectively. In the unit the relative displacement 

æ can be calculated numerically when a unit load F is applied (see Figure 2c). 

Hence, the combined rigidity Kb=1/æ is obtained. Note that in the unit model 

all displacements and rotation of the bottom line are assumed to be zero, 

whereas the line where the unit load is applied is assumed to have zero vertical 

displacement. The calibration of the shear rigidity for beams of different 

section sizes shows that the use of the expression below gives the best results 

and therefore Eq. (15) is used in the present analytical solutions.  

 

ὑίὬ= 0.76
ὦὪ

ὰ
×

1

4
                                          (15) 

 

where l is the length of the beam. Thus the total potential energy of the 
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castellated beam UT is expressed as follows, 

 

ὟὝ= Ὗ1 + Ὗ2 + ὟίὬ                                                                       (16) 

 

For the simplicity of presentation, the following two new functions are 

introduced: 

 

2

21 uu
u

+
=a                                                                                             (17) 

2

21 uu
u

-
=b

                                                                                            (18) 

 

By using Eqs. (17) and (18), the total potential energy of the castellated 

beam subjected to a uniformly distributed transverse load can be expressed as 

follows: 

 

Б= ὉὃὸὩὩ
Ὠό‍

Ὠὼ

2

Ὠὼ

ὰ

0

+ὉὍὸὩὩ
Ὠ2ύ

Ὠὼ2

2

Ὠὼ

ὰ

0

+
ὋὸύὩ

2ὯίὬ
ὥ

Ὠύ

Ὠὼ

ό‍

Ὡ

2

Ὠὼ ὡ

ὰ

0

 

                                (19) 

 

where W is the potential of the uniformly distributed load qmax due to the 

transverse displacement, which can be expressed as follows:  

 

W = ήάὥὼ ύ

ὰ

0

Ὠὼ                                                                            (20) 

 

where qmax is the uniformly distributed load, which can be expressed in terms 

of design stress ůy, as follows: 

 

ήάὥὼ = 16
„ώὍὶὩὨόὧὩὨ

ὰ2(Ὤύ+ 2ὸὪ)
                                                                             (21) 

ὍὶὩὨόὧὩὨ=

ὦὪὬύ+ 2ὸὪ
3

12

ὸύὥ
3

12

Ὤύ
3 ὦὪ ὸύ

12
                          (22) 
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Figure 2. Shear Strain Energy Calculation Model: (a) Unit Considered, (b) 

Shear Deformation Calculation Model and (c) Finite Element Model of 4a/ã3 

Length Unit and (2a+a/2) Depth, Loaded by a Unite Force F  

 
 

 

Deflection of Simply Supported Castellated Beam with Uniformly Distributed 

Transverse Loading 

 

For a simply supported castellated beam uŬ(x), uɓ(x) and w(x) can be 

assumed as follows: 

ό‌(ὼ) = ὃά cos
ά“ὼ

ὰ
ά= 1,2,..

 

                                            (23) 

ό‍(ὼ) = ὄά cos
ά“ὼ

ὰ
ά= 1,2,..

 

                                                               (24) 

ύ(ὼ) = ὅά sin
ά“ὼ

ὰ
ά= 1,2,..

 

                                                                   (25) 

 

where Am, Bm and Cm are the constants to be determined. It is obvious that the 

displacement functions assumed in Eqs. (23)-(25) satisfy the simply support 

boundary conditions, that are 
0

2

2

==
dx

wd
w

 and 
0==

dx

du

dx

du ba

 at x = 0 and x = l, 

and m = 1,2,é is the integral number. Substituting Eqs. (23), (24) and (25) into 

(19) and (20) and according to the principle of minimum potential energy, it 

yields, 

+ὟὝ‏ ὟίὬ ὡ = 0 

                                                                        (26) 
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The variation of Eq. (26) with respect to Am, Bm and Cm results in following 

three algebraic equations:  

ὉὃὸὩὩ
ά“ὼ

ὰ

2

ὃά = 0 

                                                                   (27) 

ὉὃὸὩὩ
ά“

ὰ

2

+
ὋὸύὯίὬ
ὥ

ὄά
ὋὸύὩὯίὬ
ὥ

ά“

ὰ
ὅά = 0 

                  (28) 

ὉὍὸὩὩ
ά“

ὰ

4

+
ὋὸύὩ

2ὯίὬ
ὥ

ά“

ὰ

2

ὅά
ὋὸύὩὯίὬ
ὥ

ά“

ὰ
ὄά

=
1 1 ά ήάὥὼ

ά“
 

         (29) 

 

Mathematically Eqs. (27) -(29) lead to: 

ὃά = 0 

                                                                                              (30) 

ὄά =

ὋὸύὩὯίὬ
ὥ

ά“
ὰ

ὉὃὸὩὩ
ά“
ὰ

2

+
ὋὸύὯίὬ
ὥ

ὅά                                                   (31) 

ὅά =
1 ( 1)ά

ά“5

ήὰ4

ὉὍὸὩὩ+
Ὡ2ὉὃὸὩὩ

1 +
ὉὃὸὩὩὥά“2

ὋὯίὬὸύὰ
2

 
                                           (32) 

 

Therefore, the deflection of the castellated beam can be expressed as follows: 

 

ύ(ὼ) =
ήὰ4

ὉὍὸὩὩ+ Ὡ2ὃὸὩὩ

2

ά“5
1 +

Ὡ2ὃὸὩὩ
ὍὸὩὩ+ Ὡ2ὃὸὩὩ

ά= 1,2,..

×
ὉὃὸὩὩὥά“

2

ὋὯίὬὸύὰ2
1
ὉὍὸὩὩὥά“

2

ὋὯίὬὸύὰ2Ὡ2
sin
ά“ὼ

ὰ
 

       (33) 

 

The maximum deflection of the simply supported beam is at the mid of the 

beam, that is x=l/2 and thus it can be expressed as follows: 
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ύ|ὼ=ὰ/ 2 =
ήὰ4

ὉὍὸὩὩ+ Ὡ2ὃὸὩὩ

2

“5

1 Ὧ+ 1

2Ὧ 1 5
+

Ὡ2ὃὸὩὩ
ὍὸὩὩ+ Ὡ2ὃὸὩὩ

×
ὉὃὸὩὩὥ

ὋὯίὬὸύὰ
2

Ὧ= 1,2,..

×
2

“2

1 Ὧ+ 1

2Ὧ 1 3

ὉὍὸὩὩὥ

ὋὯίὬὸύὰ
2Ὡ2

Ὧ= 1,2,..

2

“

1 Ὧ+ 1

2Ὧ 1
Ὧ= 1,2,..

 

    (34) 

 

Note that, mathematically, the following equations hold, 

 

2

“5

1 Ὧ+ 1

2Ὧ 1 5

Ὧ= 1,2,..

=
5

2 × 384
 

                                                              (35) 

2

“3

1 Ὧ+ 1

2Ὧ 1 3

Ὧ= 1,2,..

=
1

16
                                                               (36) 

2

“

1 Ὧ+ 1

2Ὧ 1
Ὧ= 1,2,..

=
1

2
                                                               (37) 

 

Using Eqs. (35), (36) and (37), the maximum deflection of the beam can be 

simplified as follows: 

ύ|ὼ=ὰ/ 2 =
5ήὰ4

384Ὁ2ὍὸὩὩ+ 2Ὡ2ὃὸὩὩ
+

ήὰ2ὥ

16ὋὯίὬὸύ
×

ὩὃὸὩὩ
ὍὸὩὩ+ Ὡ2ὃὸὩὩ

2

× 1
2ὉὍὸὩὩὥ

ὋὯίὬὸύὰ2Ὡ2
 

     (38) 

 

It is clear from Eq. (38) that, the first part of Eq. (38) represents the deflection 

generated by the bending load, which is deemed as that given by Bernoulli-Euler 

beam, while the second part of Eq. (38) provides the deflection generated by the 

shear force. Moreover, Eq. (38) shows that the shear-induced deflection is 

proportional to the cross-section area of the two T-sections but inversely 

proportional to the beam length. This explains why the shear effect could be 

ignored for long span beams. 

If the calculation does not consider the shear effect of web openings, Eq. (38) 

reduces to the following bending deflection equation. 
 

ύ|ὼ=ὰ/ 2 =
5ήὰ4

384ὉὍὶὩὨόὧὩὨ
                                                               (39) 

 

 

Numerical Study 

 

In order to validate the abovementioned analytical solution numerical analysis 

using the finite element method is also carried out. The numerical computation 
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uses the ANSYS Programming Design Language (APDL). The FEA modelling of 

the castellated beams is carried out by using 3D linear Quadratic 4-Node thin shell 

elements (SHELL181). This element presents four nodes with six DOF per node, 

i.e., translations and rotations on the X, Y, and Z axis, respectively. Half-length of 

the castellated beams is used because of the symmetry in geometry. The lateral 

and transverse deflections and rotation are restrained (uy=0, uz=0 and ɗx=0) at the 

simply supported end, while the symmetrical boundary condition is applied at the 

other end by constraining the axial displacement and rotations around the two axes 

within the cross-section (ux=0, ɗy=0 and ɗz=0). The material properties of the 

castellated beam are assumed to be linear elastic material with Youngôs modulus E 

= 210 GPa and Poissonôs ratio v =0.3.  

A line load effect is used to model applied uniformly distribution load, where 

the load is assumed acting on the junction of the flange and the web. The 

equivalent nodal load is calculated by multiply the distribution load with beamôs 

half-length and then divided by the number of the nodes on the junction line of the 

flange and the web. 

 

 

Discussion 

 

Figure 3 shows a comparison of the maximum deflations between analytical 

solutions using different shear rigidity factors including one with zero shear factor 

and FEA numerical solution for four castellated beams of different flange widths. 

It can be seen from the figure that, the analytical solution using the proposed shear 

factor is closest to the numerical solution, whereas the analytical solutions using 

other shear factors is not as good as the present one. This demonstrates that the 

shear factor is also affected by the ratio of the flange width to the beam length. 

Also, it can be seen from the figure that, the longer the beam, the closer the 

analytical solution to the numerical solution; and the wider the flanges, the closer 

the analytical solution to the numerical solution.  
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Figure 3. Maximum Deflections of Simply Supported Castellated Beams with 

Uniformly Distributed Load Obtained using Analytical Solution with Different 

Shear Rigidity Factors (Eqs. (38) and (39)) and FEA Numerical Solution for Four 

Castellated Beams of Different Flange Widths (a) bf=100mm (b) bf=150mm (c) 

bf=200mm (d) bf=250mm (hw=300mm, tf=10mm, tw=8mm and a=100mm) 

 
 

Figure 4 shows the relative error of each analytical solution when it is 

compared with the finite element solution. From the figure it is evident that the 

error of the analytical solutions using the present shear rigidity factor does not 

exceed 6.0% for all of discussed four sections in all the beam length range (>3 

meter). In contrast, the analytical solution ignoring the shear effect, or considering 

the shear effect by using smear model or by using the length-independent shear 

rigidity factor will have large error, particularly when the beam is short. 
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Figure 4. Divergence of Maximum Deflections of Simply Supported 

Castellated Beams with Uniformly Distributed Load Obtained using Analytical 

Solution with Different Shear Rigidity Factors (Eqs. (38) and (39)) and FEA 

Numerical Solution for Four Castellated Beams of Different Flange Widths (a) 

bf=100mm (b) bf=150mm (c) bf=200mm (d) bf=250mm (hw=300mm, 

tf=10mm, tw=8mm and a=100mm) 

 
 

 

Conclusions 

 

This study has reported the theoretical and numerical solutions for calculating 

the deflection of hexagonal castellated beams with simply supported boundary 

condition, subjected to a uniformly distributed transverse load. The analysis is 

based on the total potential energy method, by taking into account the influence of 

web shear deformations. The main novelty of the present analytical solution for 
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the calculation of deflection is it considers the shear effect of web openings more 

accurately. Both the analytical and numerical solutions are employed for a wide 

spectrum of geometric dimensions of I-shaped castellated beams in order to 

evaluate the analytical results. From the present study, the main conclusions can be 

summarized as follows: 

 

1. The present analytical results are in excellent agreement with those 

obtained from the finite element analysis, which demonstrates the 

appropriateness of proposed approach. 

2. Shear effect on the deflection of castellated beams is very important, 

particularly for short and medium length beams with narrow or wide 

section. Ignoring the shear effect could lead to an under-estimation of the 

deflection.  

3. Divergence between analytical and numerical solutions does not exceed 

6.0% even for short span castellated beam with narrow or wide section. 

4. The effect of web shear on the deflection reduces when castellated beam 

length increases. 

5. Despite that the numerical solution based on FEA has been widely used in 

the analysis of castellated beams; it is usually time-consuming and limited 

to specific geometrical dimensions. Thus, a simplified calculation solution 

that is able to deliver reasonable results but requires less computational 

effort would be helpful for both researchers and designers. 
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Wheel Load Distribution in Four-Sided Concrete 

Box Culverts 
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This paper presents the results of a parametric study of wheel load distribution in four-

sided precast concrete box culverts using three-dimensional finite element analysis (3D-

FEA) as compared to the two-dimensional (2D) plane frame analysis. Maximum bending 

moments and deflections from the 3D-FEA results and the 2D frame analysis were 

computed and evaluated. Several concrete box culvert sizes were chosen with various 

span lengths, constant rise, and standard laying width. The culverts were subjected to 

various combinations of earth loading and AASHTO HS20 wheel loading applied at mid-

span of the top slab. As the soil cover increases from 0 to 3 m, wheel loads are projected 

to the top slab using ASTM C890 procedure. The finite element results showed that the 

effect of wheel loading along mid-span is significant and that the edge loading condition 

for a single box is more critical than center loading for soil cover less than 0.9 m. The 

earth loading tends to gradually dominate as the soil cover increases, which is expected 

based on geotechnical engineering practices. It was shown that the plane frame analysis 

and 3D-FEA gave similar results for long-span and non-standard box culverts. However, 

for short-span (3.6 m) concrete box culverts, the plane frame analysis was less 

conservative than the 3D-FEA by about 15% for moments; versus about 5% for long-span 

culvert (7.2 m).  The results of this paper will assist bridge engineers in analyzing and 

designing non-standard precast concrete box culverts and quickly replacing small bridges. 

  
Keywords: Concrete Box Culverts, Earth Pressure, Finite Element Analysis, Wheel Load 

Distribution. 

 

 

Introduction  

 

According to the U.S.A. Federal Highway Administrationôs 2016 National 

Bridge Inventory data, 21.7% of the nation's 603,620 bridges are structurally 

deficient or functionally obsolete as reported in Better Roads Magazine 

(November 2016).
1
 Highway Bridges that are either built using cast-in-place 

concrete or precast concrete panels form about 69% of all bridges (423,216). 

Single span reinforced concrete bridges represent about 150,000 and assuming 

22% of those bridges to be structurally deficient or functionally obsolete. In the 

2017 ASCE Infrastructure Report Card, ASCE cited almost 40% of all bridges are 
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over fifty years or older and an additional 15% are between the ages of 40 and 49 

years. The average bridge age in the U.S.A. was 43 years old while most of the 

bridges were designed for a lifespan of 50 years. Therefore, an increasing number 

of bridges will soon need major rehabilitation or replacement. However, this 

bridge inventory accounts for structures with span lengths greater than 6 m (20 ft), 

where the majority of the structurally deficient bridges are short spans, averaging 

less than 15 m (50 ft) in length. These deficient bridges are being recommended 

for weight-limit posting, rehabilitation, or decommissioning and replacement. 

Thousands of such structures especially with span length are less than 6 m (20 ft) 

in every state and municipality may be ignored, not inspected, or not replaced on 

regular basis due to the lack of funding. This task is left up to each local 

government to maintain structures spanning less than 6 m (20 ft) without federal 

support. 

Cast-in-place reinforced concrete box culverts have been designed and used 

for many years because of special geometry or site conditions.  As labor cost 

continues to rise, increase in traffic volume on highways, and the cost of 

inconvenience and delays associated with cast-in-place construction methods 

resulted in the introduction of precast concrete box culverts. To reduce cost and 

develop alternative to cast-is-place structures, prefabricated reinforced concrete 

culverts were developed as an economical alternatives for replacing deteriorating 

short-span bridges and cast-in-place culverts. These prefabricated structures 

include reinforced concrete arches, three- and four-sided concrete or metal box 

culverts. The most commonly used type is the precast reinforced concrete culvert 

due to its durability and minimal field construction time. There are two American 

Societies for Testing and Materials (ASTM) Specification for Precast Reinforced 

Concrete Box Culverts design standards: (i) ASTM C1433-16 (AASHTO M273) 

standard for culverts using AASHTO Standard Specifications, and (ii) ASTM 

C1577-16 (AASHTO M259) standard for culverts using AASHTO LRFD. Four-

sided concrete culverts are typically referred to as box-culverts with standard span 

by rise sizes starting at 0.9 m X 0.6m (3 ft X 2 ft) and goes up to 3.6 m X 3.6 m 

(12 ft X 12 ft) with one-foot increment. The standard laying length is either 1.8 m 

or 2.4 m (6 ft or 8 ft) depending on the maximum weight limits generate per 

precast section and transport on the highway to the specific site. The maximum 

span length of a standard ASTM precast concrete box section is 3.6 m (12 ft) 

which may be too small to handle heavy water flow and may require the use of 

multiple sections placed side-by-side. In this case, the walls of adjacent culverts 

will act as a pier that may obstruct the flow of water and be associated with 

flooding problems. Therefore, developing new four-sided box sections with longer 

spans have proven to be an economical alternative to multiple box-sections. 

This paper builds on the study reported by Awwad et al. (2008) by 

investigating the analysis of longer span 7.2 m (24 ft) culvert. The finite element 

analysis (FEA) results of four-sided reinforced concrete box culverts with span 

length of 7.2 m (24 ft) were compared to 2D frame analysis suggested by ASTM 

and AASHTO Standard Bridge Specifications (2002). The culvert had constant 

rise and was subjected to various load combinations of earth pressures and 

AASHTO HS20 wheel loading in the top slab. This study considered the effect of 
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each and/or combinations of soil cover on the culvert behavior, lateral earth 

pressures applied to side walls, and soil bearing pressure applied to the bottom 

slab. The results presented in this paper can assist bridge engineers in analyzing 

and designing precast concrete box culverts with span lengths longer than 3.6 m 

(12 ft) subject to various loads or load combinations of dead load, earth pressure, 

and live load. 

 

 

Background 
 

Precast concrete box culverts are typically designed as highway bridges per 

either AASHTO Standard (2002) or LRFD (2012). These specifications 

introduced the provision of distributing single or multiple wheel live loads to the 

bridge superstructure as a function of the depth of soil fill. Therefore, AASHTO 

suggest the analysis and design of box culverts by reducing the 3D structure to a 

2D frame. Abolmaali and Garg (2008) reported the results of a study evaluating 

the shear behavior and capacity of 42 standard precast concrete box culverts 

presented in ASTM C1433 subject to AASHTO HS20 truck wheel load. No fill 

was placed on the top slab of the culverts and rigid bedding material was assumed 

to support the culverts. Full-scale experimental tests were conducted on 24 typical 

precast concrete box culverts designed as per ASTM C1433. Six full-scale 2.4 m 

span concrete box culverts were tested to failure by subjecting each culvert to the 

AASHTO HS20 wheel load. Each structure was loaded incrementally up to failure 

in which crack initiation and propagation were identified and recorded at each 

step. It was shown that all the test structures behaved in flexural mode up to and 

beyond the standard loads. Therefore, the test results indicated that flexure 

governed the behavior required by AASHTO Specifications. Three-dimensional 

nonlinear finite element models of the test structures were developed and 

compared with the experimental results. It was shown that the actual shear 

capacity exceeded the factored critical shear force for all the ASTM C1433 box 

culverts. The study concluded that shear is not the governing behavior mode for 

the concrete box culverts, and it was recommended that the live load distribution 

width equations along with the provisions for shear transfer devices for box 

culverts required in the AASHTO Standard must be revised. The study also 

concluded that there is no need for shear transfer device across the joints of 

adjacent precast concrete box culverts. 

Awwad et al. (2008) reported the results of a study comparing the 3D-FEA 

versus 2D plane frame results of a new four-sided box culvert with span length of 

5.4 m (18 ft) and a rise of 2.4 m (8 ft). The culvert was subjected to various 

combinations of earth loading from the soil cover, lateral earth pressure, and 

AASHTO HS20 wheel loading applied at center or edge along mid-span of the top 

slab. As the soil cover increases from 0 to 3 m (10 ft), wheel loads were projected 

to the top slab using ASTM C890 procedure. The results showed that the effect of 

wheel loading along mid-span is significant and that the edge loading condition for 

a single box is more critical than center loading for soil cover less than 0.9 m (3 ft). 

The earth fill loading tends to gradually dominate as the soil cover increases. It 
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was shown that moments from plane frame analysis and 3D FEA gave similar 

results.  

Orton et al. (2015) reported experimental data from field testing of multi-cell 

reinforced concrete box culverts under soil fill. This study was performed to 

quantify the reduction of live-load effects with increasing fill depth since the 

current structural analysis procedures are overly conservative in predicting the 

live-load effects. The study investigated experimentally the effects of truck loads 

on reinforced concrete box culverts classified as bridges (where spans are greater 

than 6 m (20 ft)) under soil fills of different thickness. The study considered ten 

existing reinforced concrete box culverts with fill depths ranging from 0.76 m (2.5 

ft) to 4.1 m (13.5 ft). Test results showed that the live-load effect does diminish 

with increasing fill depth. It was shown that at depths beyond 1.82 m (6 ft), the 

live-load pressures are less than 10% of the dead-load pressure, and this fill depth 

was considered as a point at which live-load effects may be neglected. This 

conclusion matches the results reported earlier by Awwad et al. (2008). 

Furthermore, the AASHTO LRFD Bridge Design Specifications (2012) were 

found to be overly conservative in predicting strains and displacements compared 

with field data for fill depths less than 2.4 m (8 ft). The primary source of 

conservatism is likely the two-way action in the top slab of the culvert. 

Acharya et al. (2016) reported the results of a parametric study by 

investigating the influence of concrete pavement thickness, fill depth, wheel loads, 

and culvert span on the load distributions. The study was based on the results of a 

comprehensive field study of a single-cell low-fill box culvert. The culverts were 

instrumented with displacement transducers and pressure cells to capture 

deformations and pressures resulting from different combinations of wheel loads. 

It was shown that the intensity of the vertical pressure gradually decreased with an 

increase in the concrete pavement thickness and fill depth because the wheel load 

was distributed over a wider area. The vertical pressure on top of the culvert 

decreased with the increase of the culvert span. The study demonstrated that the 

AASHTO pressure distribution methods are overly conservative for the wheel 

load distribution on a low-fill box culvert under rigid pavement. The difference in 

the calculated vertical pressure decreased with the increase of the fill depth. For all 

the fill depths considered, the calculated pressure by the AASHTO LRFD code 

was higher than that by the AASHTO Standard Specifications. At the higher fill 

depth (2.4 m) and wider span, the calculated pressure by the AASHTO Standard 

Specification closely matched the pressure found by the numerical method. 

      

 

Description of Box Culverts 

 

Geometry 

 

A typical three-dimensional precast concrete box culvert is shown in Figure 1. 

The main geometric parameters of a box culvert are the span length, rise, laying 

width, haunches, wall thickness and top/bottom slab thicknesses. A box culvert 

with span length (S) of 7.2 m (24 ft) is investigated in this study. The culvert had 



Athens Journal of Technology & Engineering March 2019 

 

21 

constant rise of 2.4 m (8 ft), constant slab and wall thicknesses of 0.3 m (1 ft), and 

haunches at each corner of 0.3 m x 0.3 m (1 ft x 1 ft). The laying width of the 

section was chosen as the standard 1.8 m (6 ft). The box section selected for this 

study was labeled as B24, which correspond to the span length. The overall weight 

and possible transporting the box culvert to a construction site was not addressed 

in this investigation. 

It should be noted that this longer culvert of 7.2 m (24 ft) was selected to fill a 

need to provide practical structural analysis of concrete box culverts spanning 

more than 3.6 m (12 ft) and less than 9 m (30 ft). The ASTM Standard covers 

precast culverts with spans up to 3.6 m (12 ft), and this research will allow 

engineers to address box culverts reaching up to 7.2 m (24 ft). 

 

Figure 1. Typical 3D Precast Concrete Box Culvert 
 

 

 

 

Span 
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Width 

Haunch 

Slab Thickness 

Wall  
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Material Properties 

 

The material properties used in modeling the precast concrete box culvert was 

assumed to be normal-strength concrete with compressive strength of 27.6 MPa 

(4,000 psi), modulus of elasticity 24.8 GPa (3.6x10
6
 psi), and Poisson's ratio 0.2. A 

typical 19 kN/m
3 
(120 lbs/ft

3
) unit weight ñɔò of soil was used and a friction angle 

f was assumed to be 30
o
 for well-drained granular fill material. The soil is 

considered at rest condition with a lateral pressure coefficient k0 of 0.5 (where k0 = 

1-sinf). To be conservative, it was assumed that the depth of water table to be 

below the culvert and there was no stream running water.  
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Loading 

 

Figure 2 shows the various critical applied loads that will influence the load 

distribution in precast concrete box culverts. The culverts were subjected to 

overburden pressure due to soil cover, lateral earth pressures, and the standard 

AASHTO HS20 truck wheel load. The culvert self-weight was included in the 

comparative analysis of 3D-FEA vs 2D frame analysis. However, the culvert self-

weight should be part of the load combination of the soil and live loadings in the 

final analysis and design of the culverts. The height of soil cover (Z) above the top 

slab was varied from 0 m (no cover) to 3 m (10 ft), with increments of 0.6 m (2 ft) 

and the resulting overburden pressure (ɔZ) was applied uniformly to the top slab. 

The lateral earth effect was modeled as linearly varying trapezoidal pressures on 

the culverts walls, starting with (k0ɔZ) at the top slab level. The soil bearing 

pressure below the bottom slab was modeled by means of linear springs of 268 

kN/m
2
/m (50 lbs/in

2
/in). 

 

Figure 2. Typical Earth and HS20 Wheel Loading on the Culvert 

 
 

In the 3D-FEA, AASHTO HS20 truck consists of 2 lines of wheels spaced 

1.8 m (6 ft) apart. Each line has 18, 72, and 72 kN (4, 16, and 16 kips) 

concentrated wheel loads as shown in Figure 2. AASHTO and ASTM C1433 

(2016) specify that a wheel load is to be applied as a tire print over an area of 0.50 

m x 0.25 m (20 in x 10 in) directly to the top slab of a culvert for soil cover less 

than or equal to 0.6 m (2 ft).  For soil cover more than 0.6 m (2 ft), the tire print 

area is projected using ASTM C890 (2013) equation (W + 1.75Z) x (L + 1.75Z), 

where W is the width (20 in) and L is the length (10 in) of the tire print. Two wheel 

loading positions along mid-span are considered: (i) Centered Loading where the 

projection of the tire print of the middle wheel is placed in the center of top slab 

along mid-span and (ii) Edge Loading where the projection of the tire print of the 
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wheel is placed at the edge of top slab along mid-span. These two loading 

conditions were considered based on a study by Awwad et al. (2008) in which 

several wheel load positions were investigated, located from edge to center along 

mid-span. The maximum values of bending moments and deflections in the top 

slab, as expected, decreased as the tire print was moved from edge toward the 

center. The centered and edge wheel loadings along mid-span were therefore 

selected to represent extreme loading conditions encompassing all other possible 

intermediate wheel load positions. The AASHTO Standard Bridge Specifications 

(2002) consider an impact factor for the dynamic live load effect as follows: 30% 

increase in wheel load for soil cover less than 0.3 m (1 ft), 20% increase in wheel 

loads for soil cover between 0.3 and 0.6 m (1 and 2 ft), 10% increase in wheel 

loads for soil cover between 0.6 and 0.9 m (2 and 3 ft), and no impact for soil 

covers more than 1.2 m (4 ft). 

 

Load Combinations 
 

The concrete box culvert selected for this study was analyzed, subject to the 

variable soil pressure and static wheel loading described earlier. The culvert was 

subjected to both Centered and Edge wheel loadings. In addition, soil loading was 

applied in three stages as follows: Case 1 considers only the overburden pressure 

on the top slab for the various soil covers selected and assumes the culverts to be 

simply supported by hinges under the side walls. Case 2 is similar to Case 1 but 

with the addition of lateral earth pressure applied to the side walls. Case 3 

considers all soil pressures on the culvert slabs and walls, in addition to bearing 

springs under the bottom slab which support the culverts. The concrete culvert was 

analyzed considering the various load combinations of six soil covers, two wheel 

positions, and three earth loading cases. 

 

 

Finite Element Modeling 
 

The concrete box culverts were modeled using the finite element analysis 

computer program SAP2000.
2
 A mesh sensitivity analysis was conducted and a 

suitable discretization using 0.15 m x 0.15 m (0.5 ft x 0.5 ft) four-node shell 

elements with six degrees of freedom at each node was adopted. The concrete 

slabs and walls were modeled as linear elastic four-node shell elements that 

account for plate bending in the slab, and bending with axial behavior in the side 

walls. The shell thickness of 0.3 m (12 in) was used for the slabs and walls while 

haunches are modeled using an equivalent thickness of 0.38 m (15 in).  

The concrete box culverts were also analyzed as 2D plane frames per ASTM 

and AASHTO procedures. A unit-width is considered in the analysis and the 

corresponding earth pressures are applied in the three stages discussed earlier. For 

soil cover less than or equal to 0.6 m (2 ft), the middle tire print of the HS20 truck 

is applied at mid-span of the top frame member and is divided by the distribution 

                                                           
2
SAP2000 (Version 17) Berkeley, California: Computers and Structures Inc. 
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width suggested by AASHTO Standard Bridge Specifications (2002), E (ft) = 4 + 

0.06Seff, where Seff (ft) is the effective span length, measured between mid-

haunches (Seff = clear span S ï haunch width). When the soil cover exceeds 0.6 m 

(2 ft), the tire prints are projected using procedures specified in ASTM C890. 

Noting that the centered and edge wheel loading condition become identical in the 

2D analysis. 

The finite element model of a typical culvert B24 subjected to edge wheel 

loading, overburden and lateral earth pressures with Z = 0.6 m (2 ft),  supported by 

bearing springs distributed below the bottom slab, as described in Case 3. The 

corresponding deflected box culvert and longitudinal bending moment distribution 

in the slabs and walls are shown in Figure 3. The longitudinal moment is the 

bending moment about the transverse axis which is used in determining the main 

reinforcing steel in the culvert. 

 

Figure 3. Deflection and Bending Moment in Culvert B24 under Edge Loading 

(Case 3, Z = 0.6 m) 
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Results 

 

The critical bending moments (Mp and Mn) were identified at mid-span and 

the wall support of the top slab along with the maximum vertical deflection (D) at 

mid-span for all culverts and load cases considered in this investigation. The 

maximum positive bending moments, negative bending moments, and deflections 

for all three culverts (B12, B18, and B24) investigated by Awwad (2008) are 

summarized in Table 1. Typical FEA results for the culvert with span length of 7.2 

m (24 ft or B24) for Case 1 are shown in Figure 4. The 3D FEA and 2D Frame 

analysis results are plotted along the culverts laying width (1.8 m or 6 ft) for 

selected soil covers (Z = 0.6 m (2 ft) and 1.8 m (6 ft)) for individual edge and 

centered tire loading, earth loading, and total combined tire and earth loading.  

General observations can be made to all three culverts (B12, B18, and B24) 

results that were summarized in Table 1. The edge condition results are higher 

than the centered ones for soil covers ñZò less than 0.6 m (2 ft). The difference 

between edge and centered conditions decreases when the soil cover exceeds 1.2 

m (4 ft), and becomes insignificant for soil cover greater than 3 m (10 ft). This is 

consistent with geotechnical engineering practice, the deeper soil cover tends to 

lessen the influence of the wheel load position and its concentration by spreading it 

more evenly to the top slab. The effect of overburden pressure only (Case 1), 

overburden and lateral earth pressure (Case 2), and overburden, lateral, and 

bearing pressure (Case 3) on the box culvert were analyzed and compared with 

reference Case 1. The lateral pressure added in Case 2 tends to camber the top slab 

upwards, resulting in a decrease in the positive moments and deflections and an 

increase in the negative moments in the top slab. Applying bearing pressure to the 

bottom slab in Case 3 has the reverse counter effect. The results in Table 1 showed 

that the difference between the three load cases is more significant for the short-

span culvert B12, and is less significant for the long-span culverts B18 and B24, 

namely between Case 1 and Case 2. This is due to the fact that the lateral pressure 

effect in Case 2 is similar for all three spans considered since the culvert rise is 

kept constant; the lateral effect will therefore be more significant for the short-span 

culverts with relatively smaller values of moments and deflections in the top slab.  

The FEA results for culvert B12 showed a decrease of approximately 13% in 

the maximum positive moment in the top slab for the load case with lateral 

pressure (Case 2 versus Case 1); this decrease is reduced to about 4% when 

bearing pressure was added (Case 3 versus Case 1). Correspondingly, an increase 

in the maximum negative moments of about 15% and 4% is observed when 

considering Cases 2 and 3 versus Case 1, respectively. The maximum deflection in 

the top slab is also decreased by about 20% for Case 2, compared to Case 1. The 

deflection resulted from load Case 3 is excluded from the comparison since it 

includes the settlement due to presence of bearing springs. 
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Table 1.  Box Culverts B12, B18, and B24: Maximum Positive Moments, Negative Moments, and Deflections for All Cases and Conditions Considered 
Culvert B12 Z = 0 m Z = 0.6 m Z =1.2 m Z = 1.8 m Z = 2.4 m Z = 3.0 m

Maximum Values Case 1 Case 2 Case 3 Case 1 Case 2 Case 3 Case 1 Case 2 Case 3 Case 1 Case 2 Case 3 Case 1 Case 2 Case 3 Case 1 Case 2 Case 3

FEA-3D-Center 33.84 30.69 32.45 42.57 37.98 41.13 35.15 28.94 33.26 43.16 35.46 41.22 51.71 42.53 49.59 62.69 51.93 60.53

FEA-3D-Edge 49.19 46.04 47.79 56.93 52.29 55.49 37.31 31.10 35.60 45.05 37.49 43.47 52.74 43.52 50.72 62.69 51.93 60.53

2D-Frame 40.68 37.53 39.69 49.05 44.37 47.88 34.70 28.53 32.63 41.76 34.07 39.51 50.63 41.40 48.15 60.30 49.55 57.56

FEA-3D-Center 19.76 22.82 21.11 29.84 34.43 31.28 34.20 40.28 36.00 43.20 50.76 45.09 51.98 61.02 54.00 63.00 73.49 65.03

FEA-3D-Edge 29.07 32.22 29.97 37.94 42.66 39.02 36.18 42.26 37.80 45.23 52.79 46.85 53.01 62.01 54.86 63.00 73.49 65.03

2D-Frame 24.57 27.72 25.56 34.02 38.70 35.19 33.21 39.38 35.28 41.27 48.96 43.52 50.13 59.31 52.61 59.67 70.38 62.42

FEA-3D-Center 0.44 0.35 0.70 0.64 0.51 1.15 0.71 0.53 1.38 0.88 0.66 1.81 1.06 0.79 2.21 1.28 0.97 2.70

FEA-3D-Edge 0.65 0.56 1.37 0.84 0.70 1.78 0.75 0.57 1.47 0.92 0.70 1.91 1.08 0.81 2.27 1.28 0.97 2.70

2D-Frame 0.60 0.51 0.97 0.79 0.66 1.41 0.72 0.54 1.40 0.88 0.66 1.79 1.07 0.80 2.21 1.27 0.96 2.65

Culvert B18 Z = 0 m Z = 0.6 m Z =1.2 m Z = 1.8 m Z = 2.4 m Z = 3.0 m

Maximum Values Case 1 Case 2 Case 3 Case 1 Case 2 Case 3 Case 1 Case 2 Case 3 Case 1 Case 2 Case 3 Case 1 Case 2 Case 3 Case 1 Case 2 Case 3

FEA-3D-Center 45.90 43.47 44.87 64.49 60.89 63.99 64.17 59.45 64.04 81.90 76.01 82.40 99.86 92.84 100.98 122.27 114.08 124.07

FEA-3D-Edge 61.65 59.22 60.66 79.25 75.69 78.80 67.68 62.96 67.68 85.46 79.56 86.13 101.75 94.73 103.05 122.27 114.08 124.07

2D-Frame 52.34 49.91 51.48 70.56 66.96 70.20 63.63 58.86 63.32 79.88 73.94 80.06 96.35 89.28 96.98 117.18 108.95 118.26

FEA-3D-Center 31.41 33.75 32.36 56.43 59.85 56.84 73.85 78.39 73.94 98.28 103.91 97.83 122.36 129.02 121.14 149.81 157.64 147.96

FEA-3D-Edge 39.20 41.72 39.74 61.61 65.34 61.65 77.31 81.81 77.27 102.15 107.78 101.57 124.61 131.36 123.30 149.81 157.64 147.96

2D-Frame 36.18 38.61 36.99 59.85 63.41 60.21 70.88 75.60 71.19 93.20 99.09 93.06 114.35 121.41 113.72 139.05 147.29 137.97

FEA-3D-Center 1.20 1.05 1.50 2.01 1.79 2.81 2.52 2.22 3.70 3.30 2.93 5.03 4.05 3.63 6.30 4.98 4.45 7.75

FEA-3D-Edge 1.55 1.40 2.21 2.34 2.11 3.48 2.65 2.35 3.90 3.43 3.08 5.23 4.13 3.70 6.43 4.98 4.45 7.75

2D-Frame 1.49 1.34 1.88 2.29 2.07 3.18 2.55 2.25 3.73 3.28 2.93 4.98 4.00 3.55 6.15 4.85 4.35 7.50

Culvert B24 Z = 0 m Z = 0.6 m Z =1.2 m Z = 1.8 m Z = 2.4 m Z = 3.0 m

Maximum Values Case 1 Case 2 Case 3 Case 1 Case 2 Case 3 Case 1 Case 2 Case 3 Case 1 Case 2 Case 3 Case 1 Case 2 Case 3 Case 1 Case 2 Case 3

FEA-3D-Center 57.78 55.85 56.79 89.55 86.63 89.15 100.26 96.44 100.62 131.49 126.77 132.48 161.37 155.66 162.90 197.24 190.62 199.44

FEA-3D-Edge 73.71 71.73 72.68 104.49 101.57 104.09 105.21 101.39 105.66 136.85 132.08 137.97 164.16 158.45 165.83 197.24 190.62 199.44

2D-Frame 62.33 60.35 61.38 93.92 90.99 93.51 99.68 95.85 99.90 128.84 124.07 129.60 157.46 151.70 158.63 191.43 184.77 193.19

FEA-3D-Center 43.56 45.36 44.46 90.32 92.97 90.63 129.11 132.62 129.20 176.99 181.40 176.49 221.63 226.89 220.05 270.90 277.02 268.74

FEA-3D-Edge 49.41 51.53 50.00 94.23 97.07 91.13 134.33 137.88 134.42 183.42 187.83 182.93 225.45 230.72 223.79 270.90 277.02 268.74

2D-Frame 46.53 48.51 47.48 90.90 93.78 91.26 123.35 127.22 123.57 166.95 171.72 166.64 207.36 213.08 206.15 252.18 258.84 250.43

FEA-3D-Center 2.52 2.31 2.82 4.78 4.48 5.83 6.50 6.08 8.30 8.75 8.23 11.30 10.88 10.25 14.18 13.28 12.58 17.38

FEA-3D-Edge 3.00 2.80 3.63 5.23 4.93 6.58 6.78 6.35 8.68 9.08 8.55 11.75 11.05 10.45 14.43 13.28 12.58 17.38

2D-Frame 2.90 2.68 3.25 5.15 4.85 6.25 6.55 6.13 8.35 8.70 8.20 11.23 10.75 10.15 13.98 13.08 12.38 17.03D
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Figure 4. (a) Positive Moment (b) Negative Moment and (c) Deflections Results 

under Wheel Loading (Center and Edge) and Earth Pressure (Case 1, Z= 0.6 m 

and 1.8 m) for Culvert B24 
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For the other two culverts B18 and B24, the finite element results indicated 

that an average of 5% increase is observed in the maximum positive or negative 

moments when lateral pressure is included (Case 2 versus Case 1) and almost no 

changes occur when bearing pressure is added (Case 3 versus Case 1). A decrease 

of 8% in the maximum deflection is observed for loading Case 2 versus Case 1. It 

was also noted that the percent increase or decrease in moments and deflections 

with respect to Case 1 are similar for 3D-FEA, center and edge, and 2D plane 

frame analyses. 

The 3D-FEA results were compared with 2D plane frame analysis 

recommended by AASHTO Bridge Specifications and ASTM standards. The 

average bending moments and deflections were obtained for the three load Cases 

1, 2, and 3.  For soil cover less than 0.9 m (3 ft) and centered tire loading 

condition, 2D plane frame analysis overestimates the maximum positive and 

negative moments by 15%, 10%, and 5% for culverts B12, B18, and B24 

respectively; the maximum deflections were overestimated by 25%, 17%, and 

10%, for Culverts B12, B18, and B24, respectively. For soil cover less than 0.9 m 

(3 ft) and edge wheel loading condition, the 2D frame analysis underestimates the 

maximum positive and negative moments by about 17%, for Culvert B12, and by 

about 10% for Culverts B18 and B24.  However, the maximum deflections was 

about 3% difference for all three culverts. For soil cover more than 0.9 m (3 ft), the 

results for centered and edge tire loading conditions were similar to the 3D-FEA 

and slightly greater than the 2D plane frame for all three culverts, reaching about 

5% increase for edge loading. 

 

 

Conclusions 
 

This paper presented the results of a parametric study investigating the 

structural response of four-sided concrete box culverts using finite element 

analysis. Three culverts span lengths (B12, B18, and B24) were selected and 

analyzed under various load combinations of wheel load, earth pressure, and 

various soil covers. For soil fill up to 0.9 m (3 ft), it was observed that the wheel 

loading is dominant and it was found that the edge wheel loading was more critical 

than centered wheel loading at mid-span. As the soil cover increases above 0.9 m 

(3 ft), it was expected that the earth loading tends to gradually dominate, and for 

soil cover exceeding 2.1 m (7 ft), the live wheel loading effect was found to be 

negligible when compared to dead load due to earth fill loading. Load cases with 

lateral earth pressure applied to side walls (Case 2) and bearing pressure applied to 

the bottom slab in addition to lateral pressure (Case 3), were compared with the 

case when only overburden pressure is applied to the top slab (Case 1). It was 

observed when comparing Case 2 loading combination relative to Case 1 loading: 

(a) the positive moments decreased by 13% for B12 and increased by 5% for B18 

and B24; (b) the negative moments increased by 15% for B12 and increased by 

5% for B18 and B24; and (c) the deflections decreased by 20% for B12 and 

decreased by 8% for B18 and B24. It was concluded that plane frame analysis 

leads to slightly conservative bending moment results when compared to 3D-FEA, 
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it was off by 15% for short-span culverts (B12), 10% for B18, and 5% for longer 

span (B24) culverts. 
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Earthquake is a catastrophic event, which makes enormous harm to properties and 

human lives. R.C. walls are provided in structures to decrease horizontal 

displacements under seismic load.  R.C walls in residential buildings might have 

openings that are required for windows, doors or different states of openings due to 

architectural purposes. Size, position, and area of openings may fluctuate from an 

engineering perspective and might have an impact on stiffness of R.C wall and on the 

structures seismic reaction. F.E. modeling approach has been conducted to study 

effects of opening shape, size and position in RC wall with different thicknesses under 

axial & lateral static loads. F.E. Method using ñANSYSò becomes an essential 

approach in analyzing civil engineering problems numerically. Now we can make 

various models with different parameters in short time by using ANSYS instead of 

examining it experimentally, which consumes much time and money. The proposed 

F.E approach has been verified with experimental programs conducted by other 

researchers and gives a perfect correlation between the model and experimental 

outputs including load capacity, failure mode, crack pattern and lateral displacement.  

A parametric study is applied to investigate effects of opening size, shape, orientation, 

aspect ratio, position with different R.C. wall thicknesses. After verifying the proposed 

F.E approach with other mathematical design models conducted by other researchers, 

a statistical analysis was performed on 38 F.E. specimens and is presented in this 

paper. Outcomes of this statistical analysis provide an overview of the performance of 

current design models and identify research gaps. The findings presented herein will 

be used to define a new mathematical formula to provide the ultimate axial load of 

R.C. wall with circular opening. This research may be useful for improving existing 

design models and to be applied in practice, as it satisfies both architectural and 

structural requirements. 

  
Keywords: ANSYS, F.E.M., Opening, Seismic, Shear Wall.  

 

 

Introduction  
 

Shear walls are vertical structural elements designed to resist lateral forces 

exerted on a building by the lateral loads that may be induced by the effect of 

wind and earthquakes. But shear walls are frequently pierced for doors, 

windows and building services or other functional reasons. Openings are 

usually avoided in reinforced concrete structural elements because the size and 

location of openings in the shear wall may have adverse effect on seismic 

responses. These openings are also source of weak points and cause decrease 

inside the structure's stiffness and load-bearing capacity. As a designer, it is 
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important to know the impacts of large openings sizes and configurations in 

shear wall on stiffness and also on seismic responses and behavior of structural 

system as a much amount of concrete and reinforcing steels has to be removed. 

So, an optimum configuration of openings in shear walls needs to be made (Lin 

and Kuo 1988). 

Behavior of shear wall with openings has been studied in number of 

researches. Lin and Kuo (1988) conducted finite element analysis and 

experimental work to examine the ultimate strength of shear wall with 

openings under the effect of lateral load. The test program demonstrated the 

shear behavior of R.C. walls with different sizes of openings and reinforcing 

patterns around the opening. It was resolved that the shear capacity of the 

section is not only affected by the width of openings but also affected by the 

depth of openings as well which is not included in ACI Code.  

Chowdhury et al. (2012) has modeled a six-storey frame-shear wall 

building using ETABS and studied the effects of openings in core type shear 

wall of thickness 203 mm under earthquake loads in equal static analysis. The 

results found out that stiffness and seismic response of the structure is affected 

by the dimensions of openings and position of openings in shear walls. It is 

also concluded that the more size of opening the more displacements conceded 

via building and this trend will increase with increasing storey level. Increasing 

wall thickness around the door openings are extra effective than that of window 

opening as far as displacement is concerned at top most story level. 

Furthermore, it is clearly definitely that opening in shear wall positioned in 

plane of loading is extra critical than that of opening in shear wall located out 

of plane of loading due to the fact that there is a significant change in 

displacement noticed after having opening in shear wall positioned in plane of 

loading. 

Mosoarca (2014) analyzed the seismic behavior of shear walls with regular 

and staggered openings after the strong earthquake. He modeled a three-storey 

shear wall of thickness 120 mm on a scale of 1/3 and statically loaded them 

with alternating cyclic horizontal loads. The study concluded that, with the 

same amount of reinforcement and layout, the walls with staggered openings 

developed a ductile failure, whereas the ones with regular openings developed 

a brittle failure; and the shear walls with staggered openings are more rigid and 

needed less reinforcement. Therefore, the opening location affects the shear 

wall capacity.  

Musmar (2013) has modeled a five-storey frame-shear wall building using 

ANSYS and studied the effects of openings size in shear wall of thickness 300 

mm. The openings are placed in all stories at the mid length of shear walls. 

Adopted openings length is 1m, and the opening height is variable starting 

from 0.5m to 3.0 m by 0.5m increments. The study revealed that Small 

openings yield minor effects on the load capacity of shear walls, flexural 

stresses along the base level of shear walls, cracking pattern and maximum 

drifts. The larger the area of the opening is the extra is the stress flow 

disturbance within the shear wall. The study also conducted that when 
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openings are large enough, the load capacity is reduced because stiffness of 

shear wall with openings decreases.  

Kankuntla et al. (2016) aimed to compare seismic performance of 15-

Storey with openings in shear wall situated in earthquake zone V. Seismic 

coefficient method and Response spectrum method were used for seismic 

analysis. SAP software was used and the results were compared. Location of 

shear wall was determined by changing shape configuration and areas of 

openings in shear wall for all buildings models. The study concluded that, the 

presence of openings in shear wall decreases the strength and rigidity of the 

shear wall depending on the sizes and shapes of opening. The column moment 

and axial force is increased as sizes of opening increase because of reduction of 

stiffness of shear wall with openings. The opening effect decreases as length of 

shear wall in plan increases. Moreover, the responses of structure are not 

affected by shapes of opening but the width and height of openings have 

significant effect. The frames with shear wall is stricken by the size of 

openings than their positions inside the shear walls on the stiffness and 

response of structure with opening size Ò15% of solid shear wall area. 

However, it is extensively impacted by the opening positions in shear walls 

with opening area >15% of solid wall area.  

Despite of the growing interest in modeling and analyzing behavior of 

shear walls, no researcher has yet seriously examined various parameters to 

have an optimum opening shape, orientation, aspect ratio, size, and position in 

RC wall, which could help designers in making openings either after 

construction or prior design. Consequently, by the use of ANSYS, the behavior 

of RC walls with openings can be explored. If the material properties have 

been implemented properly, ANSYS could simulate the elastic and plastic 

deformations that would take place in concrete till ultimately concrete crushing 

due to increasing the load. 

 

 

Research Scope and Objective 

 

The purpose of this study is to explore the behavior of shear walls with 

openings using finite element approach after being accurately verified 

experimentally and mathematically. The study includes a parametric study to 

gain an optimum opening shape, orientation, aspect ratio, size and position in 

R.C. wall with different thicknesses to increase capacity and dominance cracks. 

This paper is a part of a larger research study on the performance of opening 

configuration of shear wall openings and the use of fiber-reinforced polymers 

(FRPs) for strengthening those opening to enhance their behavior in opposing 

horizontal loads in high-rise buildings. The ongoing program is expected to 

significantly extend the findings of the previous studies and present a verified 

F.E. approach, which help for more research in this field. In addition, this paper 

conducts a new mathematical formula to predict the ultimate axial strength of 

the R.C. wall with circular opening. 
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Table 1. Examined Parameters by F.E.M 

Serial 

No. 
Shape 

Vertical 

Dim. 

Horizontal 

Dim. 
Position 

Wall  

Thickness (m) 

Aspect 

Ratio 

Opening 

size % 

1 Square 0.4 0.4 Middle 0.06 1.00 6.58% 

2 Square 0.4 0.4 Middle Right 0.06 1.00 6.58% 

 3 Square 0.4 0.4 Top Corner 0.06 1.00 6.58% 

4 Square 0.4 0.4 Top Middle 0.06 1.00 6.58% 

5 Square 0.4 0.4 Bottom Corner 0.06 1.00 6.58% 

6 Square 0.4 0.4 Bottom Middle 0.06 1.00 6.58% 

7 Square 0.6 0.6 Middle 0.06 1.00 14.81% 

8 Square 0.6 0.6 Middle 0.09 1.00 14.81% 

9 Square 0.6 0.6 Middle 0.12 1.00 14.81% 

10 Square 0.6 0.6 Middle 0.15 1.00 14.81% 

11 Square 0.6 0.6 Middle 0.18 1.00 14.81% 

12 Square 0.6 0.6 Middle 0.21 1.00 14.81% 

13 Square 0.6 0.6 Middle 0.24 1.00 14.81% 

 14 Square 0.6 0.6 Middle 0.27 1.00 14.81% 

15 Square 0.8 0.8 Middle 0.06 1.00 26.34% 

16 Square 1.0 1.0 Middle 0.06 1.00 41.15% 

17 Square 1.2 1.2 Middle 0.06 1.00 59.26% 

18 Rectangle 0.8 0.2 Middle 0.06 0.25 6.58% 

19 Rectangle 0.2 0.8 Middle 0.06 4.00 6.58% 

20 Rectangle 0.8 0.4 Middle 0.06 0.50 13.17% 

21 Rectangle 0.4 0.8 Middle 0.06 2.00 13.17% 

22 Rectangle 1 0.6 Middle 0.06 0.60 24.69% 

23 Rectangle 0.6 1 Middle 0.06 1.67 24.69% 

24 Rectangle 1 1.4 Middle 0.06 1.40 57.61% 

25 Rectangle 0.4 1 Middle 0.06 2.50 16.46% 

26 Rectangle 1 0.4 Middle 0.06 0.40 16.46% 

27 Rectangle 0.8 0.6 Middle 0.06 0.75 19.75% 

28 Rectangle 0.8 0.6 Middle 0.09 0.75 19.75% 

 29 Rectangle 0.8 0.6 Middle 0.12 0.75 19.75% 

30 Rectangle 0.8 0.6 Middle 0.15 0.75 19.75% 

31 Rectangle 0.8 0.6 Middle 0.18 0.75 19.75% 

32 Rectangle 0.8 0.6 Middle 0.21 0.75 19.75% 

33 Rectangle 0.8 0.6 Middle 0.24 0.75 19.75% 

34 Rectangle 0.8 0.6 Middle 0.27 0.75 19.75% 

35 Rectangle 0.6 0.8 Middle 0.06 1.33 19.75% 

36 Rectangle 0.4 1.2 Middle 0.06 3.00 19.75% 

37 Rectangle 0.5 0.8 Middle 0.06 1.60 16.46% 

38 Rectangle 0.3 1.2 Middle 0.06 4.00 14.81% 

39 Rectangle 0.5 1 Middle 0.06 2.00 20.58% 

40 Rectangle 0.7 0.8 Middle 0.06 1.14 23.05% 

41 Rectangle 0.5 1.2 Middle 0.06 2.40 24.69% 

42 Rectangle 0.5 0.6 Middle 0.06 1.20 12.35% 

43 Rectangle 0.3 0.6 Middle 0.06 2.00 7.41% 

44 Rectangle 0.3 1.4 Middle 0.06 4.67 17.28% 

45 Rectangle 0.3 1.4 Middle 0.06 4.67 17.28% 

46 Rectangle 0.3 0.8 Middle 0.06 2.67 9.88% 

47 Rectangle 0.4 0.6 Middle 0.06 1.50 9.88% 

48 Rectangle 0.2 1.2 Middle 0.06 6.00 9.88% 

49 Rectangle 0.3 1 Middle 0.06 3.33 12.35% 
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Methodology 

 

The research plan includes three phases, the first phase; includes verification 

of the experimental results conducted by other researchers using an ANSYS model 

and ensure the correlation between both F.E. and experimental results for load 

capacity, failure mode and lateral displacement. The research depends on two 

different experimental programs using three different F.E models to be more 

confident with the model results. 

The second phase; After the model has been verified with the experimental 

outputs, a parametric study has been conducted by changing opening shape, 

opening location, size of opening, aspect ratio of opening, rectangular opening 

orientation and changing R.C. wall thickness. Table 1 shows the details of the 

examined parameters and its variation. So that a number of 62 different F.E. model 

have been conducted on ANSYS for such study. 

The third phase includes verification between the F.E approach and other 

mathematical design models. Then, a statistical analysis is performed on 38 F.E. 

specimens to validate the accuracy of the current mathematical design models. 

Based on the results of this statistical analysis, an overview is provided on the 

performance of current design models and to identify research gaps. The results 

will be used to conduct a new mathematical formula to get the ultimate axial load 

of R.C wall with circular opening. 

 

 

Finite Element Analysis of Shear Wall with Openings 
 

ANSYS finite element software is used to model two experimental 

programs of reinforced concrete shear loaded in the model up to failure, which 

have a symmetric opening (Popescu et al. 2016) and (Mohammed et al. 2010). 

Nonlinear response of RC wall is developed by cracking, plastic deformations 

in compression, crushing of the concrete and plastic deformations of the 

reinforcement.  
 

50 Rectangle 0.2 1.4 Middle 0.06 7.00 11.52% 

51 Rectangle 0.7 0.4 Middle 0.06 0.57 11.52% 

52 Rectangle 0.5 0.4 Middle 0.06 0.80 8.23% 

53 Rectangle 0.6 0.4 Middle 0.06 0.67 9.88% 

54 Rectangle 1.2 0.2 Middle 0.06 0.17 9.88% 

55 Rectangle 0.2 0.4 Middle 0.06 2.00 3.29% 

56 Rectangle 0.6 1.2 Middle 0.06 2.00 29.63% 

57 Circular Diameter 0.8 Middle 0.06 - 20.67% 

58 Circular Diameter 0.6 Middle 0.06 - 11.63% 

59 Circular Diameter 0.7 Middle 0.06 - 15.83% 

60 Circular Diameter 0.5 Middle 0.06 - 8.08% 

61 Circular Diameter 0.9 Middle 0.06 - 26.17% 

62 Circular Diameter 0.45 Middle 0.06 - 6.54% 
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Experimental Data Used for Model Verification 
 

First Model Verification 
 

Two shear wall specimens named I-L and I-S designed to represent typical 

wall panels in residential buildings (1800mm long, 1350mm tall and 60mm 

thick), modeled for testing to failure, they have symmetric openings (900mm x 

1050mm) & (450mm x 1050mm) as shown in Figures 1 and 2. The specimens 

are designed to be load-bearing concrete walls that are loaded by vertical loads 

with no transverse loads between supports or lateral in-plane forces. Welded 

wire fabric reinforcement was used to reinforce the walls, comprising of 

deformed 5 mm diameter bars with 100 mm spacing in both orthogonal 

directions and centrally positioned in a single layer. The concrete utilized to 

cast the specimens was a self-consolidating blend that could be poured without 

vibrating it. The average cubic compressive strength of the concrete was 62.8 

MPa. Steel mean yield strength (fy) was 632MPa. 

Four hydraulic jacks, each with a most extreme limit of 1400kN, were 

connected together to apply a uniformly distributed load, with controlled total 

force, along the wall length. An eccentricity of one sixth of the wall thickness 

was applied in the loading. A steel rod was welded to both of loading beam in 

order to apply eccentric distributed loading, designed to fit into a guide system 

connected to the upper edge and lower edge of the specimen as illustrated in 

Figure 1 and 2 (Popescu et al. 2016). 

 

Figure 1. I-L Specimen Test Setup 
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Figure 2. I-S Specimen Test Setup  

 
 

Second Model Verification 

 

A shear wall specimen named WO2 designed to represent typical wall 

(400mm long, 800mm tall and 50mm thick), modeled for testing to failure, it has a 

symmetric opening (135mm x 240mm) as shown in Figure 3. The specimen was 

cast with constant thickness. The specimen is designed to be a load-bearing 

concrete wall that is loaded by vertical loads with no transverse loads between 

supports or lateral in-plane forces. Welded wire fabric reinforcement was used to 

reinforce the walls, consisting of deformed 5 mm diameter bars and centrally 

positioned in a single layer. The concrete used to cast the specimens was a self-

consolidating blend that could be poured without vibrating it. The average cubic 

compressive strength of the concrete was 22.11 MPa. Steel mean yield strength 

(fy) was 478MPa. 

A hydraulic jack with a most extreme limit of 300kN, applies a uniformly 

distributed load, with controlled total force, along the wall length. An eccentricity 

of one sixth of the wall thickness was applied in the loading. A steel rod was 

welded to both of loading beam in order to apply eccentric distributed loading, 

designed to fit into a guide system connected to the upper edge and lower edge of 

the specimen as illustrated in Figure 3 (Mohammed et al. 2010). 
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Figure 3. Test Setup of WO2 Specimen (Mohammed et al. 2010) 

 
 

Material Model  

 

Modeling of Concrete 

 

The nonlinear response of reinforced concrete is modeled by solid65 

element. The concrete material is modeled by this element, which 

primarily based on a constitutive model for the triaxial behavior of concrete 

after Williams and Warnke (1975). This element is isoperimetric element 

which is characterized by eight nodes, each having three translation degrees of 

freedom in the nodal x,y and z-directions. The geometry, node positions and 

the coordinate system for the element is appeared in Figure 4. It is able to 

simulate plastic and elastic deformation, crushing in compression and cracking 

in tension in three perpendicular directions at each integration point as the load 

is increased (Morsy et al. 2015). 

 

Figure 4. Solid 65 Element 

 
 

Changing the element stiffness matrices conducts an adjustment in the 

material properties, which helps in the cracking modeling. In Solid 65, 
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crushing is known as the complete deterioration of the structural integrity of 

the material (material spalling). If the material fails at an integration point in 

uniaxial, biaxial or triaxial compression, the material is assumed to be crushed 

at that point. The von Mises failure criterion is used to model the multi-linear 

isotropic concrete along with Willam and Warnke model to define the failure 

of concrete.  

The multi-linear isotropic stress-strain curve for the concrete is computed 

by the use of the following equations (Chinese Standard, 2002)
3
 & Rusch 

model (Rusch and Hilsdorf 1963) in order to obtain the compressive uniaxial 

stress-strain relationship for the concrete model. 

 

When fcu > 50 MPa                                         When fcu < 50 MPa   

 

 

Where: 

ůc: the stress in concrete corresponding to the compressive strain Ůc 

fc: the axial compressive strength of concrete 

Ůo: the compressive strain corresponding to fc 

Ůcu: the ultimate compressive strain 

fcu: the cube strength of concrete 

n: a parameter 

 

Table 2. Concrete Properties prior to Initial Yield Surface 

 

1
st
 

experimental 

program 

2
nd

 

experimental 

program 

Modulus of elasticity ''MPa'' 41236.18 16761.59 

Poisson's ratio 0.2 0.2 

Shear transfer coefficients for an open crack 

(ɓt) 
0.5 0.5 

Shear transfer coefficients for a closed crack 

(ɓc) 
1 1 

Uniaxial tensile cracking stress (fr) ''MPa'' 6.28 2.21 

Uniaxial crushing stress (fc) ''MPa'' 62.8 22.11 

 

States of the crack face is represented by the shear transfer coefficient ɓ. ɓ 

starts from 0 to 1, with 0 indicating a smooth crack (complete loss of shear 

transfer) and 1 indicating a rough crack (no loss of shear transfer) (Kwan et al. 

                                                           
3
 Chinese Standard 'GB 50010-2002' (2002) Code for Design of Concrete Structures. 
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1999, Terec et al. 2010). Table 2 lists concrete properties within Solid65 element. 

 

Modeling of Steel Reinforcement 

 

The link8 element models the nonlinear response of reinforcement bars which 

may be included in the finite element model as a discrete model (individual bars). 

As shown in Figure 5, prior to initial yield surface steel material model is linear 

elastic, after the initial yield surface it is completely plastic, in compression and 

tension loading. Figure 6 shows the geometry, node positions and the coordinate 

system for the element. The parameters selected to define the material properties 

of steel are given in Table 3. 

 

Table 3. Material Properties for Steel 

 

Figure 5. Stress-Strain Curve for Steel Reinforcement 

 
 

Figure 6. Link8 Element 

 
 

 

Linear Isotropic  

Es ''MPa'' 200000 

Poisson's ratio 0.3 

Bilinear Isotropic  

 
1

st
 experimental 

program 

2
nd

 experimental 

program 

Yield Stress ''MPa''  632 478 

Tang Modulus ''MPa'' 632 478 
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Meshing & Load Steps 
 

The mesh generation directly affects the accuracy of F.E. analysis results. 

The mesh generation method is mainly determined by the element type and 

shape. Perfect simulation needs highly refined meshes. 

The panels are meshed with specific material characteristics by using 8-

node elements called Solid 65 for concrete, link 8 for reinforcement steel and 

solid 185 for loading plates. A dense mesh of this element type may be 

required in order to obtain accurate results during the analysis. ANSYS 

parametric design language (APDL) generates the mesh. In this method of 

mesh generation, the nodes are assigned to specific coordinates with ordered 

numbering. Then, meshed elements are formed after the nodes are joined 

together. The accuracy of the model, including objectivity issues related to 

mesh geometry and size, is demonstrated through several mesh sensitive 

studies, which were performed to select the optimum mesh sizes. In the models 

of first experimental program, the elements have a length of 50 mm. Elements 

have a length of 25 mm in the second experimental program. In the specimen 

named I-L in the first experimental program, there are 4620 nodes in the 

model, which are connected together to form 4068 elements as shown in Figure 

7. Specimen named I-S in the first experimental program, there are 5000 nodes 

in the model, which are connected together to form 4464 elements. Concerning 

the second experimental program, there are 2750 nodes in the model, which are 

connected together to form 2170 elements. 

 

Figure 7. Meshed Elements 

 
 

Automatic time stepping was used to solve the FE model with a specific 

number of substeps (1000) depending on the material properties, the value of 

loads and element density. In order to carry out a load-displacement curve 

based on non-linear analysis in ANSYS, the load should be broken into a series 

of load increments by defining number of load steps (185) in the first 

experimental program and (60) in the second experimental program, increment 

in load to be applied in each step and maximum load to be applied. The model 
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must be always checked back to determine the exact load step at which the wall 

failed.  

Loading and Boundary Condition  
 

Hinged connections at the top and bottom boundaries of the specimen and 

clamped side edges, which had to be sufficiently rigid to stop immoderate out-

of-plane deformations. Top edge is restrained in x and z directions along the 

wall length and released in y direction which is the loading direction. Bottom 

edge is restrained in x, y and z directions along the wall length. Side edges are 

restrained in x and z directions along the wall height in the first experimental 

program but released in all directions in the second experimental program. In 

order to simulate what happens in the laboratory properly, an axially uniformly 

distributed load is applied in the F.E.M. along the wall length with a small 

eccentricity at both of upper and lower end (one sixth of the wall thickness) to 

emulate influences of defects that happen in ordinary construction practices as 

presented in Figure 8. In the first experimental program, the model is axially 

loaded by distributed load of 5000kN by applying pressure 185Mpa along the 

wall length and 15 mm width. That load almost simulates the actual loading 

process developed in the laboratory as the wall loaded by four hydraulic jacks, 

each with a most extreme limit of 1400kN. These jacks were connected 

together to apply a uniformly distributed load, with controlled total force along 

the wall length. In the second experimental program, the model is axially 

loaded by distributed load of 300kN by applying pressure 60Mpa along the 

wall length and 12.5mm width. That load almost simulates the actual loading 

process developed in the laboratory as the wall loaded by one hydraulic jack 

with a maximum capacity of 300kN. When the model also has been loaded 

with different loads more than the expected failure load, it is found that the 

model failed at the same failure load, which ensures the F.E. model accuracy. 

 

Figure 8. Applied Load 
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Failure Criteria 

 

In this research, failure is considered when steel reinforcement yields 

followed by severe cracking of concrete. This initiates a large disturbance to the 

FE simulation and a major difficulty to the solution algorithm. This in turn leads to 

termination in the FE simulation due to a divergence. Divergence in the FE 

solution corresponds with an extremely large deflection, surpassing the 

displacement limitation of the ANSYS software. 

 

 

Model Verification  
 

F.E. modeling approach has been conducted and verified with two 

experimental programs of three different specimens conducted by Cosmin 

Popescu et al. (2016) and Mohammed et al. (2010). After verification, a 

parametric study is applied to investigate the effect of opening size, shape, 

orientation, aspect ratio, position with different R.C. wall thicknesses.  

 

Verification of First Experimental Program 

  

Verification for Load versus Deformation Curve 
       

The validity of the proposed material constitutive models for steel and 

concrete were verified by comparing their predictions with experimental data 

conducted from testing reinforced concrete shear wall (1800mm long, 1350mm 

tall and 60mm thick and has a symmetric opening (900mm x 1050mm) which 

named I-L. The results of the verification study, Figure 9, demonstrated that the 

F.E. model fitted with the experimental results of the reference wall. The measured 

maximum capacity and corresponding out of plane displacement in the reference 

wall were 1180kN and 12mm, respectively. On the other hand, the F.E. 

predictions obtained for maximum capacity and corresponding out of plane 

displacement were 1240kN and 12.9mm, respectively.  

Another specimen has been conducted for verification, which has a symmetric 

opening (450mm x 1050mm) and named I-S. The results shown in Figure 9 

demonstrated that the F.E. model fitted with acceptable accuracy the experimental 

results of the reference wall. The measured maximum capacity and corresponding 

out of plane displacement in the reference wall were 1500kN and 15.5mm, 

respectively. On the other hand, the F.E. predictions obtained for maximum 

capacity and corresponding out of plane displacement were 1780kN and 13mm, 

respectively. The experimental and F.E. failure loads and out of plane 

displacement capacities are presented in Table 4.  
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Table 4. F.E. and Experimental Results 

Serial 

 

Ultimate load, Pu 

(kN) 

 

Out of plane displacement  

(mm) 

Anal. Exp. Accuracy % Anal. Exp. Accuracy % 

I-L 1240 1180 5.1 12.9 12 7.5 

I-S 1605 1500 7.0 15.6 15.5 0.64 

 

Figure 9. Exp. and F.E. Results for I-L & I -S Specimens  

 
 

Crack Pattern and Failure Mode 
 

The specimen I-L failed in a mode of deflection in a single curvature with 

a maximum deflection occurring near the middle of the wall panel as shown in 

Figure 10. Crack Propagation is shown in Figure 11. The brittle failure in the 

wall caused by crushing of concrete with spalling and reinforcement buckling 

along the line between the opening corner and wall corner of one pier which 

leads to the failure of the wall panel as illustrated in Figure 12. Comparing the 

crack pattern of sample specimen at failure predicted numerically to that 

obtained from the experiment in Figure 12, there is a good correlation between 

the experimental and F.E. crack patterns. 
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Figure 10. Deformed Shape for I-L        Figure 11. Crack Propagation for I-L                     

 

Figure 12. Cracks in Experimental Specimen for I-L 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The specimen I-S failed in a mode of deflection in a single curvature with a 

maximum deflection occurring near the middle of the wall panel as shown in 

Figure 13. Cracks opened along the line between the corner of the wall and 

opening corner and these cracks continued to widen when several other cracks 

around the same location began to grow. The brittle failure in the wall caused by 

crushing of concrete with spalling and reinforcement buckling along the line 

between the opening corner and wall corner of one pier (Figure 14). Comparing 

the crack pattern of sample specimen at failure predicted numerically to that 

obtained from the experiment in Figure 15, there is a good correlation between the 

experimental and F.E. crack patterns. 
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Figure 13. Deformed Shape for I-S         Figure 14. Crack Propagation for I-S                
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 15. Cracks in Experimental Specimen for I- S 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Verification for Second Experimental Program 

 

Verification for Load Capacity     

  

Proposed material constitutive models for steel and concrete were verified by 

comparing their predictions with another experimental data conducted from testing 

reinforced concrete shear wall (Mohammed et al. 2010). The reference wall 

dimensions were (400mm long, 800mm tall and 50mm thick and has a symmetric 

opening (240mm x 135mm) which named WO2 as illustrated in Figure 3. The 

results of the verification study demonstrated that the F.E. model fitted with the 

experimental results of the reference wall. The measured maximum capacity in the 

reference wall was 203.8kN. On the other hand, the F.E. predictions obtained for 

maximum capacity was 175.12kN with 16.4% variation.  
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Crack Pattern and Failure Mode 

 

The specimen WO2 fails in a mode of deflection in a single curvature with a 

maximum deflection happening close to the middle of the wall panel as illustrated 

in Figure 16. The cracks begin from the center of the opening, parallel with the 

loading direction towards the applied loads. Followed by that is a crack from the 

center of the opening, parallel with the loading direction towards the bottom of the 

wall panel. Other than that, the cracks also happened near the middle of the wall 

panel, orthogonal to the loading direction, which causes the failure of the wall 

panel as appeared in Figure 17. Comparing the crack pattern of sample specimen 

at failure predicted numerically to that obtained from the experiment in Figure 18, 

there is a good correlation between the experimental and F.E. crack patterns. 

                                                                   

Figure 16. Deformed Shape       Figure 17. Crack Propagation                              

                                 

 

Figure 18. Cracks in Experimental Specimen  

 

At Load 70kN At Load 154kN 
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Failure mode in the F.E. models fitted with the experimental results of the 

reference walls, which confirms the capability of the F.E. models to accurately 

predict the load capacity of other models of shear walls and simulate the 

nonlinear structural behavior of opened shear walls to examine a larger domain 

of parameters instead of laboratory testing, which is expensive, time-

consuming and labor-dense. After verification of the finite element method 

with the proposed reference models, several arrangements of openings with a 

variety of dimensions were created in different shapes in the reference wall 

model to examine the impacts of openings. 

 

 

Parametric Study 
 

Effect of Opening Shape 

 

Based on the F.E. study carried out on four shapes with the same average 

opening size and position, it is clearly seen that the opening shape has 

significant impact on the axial capacity values at failure stage. The square 

shape has the lowest carrying capacity then the circular shape is much higher 

and the maximum axial load capacity is related to R.C wall with vertical 

rectangle direction opening. As shown in Table 5, it can be noticed that for a 

constant average value of opening size 15.9% of the total wall area, which 

located in the middle, the lowest ultimate load is recorded at square shape, 

which is 1630.8kN, then the circular shape with 1695.6kN. Meanwhile, the 

ultimate load of wall with vertical rectangle direction opening reaches 

2155.68kN which is slightly lower than the solid wall capacity by 8.8%. 

Therefore, the highest load capacity is related to vertical rectangle direction 

and these findings indicate that the effect of changing the opening shape should 

not be ignored. The main reason is that the loaded cross section area at opening 

section in the R.C wall with vertical rectangle opening is larger than those in 

the other shapes at the same opening section. This large area can resist higher 

axial load values.  

Regarding the stress concentration, the presence of the openings in the 

panels determines the load paths and creates high stress concentrations around 

the opening, which encourages cracks to occur first at the corners of the 

opening. Therefore, the circular openings are preferred as there are no corners 

& concentrations, which cause lower stress values around the opening than 

other shapes as shown in (Figure 19). 
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Table 5. Changing Opening Shape Results 

Shape 

Sr. 

Opening 

Shape 

Vertical 

dim. (m) 

Horizontal 

dim. (m) 

Average 

Opening 

Area %  

Load 

(kN) 
Shape 

Capacity 

reduction  

than solid 

wall % 

Solid 

wall 

No 

opening 
̮̮̮̮̮̮̮̮̮̮̮̮ ̮̮̮̮̮̮̮̮̮ ̮̮̮̮̮̮̮̮̮ 2363 ̮̮̮̮̮̮̮̮̮ ̮̮̮̮̮̮̮̮̮̮̮̮̮̮ 

1 Rectangle 1 0.4 15.9% 2155.7 

  

 

8.8% 

2 Circular Dia. = 0.7 15.9% 1695.6 

  

28.2 % 

3 Square 0.6 0.6 15.9% 1630.8 

        

31 % 

 

 

 
 

Figure 19. Stress Concentration in Different Shapes 
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Effect of Opening Orientation 

 

F.E. study's findings conducted that changing rectangle orientation has 

considerable effects on the axial capacity. The F.E. study is carried out on two 

different groups in terms of aspect ratio. Both of the groups have the same size 

and locate in the middle of the wall. The opening orientation is varying in the 

same group from horizontal direction to vertical direction and opening area is 

constant for both of groups (10% of the total wall area). Results of Groups G1 

(aspect ratio = 1.5) and G2 (aspect ratio = 6) were analyzed to demonstrate the 

effect of opening orientation on RC walls behavior. The enhancement in axial 

capacity increases when the rectangular opening is in vertical direction because 

the loaded cross section area at the opening section in the R.C wall with 

vertical rectangle opening is larger than the loaded cross section area in the R.C 

wall with horizontal rectangle opening at the same opening section as shown in 

Table 6. When the solid wall axial capacity compared with G1 rectangular 

opening in vertical direction, it can be noticed that the ultimate axial load value 

decreases by 1% unlike the horizontal rectangle direction that records 

1719.9kN with 27.2% reduction. G2 follows the same manner of G1 as vertical 

rectangular direction opening ultimate axial load decreases by 7.3% counter to 

the horizontal rectangle direction, which records 772.2kN with 67.3% 

reduction. It can be also noticed that when the aspect ratio decreases, the 

difference in ultimate load value between the two shapes decreases. According 

to the table, in G1, the difference in ultimate load value was about 621kN. On 

the other hand, the aspect ratio was 6 in G2 and that significant change 

reflected in difference in ultimate load value which was 1418.6kN. In addition, 

it can be seen that when rectangular opening is in vertical direction, the out of 

plane displacement values increase. The out of plane displacement here defines 

and indicates the ductility. When the out of plane displacement value increases, 

the ductility of the R.C. wall increases. As shown in Table 6, it can be noticed 

that for G1 and G2, the out of plane displacement for vertical rectangle 

direction are 20.01 & 15.72mm, which are more than horizontal rectangle 

direction values 16.23 and 4.8mm respectively. These displacement values 

indicate that rotation from horizontal rectangle direction to vertical rectangle 

direction increases the wall ductility. It is obviously concluded that the 

changing the opening orientation has considerable impact on the wall ductility 

and the axial capacity values. 
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Table 6. Changing Opening Orientation Results 

Group 

Ver. 

Dim. 

(m) 

Hor.  

Dim. (m) 

Aspect 

ratio  
Orientation  

Load 

kN 

Capacity 

reduction  

than solid 

wall %  

Out of 

plane 

Dis. 

(mm) 

Solid ̮̮̮̮̮̮̮̮̮̮ ̮̮̮̮̮̮̮̮̮̮ ̮̮̮̮̮̮̮̮̮̮ ̮̮̮̮̮̮̮̮̮̮̮̮̮̮ 2363 ̮̮̮̮̮̮̮̮̮̮̮̮̮̮ 22.5 

G1 

0.6 0.4 

1.50 

  

 

2340.9 1% 20.01 

0.4 0.6 

 

1719.9 27.2% 16.23 

G2 

1.2 0.2 

6.00 

  

 

2350.4 0.5% 15.72 

0.2 1.2 

 

772.2 67.3% 4.80 

 

Effect of Opening Aspect Ratio 

 

FE models illustrated that opening aspect ratio has significant impact on 

the axial load capacity of R.C walls. From Figure 20, it can be seen that when 

aspect ratio of middle horizontal rectangle direction opening is increased, the 

axial load capacity of the shear wall decreases because of the reduction in the 

resisting cross section area in the R.C. wall. While studying opening sizes 

10.97%, 15.14% and 19.34% of the total wall area, it can be noticed that the 

reduction percentage in the solid wall ultimate load of aspect ratio 1 is (29%) 

which shows better results when compared to aspect ratio 2 (43.2%). The 

reduction percentage at aspect ratio 3 (58.4%) is lower than aspect ratio 4 

which recorded the highest reduction percentage in the solid wall ultimate load 

(65%). 
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Figure 20. Aspect Ratio versus Capacity Diagrams 

 
 

Effect of Opening Position  

 

Figure 21 shows the positions of openings in the R.C. wall. The FE models 

in Table 7 conducted that the highest axial load capacity values at openings 

located at bottom of the shear wall because this position is away from the 

loaded edge and the axial load path. Then followed by lower load capacity 

values are recorded for the models with openings in the middle of the shear 

walls. In contrast, while the openings located at the top of the shear wall, the 

ultimate axial load value decreased sharply to be the lowest. 

In addition, it can be noticed that when opening is shifted from the middle 

to edges and corners, the ultimate axial load values become lower than those in 

the middle. For example, in Table 7, it can be seen that for a constant value of 

opening size (6.58% of the total wall area) and constant shape (square), the 

ultimate load of position 2 is 2281.5kN which shows better results when 

compared to position 3 and slightly lower than position 1 which recorded the 
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highest axial capacity (2334.15) and the lowest reduction percentage from the 

solid wall capacity (1.22%). 

 

Figure 21. Positions of Opening in R.C Wall 

 
 

Shifting the opening position from position 1 to position 4 has displayed 

decreasing in the ultimate axial load value by 9%. The reduction in capacity 

from solid wall rose up from 1.22% to 12.13%. Another noticeable feature is 

that the highest out of plane displacement is corresponded to position 2, which 

is 20.05mm.  

This leads us to believe that the best opening position in the shear wall in 

terms of axial load capacity is at the lower side in the middle (position 1) and 

in terms of ductility is at exact middle of the shear wall (position 2). 

 

Table 7. Changing Opening Position Results 

Position 

Sr. 
Position 

Ver. 

Dim. 

(m) 

Hor. Dim. 

(m) 

Load 

kN 

 

Capacity 

reduction  

than solid 

wall %  

Out of 

plane 

Dis. 

(mm) 

Solid ̮̮̮̮̮̮̮̮̮̮̮̮̮̮ ̮̮̮̮̮̮̮̮ ̮̮̮̮̮̮̮̮̮ 2363 ̮̮̮̮̮̮̮̮̮̮̮̮̮̮ 22 

1 
Lower 

Middle 
0.4 0.4 2334.2 1.22% 10.73 

2 Middle 0.4 0.4 2281.5 3.45% 20.05 

3 
Upper 

Middle 
0.4 0.4 1657.8 29.8% 5.9 

4 
Middle 

Right 
0.4 0.4 2076.3 12.13% 9.33 

5 
Upper 

Corner 
0.4 0.4 1117.8 52.7% 9.3 

6 
Lower 

Corner 
0.4 0.4 2206.2 6.6% 9.35 
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Effect of Opening Size 

  

Opening size is highly affecting the axial capacity of R.C wall. Figure 22 

briefly summarizes results for various models, which have the four shapes 

(vertical rectangle direction, circular, square and horizontal rectangle direction) 

and the same position (middle) & aspect ratio but have different sizes. The 

ultimate axial loads are presented in Figure 23 in the vertical axe and opening 

sizes are presented in the horizontal axe. The load-size curve indicates that 

minor effects on ultimate axial load are yielded for the shear wall with opening 

area less than 7% of the whole wall area. That almost accomplishes with 

guidelines provided in AS3600 (2009) and EN 1992-1-1 (2004) which state 

that if the walls are restrained on all sides and enclose an opening with an area 

less than 1/10 of the total, the effects of this opening on the axial strength can 

be neglected. Another noticeable feature is that when openings are large 

enough and exceed 7% of the whole wall area, the axial load capacity of the 

shear wall becomes less. According to the graph, the load capacity of circular 

shape went down to about 84.4% from 2352kN to 1275.48kN as we move from 

opening size 7% to 26.2%. Additionally, the opening area has extensive impact 

on out of plane displacement values of the shear wall as presented in table 8 for 

circular shape as an example. However, the out of plane displacement is 

reduced considerably as the opening size increases. The major conclusion that 

has been drawn is that small openings (size < 7%) have negligible effect on 

shear wall capacity. In contrast, the larger the size of the opening, the lower is 

the amount of shear wall capacity and ductility.  

 

Figure 22. Load-size Relationship Curve  
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Table 8. Changing Opening Size Results 

Shape 
Opening 

Position 

Opening 

Area % 

Load  

kN 

 

Capacity 

reduction  

than solid 

wall %  

Out of plane 

displacement  

(mm) 

Solid   0.00% 2363 0.00% 21 

Circular  

(Dia. = 0.45m) 
Middle 6.54% 2351.97 0.47% 17.3 

Circular  

(Dia. = 0.50m) 
Middle 8.08% 2219.4 6.08% 15.49 

Circular  

(Dia. = 0.60m) 
Middle 11.63% 1920.78 18.71% 15.23 

Circular  

(Dia. = 0.70m) 
Middle 15.83% 1695.6 28.24% 10.4 

Circular  

(Dia. = 0.80m) 
Middle 20.67% 1463.4 38.07% 8.225 

Circular  

(Dia. = 0.90m) 
Middle 26.17% 1275.48 46.02% 7.5 

 

Effect of Shear Wall Thickness 

  

Figure 23. Load - Slenderness Ratio (ɚ=H/t) Curve 

 
 

F.E. study is carried out on two different openings in terms of shape and 

size but both of them locate in the middle of the wall. Each opening is modeled 

with different wall thicknesses. Figure 23 briefly summarizes results of 

changing the wall thicknesses where the ultimate axial loads are shown in the 

vertical axe and slenderness ratio (ɚ=H/t) are shown in the horizontal axe. The 

load - slenderness ratio curves indicate that there is a gradual increase in 

ultimate axial load when slenderness ratio is higher than 10. The graph shows a 

sharp increase in ultimate axial load when slenderness ratio is lower than 10. 

Another noticeable feature is that when wall thicknesses are large enough, the 
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out of plane displacement of the shear wall at failure becomes less and that 

leads to ductility reduction. According to the Table 9, the out of plane 

displacement for openings 14.81% & 19.75% went down from 12.02 mm to 

0.96mm and from 8.4mm to 0.95mm respectively as we move from ratio 22.5 

to 5. In conclusion, increasing the wall thickness has considerable effect on the 

axial capacity but decreasing the wall ductility.  

 

Table 9. Changing Shear Wall Thickness for Opening 0.6x0.6m & 0.8x0.6m 

  

Opening 0.6 x 0.6 m Opening 0.8 x 0.6 m 

  

Opening Size 14.81 % Opening Size 19.75 % 

Thickness 

(m) 

Slenderness 

ratio (ɚ= H/t) 

Load  

(kN) 

Out of plane 

Dis. 

(mm) 

Load  

(kN) 

Out of plane 

Dis. 

(mm) 

0.06 22.50 1630.80 12.02 1475.01 8.40 

0.09 15.00 2408.40 6.65 2097.90 5.31 

0.12 11.25 3599.64 3.69 2717.28 3.15 

0.15 9.00 4006.80 3.20 3358.80 2.97 

0.18 7.50 6010.20 1.40 4941.00 1.33 

0.21 6.43 6939.00 1.00 6660.90 0.99 

0.24 5.63 7236.00 0.97 6912.00 0.95 

0.27 5.00 7803.00 0.96 7344.00 0.94 

 

 

Current Mathematical Design Models for R.C. Walls with Rectangular 

and Square Openings 

 

Presence of openings in R.C. wall significantly decreases its ultimate load 

capacity in comparison to the solid wall. There is very limited information in 

the research literature may be due to the complex failure mechanisms of such 

elements. Design equations are not provided in the design codes to predict the 

axial strength of a concrete wall with openings. AS3600 (2009) and EN 1992-

1-1 (2004) give a few guidelines, which express that if the walls are restrained 

on all sides and have an opening with a size under 1/10 of the total wall area, 

the impacts of this opening on the axial strength can be ignored. 

The below mentioned design models are improved by many attempts and 

include effects of area, location, dimensions and boundary condition:  

 

Saheb and Desayi Model  

 

Saheb and Desayi (1990) had studied the effect of one or two openings, 

positioned either symmetrically or asymmetrically, and combinations of 

window or door openings. The equation which is given underneath has been 

proposed to extend the usefulness of their empirical technique to represent the 

presence of area and position in an opening. 
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              eq. (1) 

 

where Nu is the ultimate load of a panel without openings. The constants k1 and 

k2 were obtained using curve-fitting techniques. Under one way (OW) action 

this procedure yields k1 = 1.25 and k2 = 1.22, while under two way (TW) 

action k1 = 1.02 and k2 = 1.00. The effect of the area and position of the 

opening in the wall is taken into consideration via a dimensionless 

parameter, , defined from equation 2 and Figure 24. 

 

                        eq. (2) 

 

 

where A0x and Ax represent the horizontal wall cross-sectional area of the 

opening (i.e. A0x = L0t) and of the solid wall (i.e. Ax = Lt), respectively. The 

term a' is figured concurring to the following equation 

 

                    

                  eq. (3) 

 

 

Doh and Fragomeni Model 

 

Doh and Fragomeni (2006) proposed another set of constants for Eq. (1) 

based on new arrangements of tests on walls with openings under both OW and 

TW actions. The main difference between this model and the Saheb and Desayi 

model is: Demonstrate different values for the constants, based on another 

arrangement of experimental tests. In addition, the constants k1 and k2 were 

obtained using curve-fitting techniques, this time through a larger number of 

tests. For OW panels this yielded k1 = 1.175 and k2 = 1.188, while for TW 

panels k1 = 1.004 and k2 = 0.933. Both models take into consideration the area 

and location of an opening through the parameter , permitting a decrease in 

the ultimate capacity. Fragomeni et al. (2012) found that this model provides 

outputs in good agreement with the test results from another experimental 

study (Lee 2008). 

 

Guan et al. Model 

 

Guan et al. (2010) found that raising both the length and the height of an 

opening has the most considerable effect on the capacity and proposed a new 

model in order to take this effect into consideration. Having established a 

benchmark model, the authors executed a parametric study by changing the 

parameters that the capacity was most sensitive to. Their analysis proceeded 

via a nonlinear F.E. approach. In the model a three-dimensional stress state was 

used with elastic brittle fracture behavior for concrete in tension, and a strain 

hardening plasticity technique was supposed for concrete in compression. Their 

model is almost conformable to that proposed by Doh and Fragomeni (2006), 
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the main contrast being that  was changed to  to take the opening height 

into consideration. 

 

  where        eq. (4) 

 

in which A0y represents the vertical cross-sectional area of the opening (i.e. A0y 

= H0t), Ay represents the vertical cross-sectional area of the solid wall (i.e. Ay 

= Ht) and d represents the distance between centers of gravity (G1 and G3) of 

the wall with and without the opening, in the vertical direction (Figure 24).  

represents óóthe weighting ratio indicating the percentage of  in relation to 

ôô. Using regression analysis, a new set of constants was determined;  = 

0.21, k1 = 1.361 and k2 = 1.952 for OW walls and  = 0.40, k1 = 1.358 and k2 = 

1.795 for TW walls. It ought to be noted that this model was obtained from 

walls with an aspect ratio of unity and a fixed slenderness ratio (i.e. k = 30). 

 

Figure 24. Geometry of a Wall with Openings (G3 = Center of Gravity of Wall 

with Opening, G1 = Center of Gravity of Solid Wall, G2 = Center of Gravity of 

Opening) 

 
 

The above-mentioned researchers didn't take into considerations some 

important parameters which affect the accuracy of these models such as 

changing the thicknesses of R.C wall with opening, walls with eccentricities 

above t/6 and the effect of circular openings on R.C. Walls. Therefore, a 

statistical analysis is performed on each model in turn, using all of the results 

conducted by the F.E. models available in order to validate the accuracy of the 

mathematical current design models. 

 

 


