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Stress Analysis of Laminated HSDT Beams Considering 
Bending Extension Coupling* 
 
 
Yonca BAB1 
Akif KUTLU2 
 
 
ABSTRACT 

This study demonstrates a mixed finite element formulation procedure for the bending and 
stress analyses of laminated composite beams. The finite element method is based on the 
Hellinger-Reissner variational principle, while the beam assumptions are based on the Higher 
Order Shear Deformation Theory (HSDT). Reddy’s shear function is employed for the beam 
theory where the beam is discretized by two-noded linear elements. The displacements and 
stress resultants are obtained directly at the nodes according to the proposed mixed 
formulation. The validation of current study is performed by comparison and convergence 
analyzes for various lamination cases under different boundary conditions. 

Keywords: Higher Order theory, laminated composite beam, Hellinger-Reissner, mixed 
finite element formulation, stress analysis. 

 

1. INTRODUCTION 

Nowadays, composite structures are frequently used in engineering fields such as 
construction, machinery, biomechanics, nuclear, automotive, aerospace and defense 
industries [1]. These composite materials, based on the physical properties of the different 
materials, provide advantages such as heat, sound and water insulation, fire safety, high 
resistance, corrosion resistance, low cost and low weight in the structures they are integrated. 
Accurate prediction of bearing capacity, failure load, and damage conditions are critical in 
the structural design of composite materials to be more efficient as intended. In this context, 
the need for detailed and accurate static analysis of composite structures is inevitable. Since 
the financial situation or the physical environment is not always suitable for experimental 
works, it is much more efficient to employ numerical analyses with possibly most realistic 
reflection of the mechanical behavior depending on the problem type. Although elasticity 
based analytical solutions may provide exact behavior of structural elements, the application 
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of such an approach is limited to certain types of boundary conditions, loading case and 
geometries [2]. In the literature, different theories have been put forward to perform static or 
dynamic analyses of beam type structures. Classical Theory (CT), First-Order Shear 
Deformation Theory (FSDT), Higher-Order Shear Deformation Theory (HSDT) and Zigzag 
Theories (ZZT) [3,4] are among the leading theories. CT, also known as Bernoulli-Euler 
theory, was proposed by Euler [5] and Bernoulli [6] about 280 years ago and provides good 
enough predictions of mechanical behavior when the beam is thin. Boley [7] can be given as 
an example of the early usage of CT, and Modaress-Aval et al. [8] can be given as an example 
of the resent usage of this theory. FSDT, developed by Timoshenko [9] and also named after 
him, takes into account rotational inertia and first-order shear effects. Some examples of 
studies that analyzed composite beams with FSDT can be cited as Wagner and Gruttman [10] 
and Lee and Jang [11]. On the other hand, HSDT can describe along-thickness transverse 
deformations so that taking cross-sectional distortion into account by introducing higher-
order shear terms in the forms of polynomial-based, trigonometric, and exponential functions 
etc. Researchers working on beam-plate theories include Reddy [12], Reissner [13], Soldatos 
[14] who have derived and tested various shear terms in their formulations. Ferreira et al. 
[15], Murthy et al. [16] and Madenci [17] analyzed composite beams with HSDT. 
Chandrashekhara and Bangera [18] investigated the free vibration behavior of laminated 
composite beams by using HSDT, including the effect of Poisson ratio, which is generally 
neglected in one-dimensional models. Maiti and Sinha [19] have developed a finite element 
(FE) model based on HSDT, that takes into account the deformations in the thickness 
direction while examining the bending and free vibration behavior of laminated composite 
beams. Xiaoping and Liangxin [20] introduced a third-order shear deformation theory that 
ensures the continuity of in-plane displacements and transverse shear stresses between 
adjacent layers. Meanwhile, the representation of the displacement variables is similar to the 
FSDT. While focusing on the bending behavior of cross-layered composite and sandwich 
beams, Zenkour [21] used the HSDT and included the deformation in the thickness direction 
into the calculations. Matsunaga [22] studied the natural frequency and buckling behavior of 
laminated composite beams subjected to axial stress by benefiting from the one-dimensional 
HSDT and Hamilton's principle. Here, the transverse shear assumption takes into account the 
full effects of normal stress in the thickness direction as well as rotational inertia. 
Subramanian [23] carried out a free vibration analysis of laminated composite beams based 
on finite element method (FEM) with two different HSDTs that take into account the 
deformation in the beam thickness direction. In these two theories, there are five and four 
variations of the in-plane and transverse displacements through the thickness coordinates of 
the beams, respectively, and zero transverse shear stress conditions on the upper and lower 
surfaces of the beams are satisfied. Zhen and Wanji [24] examined the static and dynamic 
behavior of sandwich and laminated composite beams using displacement-based HSDT. 
Ozutok and Madenci [25] combined mixed finite element method (MFEM) and HSDT to 
perform static analysis of laminated composite beams. Kutlu et al. [26–28] and Aribas et al. 
[29–31] revealed some advantages of MFEM based formulations on the prediction of 
accurate stress resultants and stress components of various beam, helix and plate type 
structures. Shao et al. [32] proposed a new HSDT for the free vibration analysis of laminated 
composite beams. Based on the kinematic assumptions of this theory, bending and transverse 
shear strains are independent from each other, such that the beam deflection is defined as the 
resultant of bending and shear related terms. A generalized approach is presented to satisfy 
the condition of zero shear stress on the lower and upper free surfaces of the beam. Sayyad 
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and Ghugal [33] compiled studies that performed bending, buckling and free vibration 
analysis of laminated composite and sandwich beams in their literature review article. 

When the literature is examined, it can be seen that CT, which ignores the shear effects, and 
FSDT, which needs a shear correction coefficient, are insufficient in solving relatively thick 
elements used in composite construction. For this reason, in this study, HSDT is used in the 
mechanical model of laminated composite beams and the shear function proposed by Reddy 
is employed. By introducing an efficient mixed finite element formulation, it is aimed to 
provide accurate determination of stress components alongside displacement terms. In this 
regard, this study extends the idea presented in Bab and Kutlu [34] by adding axial 
displacement into kinematic field. Thus, bending-extension coupling effect can be considered 
in the analyses. The Hellinger-Reissner principle was used to describe the energy expression 
of the laminated composite beam in linear elastic regime. In the displacement field, one axial 
displacement, one deflection and one rotation term are assigned. The corresponding finite 
element functional is of a mixed form and involves stress resultant terms besides 
displacement components. In generating the system finite element equations, two-noded 
elements are described with linear shape functions, and integrals of energy expressions are 
calculated numerically over a two-point Gauss quadrature scheme. By solving the finite 
element equations, the bending moment, higher order bending moment and the shear force, 
alongside the axial displacement, deflection and rotation components, are obtained directly 
at the nodal points. This way, strain measures can be calculated using sectional compliance 
matrices without using derivatives, thus the accuracy of the axial stress calculation compared 
to displacement-based finite elements is improved satisfactorily. Transverse shear stresses 
are obtained along the thickness of the laminated beam by placing the calculated axial stresses 
in the equilibrium equations presented by the theory of elasticity. By increasing the number 
of elements in the beam domain some convergence analyses were carried out with repeated 
solutions, and comparison analyzes were carried out considering the elasticity solutions in 
the literature and various numerical procedures. Afterwards, solutions are presented in which 
various layout, loading, and boundary conditions are taken into account to demonstrate the 
effectiveness of the proposed finite element formulation in the displacement and stress 
calculation of laminated composite beams. Also, the influence of the bending-extension 
coupling in nonsymmetrically laminated beams with axially constrained end conditions is 
examined. 

 

2. FIELD EQUATIONS AND NUMERICAL FORMULATION 

Consider the beam in Figure 1a, loaded in its ,x z plane, where x describes the beam axis and 
the cross-section lies within the ,y z  plane. The kinematic field of the beam under  the 
distributed load acting in the z -direction along the beam axis can be described according to 
the HSDT as follows: 

, ( )x xu u z w f z
w w





  


 (1) 
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Here, * ( , )u x z  and *( , )w x z  denote axial and transverse displacement field of the beam, 
respectively, whereas ( )u x  is the axial displacement and ( )w x  is the deflection of the beam 
at its centroid. Also, ( )x x  describes the rotation of the section about the y -axis. In addition, 

( )f z  is the shear function defined to reflect the distortion of the section. In the current study, 
Reddy's [35] shear function is employed: 

2

2

4( ) 1
3

zf z z
h

 
  

 
 (2) 

In this expression, h  denotes the height of the beam (See Figure 1b). The strain components 
along the beam section are written over the displacement field described in equation (1) as 
follows: 

,, , ,

, ,
xx x x xx x x

xz z x x

u u z w f

u w f

 

 



 

   

  
 (3) 

The commas in the subscript indicates that the derivatives are taken according to the axis 
variables that follow it. In Equation (3), the strain measures can be denoted as follows: 

0

1 ,

,
,

m x

xx

x x

s x

u
w



 
 

   
         
   
      

 (4) 

 
(a)                                         (b)                                    (c) 

Figure 1 - Laminated composite beam a) Beam axis b) Beam cross-section and 

dimensions c) Lamination 

 

The stress-strain relationships in any k ’th layer of the composite beam shown in Figure 1c 
can be written by using Hooke's law in the form: 

p p x ( )

x

z

L

z

y
h/2

h/2

b

z

1
22

2k
2N

z( 1)k

z( )k

z

x
2k
2N
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( )( ) ( )
11

55

0
0

kk k
xx xx

xz xz

Q
Q

 
 

    
    

    
 (5) 

Here, 11Q and 55Q correspond to the transformed material stiffness terms of the orthotropic 
material in the k ’th layer to the global axis of the beam [36]. ( )k

xx and ( )k
xz are axial normal 

stress and transverse shear stress components in the layer. The first variation of the functional 
of an elastic system can be stated according to the Hellinger-Reissner principle as follows 
[37,38]. 

     ˆd d d 0
T T T T

HR V V
V V


             u σ σ σ uε ε σ σ ε q u t u  (6) 

In this equation, the first integral corresponds to the weak form of the compatibility 
conditions of the strain ( )ε  field, while the second integral corresponds to the weak form of 
the equilibrium equations in the volume ( )V  domain under the influence of external load q
. In the first integral, the compatibility between the description of the strain field ( )uε over 
the kinematic relations and the description ( )σε  over the stresses is determined. The last 

integral shows the work done by the stresses ˆTt at the boundary of the region  . Here   is 
the variation operator. When the equation (6) given for the general three-dimensional case is 
to be reduced to the beam problem, the integrals of the stress components along the thickness 
are calculated and instead of stress and strain components, stress resultants and strain 
measures are placed: 

    ˆd d d 0
T T T T

HR
L L

L L


             u P ue e P P e p u t u  (7) 

Here, 0 1[ ]T
m s   ue  is strain measures vector expressed over kinematic relations 

while Pe  collects strain measures in terms of stress resultants. [ ]T f
xx xx xx xzN M M QP  

is stress resultants vector and p  denotes transversely applied load acting along the beam. 
The expression of axial force xxN , bending moment xxM , higher order bending moment f

xxM  
and shear force xzQ in terms of stress components is as follows: 

   
( )

( 1)

( ) ( ) ( ) ( )

1
, , , , , ( ) , (d ( )/d ) d

k

k

zN
f k k k k

xx xx xx xz xx xx xx xz
k z

N M M Q b z f z f z z z   




    (8) 

Here, b  is the beam width (see Figure 1b) and N  is the total number of layers in the section. 
When the constitutive relations given in Equation (5) are placed in Equation (8), the 
relationship between strain measures ue  and stress resultants P  is found as follows:  

 



Stress Analysis of Laminated HSDT Beams Considering Bending Extension Coupling 

6 

 

 uP Ee      or      (9) 

 

Here, the terms of the sectional stiffness matrix E  are calculated as follows: 

   

   
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( 1)
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( ) 2
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
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 
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( 1)

55
2( )

1
'( ) d

k

k

z
s k

k
z

N
A b Q f z z




    (11) 

 

If equation (9) is arranged for use in equation (7) by describing the compliance matrix 
1S E , the new form is obtained as: 

Pe SP      or     

11 11 11

0 11 11 11

1 11 11 11

0
0
0

0 0 0

m xx

xx
f

xx
s

s xz

NA B E
MB D F
ME F H
QA






      
                           

 (12) 

Equilibrium equations of the laminated composite beam, in which higher order shear effects 
are taken into account, are given as follows:  

,

,

,

0
0

0

xx x

xx xx

f
xx x xz

N
p M

M Q


  


  

 (13) 

Finally, using equations (13), (12) and (4) in equation (7), the first variation of the functional 
of the laminated composite beam becomes:  
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   

     

    
          

     


 
   t u

 (14) 

In Equation (14), L  represents the beam length and   represents the beam boundary. This 
equation contains both displacement and force-force couple type field variables. In the 
expression of the first variation of the functional given by Equation (14), the second order 
derivatives on the terms are reduced to the first order using partial integration, as an 
advantage of the mixed finite element formulation. In this way, it is ensured that the shape 
functions to be used in the finite element discretization to be created have 0C  continuity. The 
generated two-node linear shape functions (Figure 2a) for any coordinate   in the interval 

1 1    (Figure 2b) can be expressed as: 

 1
2( ) 1 , 1, 2i i i      (15) 

When equation (14) is discretized with the introduced two-noded linear elements, the finite 
element equations are obtained in the following form: 

 
(a)                                                             (b) 

Figure 2 - Finite element definition a) Linear two-noded element discretization in beam 
domain, b) Global and local coordinate systems in a general element 

 

KX = F  (16) 

In Equation (16), K corresponds to the system matrix, F  corresponds to the external force 
vector, and X , whose expansion is given for any node ( )i  in Equation (17), corresponds to 
the unknowns vector. 

Ti i i i i i fi i
x xx xx xx xzu w N M M Q   X  (17) 

By solving Equation (16), both the displacement type and the stress resultant type field 
variables for the laminated composite beam are obtained directly at the nodal points. In this 

x

z
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way, strain measures can be calculated directly by matrix operations using Equation (12) 
without requiring any numerical derivative operations. Then, by using kinematic and 
constitutive relations, the distribution of stress components along the cross-section can be 
obtained again at the nodal points. However, due to the assumptions of higher order shear 
deformation theory the calculation of transverse shear stresses with the help of constitutive 
relations can produce unrealistic results. If the equilibrium equations of the theory of 
elasticity are used to overcome this problem, the transverse shear stress component can be 
determined at any thickness coordinate as follows: 

( / )d
z

xz xx
h

x z 


    (18) 

 

3. NUMERICAL RESULTS 

A number of numerical examples have been studied in order to show the performance and 
efficiency of the proposed mixed finite element formulation in stress and displacement 
calculation under static loading for laminated composite beams and the results are 
interpreted. The solutions are obtained through a Fortran-based program developed by the 
authors. Firstly, the convergence behavior of the numerical solution method was examined 
and by making comparisons with 3D elasticity solution of Pagano [39] which is accepted as 
a reference solution in the literature; the accuracy of the formulation and the developed 
program has been tested. Afterwards, solutions were presented for various lamination, 
loading and support conditions, and the effectiveness of the formulation was investigated by 
comparing its results with studies such as Hasim (isogeometric zigzag formulation) [40], 
Vidal and Polit [41] (sinusoidal zigzag), Khdeir and Reddy [42] (analytical solution of higher 
order theory), Kapuria et al. [43] (zigzag) and Zenkour [21] (simple higher order theory). In 
the presented problems, common engineering material constants are defined as follows: 

Material 1: 1 2 12 13 2 23 2 12 23/ 25, 0.5 , 0.2 , 0.25E E G G E G E         

Material 2:  1 2 12 13 23181 , 10.3 , 7.17 , 2.87 [GPa]E E G G G      

12 230.25, 0.33     

Here, 1E  and 2E  are Young’s moduli of orthotropic material in material principal directions. 

ijG , (( , ) 1, 2,3)i j   stands for the shear moduli and ij , (( , ) 1, 2,3)i j   represents Poisson’s 
ratio. Material 2 is employed for the comparison study of Kapuria et al. [43] (see Table 3). 
The rest of the examples and comparison studies are performed according to the Material 1 
properties.  

 

3.1. Symmetric - Antisymmetric Laminated Beam under Sinusoidal Load  
The solution of the one end simple supported and the other end is sliding symmetric and 
antisymmetric laminated beam using the proposed mixed finite element formulation has been 
compared with the literature. The beam is under the effect of a distributed transverse 
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sinusoidal load 0( ) sin( / )p x p x L  along its axis. The cross section layouts [0/90] and 
[0/90/0] are described with material lamination angles and each layer of equal thickness is 
considered to be formed with Material 1. The antisymmetrically laminated beam is also 
compared with simply supported but not sliding (fixed axial displacement) boundary 
conditions. / 4, 20, 40L h    values were taken as the beam span to thickness ratio, and 
solutions were obtained by using the number of elements 10, 20,30, 40en   along the beam 
to observe the convergence behavior of the results of deflection and stress components. In 
order to evaluate the results presented in Table 1 in general way, the following non-
dimensionalization procedures have been carried out: 

 

0

0

2 3
2

4
0

10 ( /2,0) , ( /2, /2)

( , ) (0,0) , (0, /4)

b
xx xxp

a b b
xz xz xz xzp

E h bw Lw L h
p L

h

 

   

  

 

 (19) 

 

Table 1 - Symmetric and antisymmetric simply supported laminated composite beam (one 
end is sliding) under sinusoidal loading 

 
 
In the Table 1, MHBT (Mixed Higher Order Beam Theory) represents the present theory of 
this study. As it can be followed from Table 1, the proposed numerical solution method 
exhibits a stable convergence behavior. A case of converging values for both displacement 
and stress components from below (growing with increasing number of elements) is 
observed. In the case of very thick beams, it can be seen that the displacement results are 
noticeably different from the elasticity results, which is a natural consequence of the higher 
order shear deformation theory. Nevertheless, it has been observed that the stress values 
obtained in this study for the symmetrical laminated case fit the elasticity solution with a 

     4    20    40   
Layups Theory  w  xx  xz  w  xx  xz  w  xx  xz  

 MHBT ( 10)en     2.656 -16.850 1.521 0.593 -257.232 8.586 0.525 -1007.5 17.237 
 MHBT ( 20)en    2.689 -16.955 1.549 0.600 -258.822 8.747 0.532 -1013.7 17.560 
[0/90/0]a MHBT ( 30)en     2.695 -16.974 1.554 0.601 -259.119 8.777 0.533 -1014.8 17.620 
 MHBT ( 40)en    2.697 -16.981 1.556 0.602 -259.222 8.788 0.533 -1015.3 17.641 
 Hasim  2.804 -15.9 1.44 0.6134 -258.9 8.681 0.5362 -1015.3 17.563 
 Vidal and Polit  2.803 -19.5 1.42 0.6151 -265.4 8.699 0.5371 -1024.4 17.540 
 Pagano (Exact)  2.8899 -18.8 1.432 0.618 -263.2 8.748 0.5379 -1019.7 17.761 
  

 
   

 MHBT ( 10)en     4.3779 -33.3 2.908 2.6556 -697.7 14.327 2.6007 -2773.5 28.641 
 MHBT ( 20)en    4.4324 -33.5 2.962 2.6885 -702.0 14.595 2.6329 -2790.6 29.177 
[0/90]b MHBT ( 30)en     4.4425 -33.6 2.973 2.6946   -702.8 14.646 2.6389 -2793.8 29.277 
 MHBT ( 40)en    4.4461 -33.6 2.976 2.6968   -703.1 14.663 2.6410 -2795.0 29.313 
 Hasim  4.5175 -26.8 2.871 2.6996 -692.5 14.644 2.6419 -2788.1 29.372 
 Vidal and Polit   4.5438 -31.8 2.843 2.7036   -703.6 14.574 2.6450 -2803.1 29.174 
 Pagano (Exact)   4.7076 -30 2.706 2.7092   -699.7 14.62 2.6462 -2793.0 29.325 
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much better approximation (except xz  value for 4  ) compared to the rather advanced 
lamination theories and solution methods. This case is valid for all thicknesses of the 
laminated beam. Although the antisymmetric lamination is a challenging situation, the 
presented numerical solution procedure can produce very realistic results. To give an 
example for the convergence values, regarding the comparison made with the elasticity 
solution for 40   in the Table 1 and the finest element mesh (40 elements), it has been 
observed that the normal stress of the symmetrical structure has a difference of 0.43%, while 
the antisymmetric structure has a difference of 0.07%. 

 
Figure 3 - Transverse shear stress distribution in a sinusoidal loaded, simply supported 

laminated composite beam (Material 1) 

 

 
Figure 4 - Shear force distribution in a sinusoidally loaded, simply supported laminated 

composite beam (Material 1) 
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Figure 3 shows the shear stress distribution in the thickness direction of the sinusoidally 
loaded laminated composite beam with [0/90/0] layout scheme. Solution was made for 

40   ratio employing 40 elements. The results of MHBT are also compared with the 
solutions offered by Pagano [39] ve Hasim [40]. As can be seen in the figure, it was observed 
that the transverse shear stress values obtained from all three solutions overlapped one 
another. 

In Figure 4, the comparison between the shear force calculated by the proposed numerical 
method and the shear force obtained by using the classical equilibrium equations of the 
composite beam with sinusoidal load and simple support is given. Due to the assumptions of 
the higher order beam theory, shear force establishes an equilibrium state with higher order 
moments. Therefore, the shear force obtained directly from the finite element solution as the 
field variable is not equal to the resultant of the (real) transverse shear stress that is distributed 
in the cross section. If it is desired to calculate more realistic shear force values within the 
framework of a higher order shear theory, integrals of shear stresses along the cross-section 
obtained by using the equilibrium equations of the elasticity theory can be evaluated. 

In Figure 5, the moment distribution of the analytical solution for the symmetrically 
laminated composite beam under sinusoidal loading is compared with the distribution 
obtained by the mixed finite element method and it has been observed that the proposed finite 
element method perfectly reflects the equilibrium equations. 

 
Figure 5 - Bending moment distribution in a sinusoidally loaded, simply supported 

laminated composite beam with 20   ratio (Material 1) 

 

In Figure 6, deflection (nondimensionalized according to Equation (19)) variations along the 
beam length for simply-simply supported and simply-sliding supported conditions under 
sinusoidal loading are presented. For the simply-sliding case, the maximum deflection value 
is 1.93 times larger than the simply-simply case. The reason of this difference is that for 
simply-simply supported case, the extension bending coupling effect takes place so the 
deflections of the beam reduce when compared to sliding case. 
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In Figure 7, moment distribution along the beam length for simply-simply supported and 
simply-sliding supported conditions can be observed. As can be seen from the figure, moment 
distribution overlaps in both boundary conditions. 

 
Figure 6 - Deflection (dimensionless) along the beam axis for antisymmetric [0/90] 

laminated composite beam with 20  ratio 

 

 
Figure 7 - Moment distribution along the beam axis for antisymmetric [0/90] laminated 

composite beam with 20  ratio under sinusoidal loading 

 

3.2. Various Laminated Beams under Uniform Load  

Uniformly 0( )p x p  loaded beams with [0/90], [0/90/0] and [0/90/90/0] lamination layouts 
are discussed in this section. While the simple support condition is considered for all 
lamination layouts, only the layout of [0/90/0] is taken into account in the clamped support 
condition. In Table 2, the mid-span deflection values of the clamped beam made of Material 
1 are presented for various thickness to span ratios and number of elements. The predictions 
of MHBT are also compared with the analytical solution provided by Khdeir and Reddy [42] 
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for the higher-order beam theory. When Table 2 is examined, it can be stated that the 
proposed solution method shows a consistent convergence behavior also under the clamped 
boundary condition. It can be said that mixed finite element results are in good agreement 
with the analytical results for all thickness ratios. Another important result that can be 
extracted from the Table 2 is that with the increase of the beam span-thickness ratio, the 
deflection values demonstrate a faster convergence regarding the mesh refinement. 

 
Table 2 - Symmetric laminated composite beam under uniform loading 

w  
Layup Theory  5  10  50   

 MHBT ( 10)en    1.5081 0.5130 0.1456  
 MHBT ( 20)en    1.5351 0.5286 0.1466  

[0/90/0] MHBT ( 30)en    1.5371 0.5310 0.1469  
 MHBT ( 40)en    1.5376 0.5316 0.1471  

Khdeir and Reddy  1.537 0.532 0.147  

 

In Table 3, the comparison of the displacement and stress components of a uniformly loaded 
composite simply supported beam having a symmetrical [0/90/90/0] layout with the elasticity 
solution and a third order theory solution is made. Nondimensional parameters in this table 
are calculated according to the following expressions, 

2 3 2
2

4 2
0 0

2
*

2
00

10 ( /2,0) , ( /2, /2) ,

( /2, /2) , (0,0)

xx xx

xx xx xz xz

E h b h bw w L L h
p L p L

h b hbL h
p Lp L

 

   

 

  
 (20) 

calculated percentage (%) differences compared to the elasticity solution are presented in 
Table 3. As seen in this table, the finite element formulation for the lamination and loading 
state exhibits consistent convergence. It is observed that as the beam span-to thickness ratio 
increases, the results obtained with the proposed method agree better with the elasticity 
solution. The convergence of the transverse shear stress values is slower compared to 
deflection and axial stress components, except for the thick beam  
( 5  ) example. However, for the ratios 5  , 10  , and 20  , it is observed that the 
results obtained from this study show a closer agreement with the elasticity solution 
compared to the results obtained from the finite element solution based on the third order 
theory. 

In Table 4, the displacement and stress components of a uniformly loaded simply supported 
beam with symmetric [0/90/0] and antisymmetric [0/90] layouts are given in nondimensional 
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forms according to Equation (21). In this example, a comparison has been made with the 
analytical solution that Zenkour [21] obtained according to the simple higher order theory. 
In addition, only the deflection values are compared with Khdeir and Reddy's analytical 
results. In this problem, it should be noted that the transverse shear stress ( )xz  values 
presented in Table 4 are calculated over the constitutive relations, instead of equilibrium 
equations. The handling of the relevant problem by Zenkour [21] in this way has led to this 
necessity. As seen in Table 4, the proposed mixed finite element solution exhibits a stable 
convergence behavior. A high level of agreement has been achieved between the analytical 
results with the mixed finite element solutions for all presented beam span-to-thickness 
ratios. As can be clearly followed from Table 4, it has been determined that the axial normal 
stress ( )xx  values converge faster than the other parameters. It can be seen that the results 
obtained even with the very loose element mesh ( 10en  ) coincide well enough with the 
analytical result. 

 
Table 3 - Comparison of the analysis results of symmetrical laminated, simply supported 

and uniformly loaded composites with the elasticity solution (percent difference )  
(Material 2) 

 5   10  

Theory w  xx  *
xx  xz  w  xx  *

xx  xz  

MHBT ( 10)en  5.25 5.84 4.87 3.55 3.31 1.78 1.48 5.64 

MHBT ( 20)en  4.72 5.72 4.75 1.62 2.75 1.74 1.44 1.65 

MHBT ( 30)en  4.63 5.73 4.76 1.83 2.65 1.74 1.44 0.90 

MHBT ( 40)en  4.60 5.73 4.76 2.17 2.61 1.74 1.44 0.76 

Kapuria et al. 4.6 5.7 4.8 4.3 2.6 1.7 1.4 1.8 
Pagano 2.6748 1.0711 -1.0602 1.432 1.4343 0.9059 -0.9031 8.748 

Theory 20   100   

MHBT ( 10)en  1.65 0.47 0.39 7.51 0.84 0.02 0.02 9.39 

MHBT ( 20)en  1.06 0.46 0.38 2.73 0.24 0.02 0.02 4.37 

MHBT ( 30)en    0.95 0.46 0.38 1.35 0.13 0.02 0.02 2.71 

MHBT ( 40)en  0.91 0.46 0.38 0.80 0.09 0.02 0.02 1.89 

Kapuria et al. 0.9 0.5 0.4 0.7 0.0 0.0 0.0 0.0 
Pagano 1.1152 0.8641 -0.8635 2.706 1.0123 0.8508 -0.8508 14.62 

2 3 2
2

4 2
00 0

10 ( /2,0) , ( /2, /2) , (0,0)xx xx xz xz
E bh bh bhw w L L h

p Lp L p L
       (21) 
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Table 4 - Mechanical components of uniformly loaded composite beams with simply 
supported symmetric and antisymmetric layouts (Material 1) 

 
In Figure 8 (for [0/90/0] layout), the distribution of the transverse shear stress along the cross 
section of the laminated beam is presented both by calculating in accordance with Hooke's 
law and by calculating with the equilibrium equations of elasticity. As can be seen from the 
figure, the transverse shear stress distribution calculated by Hooke's law produces unrealistic 
results. The reason is that the transverse strain distribution according to the displacement 
field assumed by the HSDT is continuous throughout the cross section. Therefore, the same  

 
Figure 8 - Uniformly loaded, symmetrical simply supported laminated composite beam with 

20   ratio and 30 elements (Material 1) 

     5    10    50   
Layups Theory  w  xx  xz  w  xx  xz  w  xx  xz  
 MHBT ( 10)en    2.3968 -1.0654 0.5330 1.0897 -0.8494 0.5982 0.661 -0.7805 0.6241 
 MHBT ( 20)en    2.4098 -1.0670 0.5275 1.0959 -0.8500 0.6138 0.665 -0.7805 0.6577 
[0/90/0] MHBT ( 30)en    2.4122 -1.0669 0.5201 1.0970 -0.8500 0.6133 0.666 -0.7805 0.6682 
 MHBT ( 40)en    2.4130 -1.0669 0.5150 1.0974 -0.8500 0.6111 0.666 -0.7805 0.6729 
 Zenkour 

 2.4141 -1.0669 0.4057 1.0980 -0.8500 0.4311 0.661 -0.7805 0.4514 
 Khdeir and Reddy 

 2.412   1.096   0.665   

 MHBT ( 10)en    4.7487 0.2361 0.2450 3.6675 0.2342 0.2680 3.3179 0.2336 0.2763 
 MHBT ( 20)en    4.7761 0.2361 0.2412 3.6894 0.2342 0.2762 3.3379 0.2336 0.2913 
[0/90] MHBT ( 30)en    4.7811 0.2361 0.2355 3.6934 0.2342 0.2758 3.3417 0.2336 0.2961 
 MHBT ( 40)en    4.7829 0.2361 0.2314 3.6948 0.2342 0.2743 3.3430 0.2336 0.2983 
 Zenkour 

 4.7879 0.2362 0.9211 3.6973 0.2343 0.9572 3.3447 0.2336 0.9860 
 Khdeir and Reddy   4.777   3.688   3.336   
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strain and the presence of different material constants in the layer interface cause the 
transverse shear stress distribution to show discontinuity at these points and need to be 
calculated incorrectly. In Figure 8, the large difference between the transverse shear stresses 
calculated using Hooke's law and the equilibrium equation method, which provides a more 
realistic prediction, can be observed. 

Using the advantage of the mixed finite element formulation, stress resultants such as shear 
force and bending moment are obtained directly (Figure 9, 10 and 11). Figure 9 shows the 
shear force distribution in a uniformly loaded and simply supported laminated composite 
beam discretized with 30 elements for 5,10,50   ratios. This distribution overlaps on a 
large part of the beam for different thickness ratios, and shows slight differences near the 
supports, where the shear force takes its extremum values. 

 
Figure 9 - Shear force distribution of uniformly loaded, symmetrical simply supported 

laminated composite beam with 20   ratio and 30 elements (Material 1) 

 

 
Figure 10 - Moment distribution of uniformly loaded, symmetrical simply supported 

laminated composite beam (Material 1) 

-0.4000

-0.3000

-0.2000

-0.1000

0.0000

0.1000

0.2000

0.3000

0.4000

0.0000 0.1000 0.2000 0.3000 0.4000 0.5000 0.6000 0.7000 0.8000 0.9000 1.0000
Qx/p0L

x/L

L/h=5

L/h=10

L/h=50

0.0000

0.0200

0.0400

0.0600

0.0800

0.1000

0.1200

0.1400

0.0000 0.1000 0.2000 0.3000 0.4000 0.5000 0.6000 0.7000 0.8000 0.9000 1.0000

Mx/p0L2

x/L

L/h=5

L/h=10

L/h=50

Analytical

Ozutok and Madenci [25]



Yonca BAB, Akif KUTLU 

17 

Under the same beam configuration, moment distribution is given for different thickness 
ratios, and comparison with Ozutok and Madenci [25] can be seen in Figure 10. In this 
distribution, dimensionless moment values predicted by the MHBT and analytical calculation 
for all thickness ratios overlap along the beam axis. Therefore, it can be stated that the effect 
of the transverse shear stresses is not observed in the moment values. 

 
Figure 11 - Higher order Moment distribution of uniformly loaded, symmetrical simply 

supported laminated composite beam (Material 1) 

 

 
Figure 12 - Deflection (dimensionless) along the beam axis for antisymmetric [0/90] 

laminated composite beam with 20  ratio 

 
For the same beam, higher order moment distributions are presented for various thickness 
ratios and also comparison study with Ozutok and Madenci can be followed in Figure 11. 
Since the higher order moment values along the beam are dependent on the transverse shear 

0.0000

0.0200

0.0400

0.0600

0.0800

0.1000

0.1200

0.0000 0.2000 0.4000 0.6000 0.8000 1.0000

Mxf/p0L2

x/L

L/h=5

L/h=10

L/h=50

Ozutok and Madenci [25]

0
0,5

1
1,5

2
2,5

3
3,5

0 0,2 0,4 0,6 0,8 1

w

x/L

simply-sliding
simply-simply



Stress Analysis of Laminated HSDT Beams Considering Bending Extension Coupling 

18 

effect, they demonstrate small changes for different thickness ratios. Both for Figure 10 and 
11, current study mostly agrees with Ozutok and Madenci [25] ( / 10)L h  . 

In Figure 12, variations of the deflection (nondimensionalized according to Equation (21)) 
along the beam length for simply-simply supported and simply-sliding supported conditions 
under uniform loading are displayed. For the simply-sliding case, the maximum deflection 
value becomes 1.79 times higher than simply-simply case. 

 
Figure 13 – Moment distribution along the beam axis for antisymmetric [0/90] laminated 

composite beam with 20  ratio under uniform loading 

 

In Figure 13, the moment distributions along the beam length for simply-simply supported 
and simply-sliding supported conditions are presented. Both moment distributions overlap 
similar to the previous example (See Figure 7). 

 

4. CONCLUSION 

In this study, displacement and stress distributions of laminated composite beams under 
various boundary and loading conditions were investigated. For this purpose, a mixed finite 
element formulation is proposed where governing equations of the laminated beam is 
obtained by means of a Higher Order Beam Theory. Finite element equations derived using 
the Hellinger-Reissner variational principle require 0C  continuity. Hence, beam domain is 
discretized by using linear one-dimensional two-noded elements. As an advantage of the 
mixed finite element formulation, force and force couple components are calculated directly 
at the nodes alongside the displacement type field variables. In this way, strain components 
can be obtained through matrix operations using cross-sectional compliance matrices. In the 
post-processing, the axial normal stress components are calculated according to Hooke's 
laws, and the transverse shear stress components are obtained by using the equilibrium 
equations of the theory of elasticity. In this way the continuity of transverse shear stresses is 
ensured along the thickness of the laminated beam. Convergence and comparison analyses 
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were performed in the numerical examples discussed and it was observed that the results 
were in satisfactory agreement with the exact solutions obtained from the theory of elasticity, 
analytical solutions and finite element solutions. The effect of extension-bending coupling is 
demonstrated through some numerical results and it is observed that deflection values are 
significantly influenced when this coupling takes place. It has been observed that the results 
are compatible with many advanced finite element solutions that stand out in the literature 
and can produce even better results in some cases, especially in stress calculations. It is 
thought that the proposed formulation offers the opportunity to be developed for many types 
of analysis in the future, and to be adjusted for various problems. 

 

Symbols 

HR : First variation of the functional 

uε  : Strain vector in terms of displacement components 
σε  : Strain vector in terms of the stress components 
σσ  : Stress vector 

  : Variational operator 

t̂ : Traction vector 

  : Boundary of the structure 

1 2,E E  : Young’s moduli 

ijv  : Poison’s ratio 

G  : Shear moduli ( 23,31,12  ) 

( )f z  : Shear functions 

h  : Thickness 

z  : Any coordinate along the thickness 

( )x x  : Shear rotation about y axis 

( )k
xx  : In-plane stress component at thk layer  

( )k
xz  : Transverse shear stress component at thk layer  

xxN  : In-plane force resultant of stress components  

xxM  : Resultant moment of stress components  

f
xxM  : Resultant higher order moment of stress components  
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xzQ  : Resultants of transverse shear stress components  

b  : Beam width 

N  : Total number of laminates 

P  : Stress resultants 
ue  : Strain measures in terms of kinematical variables 

E  : Section stiffness matrix 
Pe  : Strain measures in terms of stress resultants 

p  : Applied load vector 

L  : Beam length 

K  : System matrix 

F  : External force vector 

X  : Unknown vector 
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ABSTRACT 

The purpose of this study is to contribute to the project management literature by testing a 
model that combines ability, motivation and opportunity (AMO) oriented human resource 
management practices, organizational citizenship behaviour (OCB) and performance 
outcomes in project-based construction organisations. The data were collected from 
questionnaires completed by 320 construction site civil engineers operating in the Marmara 
region of Turkey. The findings of the study indicate that there are positive relationships 
between AMO-oriented human resource practices and performance outcomes; however, 
organisational citizenship behaviour does not mediate these relationships.  

Keywords: Ability motivation opportunity, organisational citizenship behaviour, 
performance outcomes, human resource management, project management; construction 
industry, civil engineers, Turkey. 

 

INTRODUCTION 

A vast body of research has been and is still being conducted to solve the ‘black box’ issue 
that questions the value human resource management (HRM) adds to organisations [1]. To 
investigate HRM’s contribution to organisational performance and achieve a higher 
competitive advantage, further thorough explorations on the relationship between HR 
practices and organizational performance is of importance [2]. This is especially vital in 
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industries where employees generally work on temporary contracts that face high demands 
on meeting time and cost expectations, such as the project-based temporary organisations of 
the construction industry.  

The Turkish construction industry is one of the largest in the world which also has a 
significant impact on the overall economy of the country [3]. However, the identification of 
human resource (HR) practices that function best to achieve competitive advantage is not 
clear within the construction industry [4]. Different data produce different results and the 
large variety of HR practices and performance measures used within investigations make it 
difficult to reach firm and industry conclusions [5]. 

The HR practices that are adopted by project-based temporary organisations should support 
the project-based work conditions [6], [7] where management of resources and immediate 
knowledge sharing is vital. The effective management of workforce and how they add value 
in order to be strategically aligned with organisational goals is an issue of attention by project 
managers. Project managers face ongoing challenges in balancing the projects’ immediate 
needs, learning opportunities, knowledge sharing and integration of novelties of the industry 
into the organisational structure they manage [8], [9]. In construction projects, the 
fundamental and traditional HRM methods are organisational planning, staffing, team 
building and maintaining high morale levels. Project managers in Turkish construction sites 
are responsible for applying these functions. Thus, project managers must be capable of 
understanding HR parameters and work closely with HR departments. The manpower of 
projects is one of the fundamental inputs to run the transformation and value creation process. 
The relationship between the social system and technical system is administered through the 
management system by project managers for a successful project. The structures of the teams 
on a construction site are loosely knitted temporary coalitions and they are subject to change 
due to their temporariness, new recruits, and leavers during the project.  

The production location and the non-repetitive feature of a project cause the external factors 
to shape the future of construction projects. Many construction managers in Turkey apply 
hard HRM features concentrating on the relevant resources through adopting a rational 
approach that considers the worker as a cost to the organisation and the project. Project 
managers affect and transform the project at hand and influence its site engineers to solve 
problems that are faced during a project, which is why research on HRM issues within the 
construction industry is of high importance.  

In context with the above, it becomes imperative to incorporate new HR perspectives in this 
field of study to broaden the understanding of HR practice relationships with performance 
outcomes. According to Pak et al. [10], the existing literature on HRM in relation to ability, 
motivation, opportunity (AMO) and their effective impact on employees is unclear. 
Therefore, practitioners face difficulties deciding which approaches and efforts will alter 
employee efficiency and effectiveness in various industries, including project-based 
temporary organisations where restrictions caused by time, cost, budget and quality are high 
[10], [11], [12]. Hence, research concentrating on HRM issues within project-based 
temporary organisations are limited [7], [12], [13], [14]. The AMO framework proposes three 
dimensions for employees to perform well. Employees are able to execute their duties with 
high performance when they have the necessary skills to do the job (ability), are willing to 
do the job (motivation), and are given the necessary support and room for expression 
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(opportunity) [15]. Having observed the above in the existing literature, ability, motivation 
and opportunity-oriented HR practices have been identified as parameters which will add 
significant value to this field of study. The relationships between ability, motivation, 
opportunity-oriented HR practices and performance outcomes have not been investigated in 
project-based Turkish construction organisations on site level.   

A previous study on ability, motivation and opportunity-oriented HR practices, job 
satisfaction and performance outcomes relationship in the Dutch public sector has revealed 
valuable results. However, it is noted that other important factors such as employee attitudes 
and behaviours should be an area of additional consideration [16].Organisational citizenship 
behaviour (OCB) refers to the discretionary behaviour of employees that is not directly or 
indirectly recognised by the formal reward system but in the aggregate elevates 
organisational effectiveness [17]. Industrial managers have a growing interest in OCB due to 
positive results being revealed by investigations carried out on the relationship between OCB 
and employee performance in several industries [18], [19]. Concerning the construction 
industry, OCB is evident in large construction organisations that have more than 250 
employees; however, OCB’s existence is less noticeable in smaller organisations. Although 
large construction organisations have experienced an increase in some dimensions of 
performance due to OCB, authenticating this outcome has not been attainable since studies 
on the matter within the industry are both academically and professionally inadequate [19]. 

Paauwe et al. [20] suggested a multidimensional view on organisational performance where 
the possible competitive mechanisms are pointed out to be efficiency, effectiveness, fairness, 
quality, and innovation.  Project-based temporary organisations consist of diverse resources 
and competencies to handle the complex nature of projects [8], [21], [22]. According to 
Sydow et al. [8] there are four levels in which projects occur: 1) organisational units, in which 
the project is embedded in a functional or business unit; 2) entire organisations, in which the 
organisation is entirely based on projects; 3) networks that provide inter-organisational 
cooperation on projects; and lastly, 4) organisational fields in a particular region or industry 
that provide a specific context for project-based organising [22]. This research acknowledges 
projects at the unit level, where the performance outcomes refer to the overall effectiveness, 
efficiency and fairness of units executed by site civil engineers in construction organisations. 

In light of the above, this study will shed light on the gaps in the literature, through testing a 
model that investigates the relationships between ability, motivation, opportunity-oriented 
HR practices and performance outcomes both individually and through the mediating lens of 
OCB. This combination of variables has not been a topic of study in Turkey while addressing 
construction organisations, which brings about a unique approach by this research. 

Among the roles of a site civil engineer is to manage different units of a construction firm 
and/or parts of a construction project, where they provide technical advice, supervision on 
site and ensure projects are finalised within a given time and budget. Certain skills, abilities 
and knowledge are expected of engineers to execute their responsibilities such as teamwork 
and relationship building, technical skills, problem solving, effective communication, 
attention to detail and a solid understanding on how actions may affect the profitability of a 
certain project. With the high expectations organisations have of their engineers who are 
under time and budget constraints, having the right people in the right place, sustaining their 
motivation, and making them feel that they matter to the organisation by facilitating them 
with an environment of opportunities are highly important. Since site civil engineers have 
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managerial duties; they are both the executers of their roles and can also be seen as functions 
that view how fair, effective and efficient units are.  

AMO-oriented HR practices and performance research has high significance for the region 
and the industry in general, as it helps to determine the current situations and act as a means 
to enhance present systems and processes for further developments concerning site civil 
engineers. Having presented AMO-oriented HR practices as a new outlook in relation to 
performance outcomes within the unique idiosyncratic nature of the Turkish construction 
industry, this study carries a significant degree of novelty. The purpose of the present study 
is to fill the existing gap in the project-management literature by examining whether a 
positive correlation is detectable between ability, motivation, opportunity-oriented HR 
practices and performance outcomes and also to investigate the possible mediating effect of 
OCB within such relationships through site civil engineers working in project-based 
temporary organisations of the Turkish construction industry. Identifying functional HR 
parameters and their relationships with performance are vital in sustaining the existing and 
growing construction economy. 

 

2. LITERATURE REVIEW AND THEORETICAL FRAMEWORK 

2.1. Human Resource Management and Organizational Performance 

Although a substantial volume of research has taken place to examine the relationship 
between human resource management practices and organizational performance [23], [24] 
there is still significant lack of knowledge about how this relationship occurs [1]. 

Industries require different skills and knowledge. HR practices develop firm specific 
employee competencies to sustain competitive advantage [25]. Complementing this view, 
Schuler & Jackson [26] saw HR practices as systems that attracts, develops, motivates and 
retains employees to ensure the effective implementation of policies and the survival of the 
organization and its members. Although there is no agreement on how HR practices affect 
performance, many researchers believe that HR practices alter performance through their 
impact on staff attitudes and behaviour which results in increased productivity and quality of 
goods and services and thus improves organizational financial performance [27], [28], [29]. 

HR practices that improve employee skills and attitudes stimulate positive behaviour, 
increase motivation, and give employees enlarged responsibilities to fully use their existing 
skills and abilities are suggested to increase company performance [30], [31], [32]. 
Appropriate HR practices and strategies that are organised as a bundle have a positive direct 
impact on human resource outcomes (turnover, absenteeism, job satisfaction) which lead to 
higher positive organizational outcomes (productivity, quality, service), financial accounting 
outcomes (return of assets, rate of return, profitability index) and capital market outcomes 
(stock price, growth, returns). These are the four possible measurements for organizational 
performance [33]. Nevertheless, scholars debate on which bundled HR practices specifically 
succeed in altering organizational performance and how the organisational performance of 
firms can be identified in the best possible way in practice [28], [34], [35]. 

Drawing on two distinct dimensions, Paauwe et al. [20] suggested a multidimensional view 
on organizational performance. The first dimension, economic rationality, refers to the 
competitive mechanisms which are efficiency, effectiveness, quality, and innovation. The 
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second dimension, relational rationality, pays attention to the institutional mechanisms such 
as fairness and legitimacy. HR practices will have no strategic impact if they lack in their 
effectiveness in bringing out positive attitudes and behaviours among employees as achieving 
organizational objectives are in line with their commitment [36] and it is therefore essential 
to pay attention to the direct effect HR practices have on employees [29], [33], [37], [38]. 
Huselid [32] categorized personnel selection, performance appraisal, incentive 
compensation, formal grievance procedures, information sharing, labour/management 
participation, recruiting intensity and more training hours as relevant HR practices. Similarly, 
Delaney & Huselid [39] highlighted these HR practices as recruitment and selection, training 
and development, participation, and reward. 

 

2.2. Ability, Motivation and Opportunity Framework 

Starting with Huselid’s [32] study, where he disclosed that HR practices were related to 
turnover, accounting profits and a firm’s market value, a high interest in the HRM-
performance research has focused on determining the relevant HR practices for 
organisations.  Furthermore, HRM research in the more recent years focuses on bundles of 
HR practices in examining the effects of HRM on employee and organizational outcomes 
(the systems approach) rather than the traditional way (instrumental approach) which 
emphasizes the impact of individual HR practices [40].  

The origins of the AMO framework have derived from a previous model proposed by Bailey 
[30] which was later developed by Appelbaum et al. [41]. With its growing popularity the 
AMO framework has received close attention in the literature for the HRM-performance link 
[20]; proposing that employees perform well when they have the necessary skills to do the 
job (ability), are willing to do the job (motivation) and are given the environment to be heard 
[15] and are provided the necessary support and room for expression (opportunity to 
perform). A positive relationship has been found between HR practices that improve 
employees’ ability, motivation and opportunity and better performance services, higher 
quality, greater financial performance, lower turnover, and stronger commitment [32], [42], 
[43], [44].  

The ability-oriented HR practices aim to alter employee competences and build on their 
existing expertise for performing their tasks effectively [45]. These practices positively affect 
individual performance, due to their impact on achieving increased job-specific knowledge 
and skills, which often include recruitment and selection, extensive training and development 
and job rotation [39], [45], [46], [47]. Recruitment and selection and training and 
development are the two HR practices selected to measure ability [45], [48]. Recruitment and 
selection allow organization to attract, choose and place the most suitable candidates for a 
certain position where in return employees may realise their full potential by being placed in 
a right position. Training and development opportunities build on existing employee 
knowledge and add new knowledge and skills. Employees that receive regular training and 
development opportunities are likely to feel valued with less job and task ambiguity [46]. In 
the construction context, recruitment and selection can enable the construction projects to 
have the right workforce with the right technical skills needed, training and development are 
crucial for building on existing knowledge as well as to keep up to date with the strict health 
and safety regulations required in the industry. According to Mohammad et al. [49] 
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recruitment and selection and training and development have a direct impact on 
organizational performance. In relation to the social exchange theory [50], exercising ability-
oriented HR practices make employees feel that the organisation supports and benefits them 
while creating a higher sense of belongingness where, in return, employees are likely to 
demonstrate favourable attitudes [46]. Based on the above information we hypothesize that: 

H1a: There is a positive relationship between ability-oriented HR practices and performance 
outcomes in project-based construction organisations. 

The motivation-oriented HR practices are designed to build on individual achievements to 
attain specific job-related objectives including performance evaluation, incentives, benefits, 
career-advancement schemes and a diligent appraisal. Reward schemes are important as they 
lead individuals to behavioural decisions [45], [51]. All above-mentioned practices aim to 
improve the motivation of employees in order to encourage efforts in meeting organisational 
goals and enhance the overall performance. Extrinsic and intrinsic motivations are the two 
types of motivation. Extrinsic factors are more related to economic rewards whereas intrinsic 
factors are more related to an employee’s values and interests [52]. Performance appraisal 
and rewards are the two HR practices selected to measure motivation [45], [48]. Performance 
appraisal relates to both financial and non-financial incentives. It is used by organisations to 
fairly evaluate activities which organizations seek to assess employees and develop their 
competence, enhance performance, and distribute rewards [53]. Rewards refer to what 
organisations offer their employees for the services they provide. Rewards need to be 
designed in a way to meet employee expectations to receive better employee performance. 
They come in the forms of salary, recognition, promotion advancement as well as personal 
growth [54], [55]. In the construction context, performance appraisal can form the basis for 
engineers’ further development areas and create a feedback culture where employees are 
informed both on their performance and how their work contributes to the unit achievement 
goals. Rewards are an important means of motivation considering the focused working 
conditions and high responsibility of engineers. These practices make it clear for the 
employees to understand organisational expectations in relation to their tasks and in which 
way their contributions through these tasks are rewarded.  Employees tend to behave in line 
with organisational objectives when sensing the application of evaluation schemes and 
existence of reward programs. This results in increased employee productivity and decreases 
turnover signalling a social exchange relationship [46], [56], [57], [58]. Based on the above 
information we hypothesize that: 

H1b: There is a positive relationship between motivation-oriented HR practices and 
performance outcomes in project-based construction organisations. 

The opportunity-oriented HR practices delegates the decision-making authority and fosters 
employee voice where employees feel they are involved [59]. It is suggested that 
organizations must provide the environment for dialogue among hierarchies and create 
systems for knowledge sharing as well as decentralised decision-making which will enable 
employees to enjoy higher levels of autonomy while performing their tasks [2], [46], [60]. 
Opportunity-oriented practices are participation processes that function formally. Regular 
communication and information sharing as well as autonomy in task-related decisions are 
also included [61], [62]. Autonomy and participation are the two HR practices selected to 
measure opportunity [45], [48]. Autonomy is the freedom employees have to make choices 
for their own behaviour regarding schedules, deadlines, and projects with little direction from 
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others [63]. Participation refers to the process of employees being involved in the decisions 
regarding their work and its conditions where the decision-making process is a shared power 
between employees and superiors [64]. Organizations that are willing to foster a participative 
environment should improve the involvement of employees in decision making processes, 
knowledge sharing, job enrichment and horizontal communication [45]. These practices 
enable employees to find more meaning in their jobs as they foster teamwork and cooperative 
integration among employees [47]. Autonomy is needed for engineers working in an 
organised yet complex environment such as the construction site and lastly, participation is 
highly important for a clear communication, voicing opinions and being a part of work-
related decisions. Making employees feel that they are being treated favourably through 
communication, autonomy and participation would express their commitment to the 
organisation with positive behaviour in return as implied by social exchange [62]. Based on 
the above information we hypothesize that: 

H1c: There is a positive relationship between opportunity-oriented HR practices and 
performance outcomes in project-based construction organisations. 

 

2.3. Human Resource Practices and Organizational Citizenship Behaviour 

In order to determine the relationship between HR practices and performance the role of 
organizational citizenship behaviour (OCB) is a powerful factor [18] which is achieved 
through maximised employee efforts and contributions [65]. In its simplistic way OCB is 
defined by Organ [17] (p.4) as “individual behaviour that is discretionary, not directly or 
explicitly recognized by the formal reward system and that in the aggregate promotes the 
effective functioning of the organization”. Researchers advise organizations to pay close 
attention to promoting OCB due to its effect on outcomes such as sales performance, product 
quality, overall profits and operating efficiency and performance quality [66], [67], [68]. 
OCB is composed of altruism (employees helping one another), civic virtue (employees 
staying informed with organisational issues), conscientiousness (employees being careful 
and diligent), courtesy (employees exercising considered behaviour prior to taking action), 
and sportsmanship (employees seeing over insignificant matters) [17].  

HRM systems are composed of aligned and bundled HR practices that aim to achieve the 
goals of the organization [45]. Specifically selected HR practices in bundles can create 
committed, motivated, and satisfied employees [69] and are believed to function better rather 
than individually, leaving employees exposed to multiple practices simultaneously [32], [45]. 
Bundles are also seen as the primary unit of analysis when examining the impact HRM 
systems have on both individual and organizational level outcomes [32], [43], [70]. 

Researchers pointed out that HR practices have the ability to enhance OCB [71], [72]. 
Carefully recruited, trained, empowered, and motivated employees are expected to perform 
high levels of OCB. Creating and maintaining a positive climate through HR practices within 
an organization ignites employees’ will to perform extra-role behaviour [71]. HR practices 
have the power to define the relationship between employee and employer thus serving as a 
source of motivation for employees to exercise OCB [73]. The relationships characterised by 
social exchange have been proven to increase the exercise of extra-role behaviour [50]. It is 
also highlighted that through social exchange constructive changes in behaviour will 
eventually lead to an improved employee and organisational performance [74], [75]. 
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Practices such as recruitment and selection make employees feel that they are the chosen elite 
[76], where training and development pass on a message that the organization is being 
committed to the growth of its employees. Performance appraisal, rewards and incentives 
create a sense of recognition and fair treatment, and lastly, practising employee participation 
in decision-making and autonomy adds to the feeling of importance and freedom in executing 
their tasks [77].  

 

2.4. Organizational Citizenship Behaviour and Organisational Performance 

OCB’s capacity to improve the productivity level of employees facilitate the efficient use of 
organizational resources while enhancing teamwork effectiveness, increasing workplace 
desirability and attracting competent employees [67] are a result of the employee-employer 
relationship which stimulates the extra-role behaviour in employees through social exchange 
[50], [76] rather than a purely economic one. Extra-role behaviours are crucial in the sense 
that employees go beyond the call of duty to helping co-workers and suggesting ideas to 
improve the functioning of the organization. The employee with extra-role behaviour also 
creates an example on group level where higher individual performance is seen to positively 
influence group performance thus overall effectiveness of an organization [17], [78].  

The employee-employer relationship is linked to the relationship between HR practices and 
OCB which is the fundamentals of the social exchange theory, taking into consideration 
employees’ social interaction and the benefits they receive in exchange of their contribution 
[79].Reciprocity is the underlying core of social exchange meaning favours being returned 
by employees who receive benefits [50]. It is a socio-emotional exchange relationship shaped 
by mutual trust, commitment and obligation among employees and employers [80]. 
Employees that enjoy the high level of social exchange are likely to demonstrate behaviours 
and attitudes that match organisational values and interests [81]. Employees with a better 
relationship with their managers show higher level of OCB but those managers sometimes 
fail to realize the impact OCB has on performance [17], [67].It is also indicated that OCB 
enhances the effectiveness and efficiency of an organisation, which is vital to improve the 
organisation's capability of adapting itself to changes in the environment [82]. Researchers 
argue that OCB is the main source distinguishing best-performing organisations from average 
ones. Employees that engage in OCB help to increase the quality of services [76], [83]. 

 

2.5. Organisational Citizenship Behaviour as a Mediator 

The AMO framework [41] has been used in many industries such as the service sector, 
construction, manufacturing and financial sectors, marketing, consultancy, and production 
[52], however, the identification of which and how HR practices function best and create 
extra-role behaviour is unclear within the construction industry [4]. According to the AMO 
framework organizational performance is affected by HR practices as they increase 
employees’ knowledge, skills, abilities, motivation and enable employee empowerment. The 
key role of HR practices in this respect is to eliminate any barrier that stops employees from 
exercising discretionary efforts [76]. Employees’ willingness in creating extra-role behaviour 
is triggered through HR practices that create and maintain a positive climate. Carefully 
recruited, trained, motivated, and empowered employees are expected to perform high levels 
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of OCB [44], [76]. Through social exchange theory, constructive changes in behaviour will 
eventually lead to an improved employee and organisational performance [75]. Therefore, 
employees go beyond the call of duty to help their co-workers and suggest ideas to improve 
the functioning of the organization. As a result, higher individual performance and group 
performance increases the overall effectiveness of the organization [17], [78]. 

Regarding the black-box issue of the HRM-performance linkage, researchers suggested 
examining this relationship through mediating variables concerning employee attitudes and 
behaviours [45]. In this respect, OCB is a powerful factor in determining the relationship 
between HR practices and performance [18] which is achieved by taking full advantage of 
employees’ contributions [65]. Performance outcomes such as the effectiveness and 
efficiency of an organization which are enhanced by OCB are also vital to improve the 
organization’s capability in adapting itself to changes in the environment [82]. Chiang & 
Hsieh [84] in their study on the hotel industry in Taiwan found a significant mediating effect 
of OCB among perceived organizational support and job performance confirming OCB being 
a potential mediator between HR practices and outcomes. Research conducted on employees 
of several hotels in China [18] revealed that OCB mediated the relationship between high 
performance human resource practices, turnover, and productivity [85]. Moreover, Taamneh 
et al. [76] found that OCB partially mediated the relationship between HR practices and 
organizational performance in the banking sector in Jordan. Lastly, Cesário & Magalhães 
[86] examined the Portuguese public administrations and found that OCB mediates the 
relationship between HR practices and turnover intention.  

 
Figure 1 - Research Model 

 

It is believed that the published research that investigates which and how HR practices impact 
organizational performance is limited, however, researchers suggest that OCB contributes to 
the effective and efficient functioning of the organization [17], [78]. It is unclear whether 
similar positive outcomes will occur in the construction industry. Thus, to explore the effect 
of OCB we hypothesis that: 

H2a: The positive relationship between ability-oriented HR practices and performance 
outcomes is mediated by OCB in project-based construction organisations. 



Ability, Motivation, Opportunity-oriented HR Practices, Organisational … 

34 

H2b: The positive relationship between motivation-oriented HR practices and performance 
outcomes is mediated by OCB in project-based construction organisations. 

H2c: The positive relationship between opportunity-oriented HR practices and performance 
outcomes is mediated by OCB in project-based construction organisations. 

 

3. MATERIALS AND METHODS 

3.1. Sample and Data Collection 

To test the stated hypotheses, the current research adopted a quantitative approach to reveal 
statistical confirmation of variables and the conceptual model.  According to the Turkish 
Architects and Engineers Chamber (TMMOB) there are 133.583 civil engineers in Turkey. 
The Marmara region is home to some of the largest construction firms that lead the 
construction economy, and the construction industry is one of the largest sectors of the 
Turkish economy [87]. Any research that is to be conducted in this region will help to 
determine the current situations and may act as a means to enhance present systems and 
processes for further developments.  The snowball sampling method was used for the data 
collection process. The benefits of using snowball sampling are that finding samples are 
quick and cost-effective, and participants hesitate less about anonymity knowing the request 
comes from reliable sources [88]. 

Data has been collected via the Chambers of Civil Engineers (IMO) of the Marmara region 
which in total consists of 46.538 civil engineers. Among the 46.538 civil engineers 1.900 are 
managing site civil engineers currently working on various sites. The online questionnaire, 
which included a consent form and assurance of anonymity, was distributed via the 
Chambers. According to Sekaran & Bougie [89], the suggested sample size for a population 
of 1.900 is 320, which coincide with the received sample size for the present study. 

 

3.2. Measures 

In order to measure each variable, a structured questionnaire that consisted of demographic 
questions and three main sections was used. Questionnaires are methods that can bring forth 
answers that are easy to organise and analyse. Administering questionnaires anonymously 
encourages respondents to be truthful when answering the questions. Reaching respondents 
that are afar is also another advantage if the questionnaire is distributed via electronic 
mediums which are also economical [90]. Online designed questionnaires are practical tools 
that allow the researcher to collect the needed data immediately. While responses accumulate 
on the database the researcher is able to conduct preliminary analyses on the so-far collected 
data if needed [91]. 

The questionnaire’s first section covered the demographic questions that include age, 
education level, years of service in the industry and years of service in the current 
organisation. In the second section participants were asked to score a 5-point Likert scale 
from 1 to 5 (1: strongly disagree, 5: strongly agree). This part covered the main body of the 
questionnaire that was divided into 3 main scales including 84 items in total. The distribution 
of the questionnaire items is outlined below, and the items are represented in detail in 
Appendix 1. 



Bilge AKBIYIKLI, Şerife EYÜPOĞLU, Rıfat AKBIYIKLI 

35 

Firstly, the AMO-oriented HR practices were measured through a scale which included a 
total of 39 items [92]. For ability 14 items, for motivation 13 items, and for opportunity 12 
items were used. The second scale measured OCB with a total number of 24 items [93] and 
lastly, the third scale covered the performance outcomes with a total of 21 items [94]. 

 
3.3. Data Analysis  
Data (n=320) was analysed using IBM SPSS 23 and SPSS PROCESS Macro. In order to 
summarise the data set, the mean, median, standard deviation and interquartile range value 
scores of the scales were calculated for the descriptive statistical analysis. Categorical 
variables were presented as percentages. In addition, Pearson correlation coefficients were 
calculated to determine the direction and degree of the relationship between the variables. 
Also, traditional regression-based mediation (simple mediation) analysis was performed to 
estimate the mediating effect of Ability-oriented HR practices (AB), Motivation-oriented HR 
practices (MO) and Opportunity-oriented HR practices (OP) on Performance Outcomes 
through Organisational Citizenship Behaviour. According to Baron & Kenny’s steps [95], a 
simple mediation model analysis consists of three regression models: X → Y, X → M, and 
X + M → Y. In the models, the explanatory variable is indicated by (X), mediating variable 
by (M) and the response variable by (Y). In order to prove the existence of the mediating 
effect, the provision of the three conditions is necessary [96]. 
The indirect effect in the models was tested using the bootstrap test [97]. The bootstrap test 
analysis results are based on 95% confidence intervals with 5000 samples with replacement. 
The bootstrap test is a nonparametric alternative resampling technique to test the mediating 
effect which includes continually sampling from the data and estimating the indirect effect 
for each sample. By continuing this process several times (usually between 1000 and 5000), 
a confidence interval for indirect effect on the response variable by the mediator is 
constructed using an empirical approximation of the sampling distribution of indirect effect 
[97]. The bootstrapping method also allows the Sobel test to be carried out and increases the 
test’s power. Sobel test [98] was used to determine if Organisational Citizenship Behaviour 
mediated the association between Ability-oriented HR practices (AB), Motivation-oriented 
HR practices (MO) Opportunity-oriented HR practices (OP) and Performance Outcomes. 
Sobel test searches whether explanatory and response variables have a significant indirect 
relationship, meaning that it explores if the effect of the explanatory variable of the response 
variable is significantly decreased by the inclusion of a mediating variable. 
Hayes's Process Macro automatically calculates the relevant statistics and inference methods 
without requiring additional effort and programming skills. Structural equation modelling 
(SEM) applies analyses as Process handles while it needs more code writing skills and 
requires obtaining various statistics that Process obtains automatically. Also, not all SEM 
programs can produce all statistics Process computes; nor apply bootstrapping method in a 
way that makes easy inference. Regression-based approaches are not applied simply through 
the use of SEM, but with Process they are applied in a simple and understandable manner 
[99]. SEM is an effective approach that can improve mediation analysis in different ways. 
SEM's ability to handle both model specification and missing data professionally, and its 
ability to account for random measurement error in estimating effects on latent variables, 
makes it attractive. However, its complexity presents various difficulties and therefore 
inexperienced analysts may encounter some erroneous results when using it [99]. For models 
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based entirely on observed variables, the results will largely be the same. Therefore, 
regression-based bootstrapping methods (Process Macro) are recommended for models that 
rely entirely on observed variables. In the current study, Hayes's Process Macro was preferred 
as the models are also based on observed variables [99]. 
Within the scope of validity and reliability analyses for the scales, first Kaiser-Meyer Olkin 
(KMO) coefficient and Bartlett’s Sphericity Test were computed to check whether the dataset 
was appropriate for factor analysis and then Explanatory Factor Analysis (EFA) was 
performed using principal component analysis with varimax rotation to examine whether the 
items were loaded on the assumed underlying factors for construct validity [100]. Cronbach’s 
alpha values were calculated as an internal consistency coefficient to evaluate the reliability 
of the scales. In this study, p-value less than 0.05 was considered statistically significant.  
 
4. RESULTS  
This section presents the data analysis results, including the descriptive statistics about 
demographic variables. Correlation analyses, item analysis and reliability of scales are 
demonstrated. Then, explanatory factor analysis results and mediation analysis results are 
represented.  
The demographic information regarding the participants is presented in Table 1 below. These 
results are similar to the current demographic structure of the Turkish construction industry. 
The Turkish construction industry is also male-dominated where the age range generally 
appears to be between 25-50. Similarly, the majority of the civil engineers in Turkey hold 
only undergraduate degrees [101], [102], [103]. Considering the working experience in the 
sector and in the current organisations, it is evident that the majority of the respondents have 
been working within the sector between 6 to 10 years, and 3 to 5 years within their current 
organisation. This information coincides with the temporary nature of the project-based 
construction organisations.  
The mean (𝑥̅), median, standard deviation (s), interquartile range values (IQR), minimum 
(min) maximum (max) of the AB, MO, OP, OCB and PO scale scores have been calculated 
in Table 2. When the descriptive statistics presented in Table 2 below are examined; the 
scores of the scales ranged from 1 to 5, the mean score of the Organizational Citizenship 
Behaviour scale was the highest (𝑥̅=4.35; s=0.56), and the average score of the Motivation-
oriented HR practices scale was the lowest (𝑥̅=3.01; s=1.16). 
When item, validity and reliability analyses of the Ability-oriented HR practices scale were 
conducted, it was observed that the general Cronbach's Alpha coefficient (internal 
consistency coefficient) of the scale was found to be quite high with 0.958. The item-total 
correlation values of the items in the scale ranged from 0.648 to 0.847. Cronbach’s Alpha 
coefficients obtained when the items in the scale are deleted separately vary between 0.954 
and 0.958, which are not higher than the general Cronbach’s Alpha coefficient of 0.958. 
Cronbach's Alpha coefficients for recruitment and selection, training and development sub-
scales were obtained as 0.935 and 0.949, respectively. As a result, when the results of all item 
analysis were evaluated, it was determined that all items were suitable for use. The Kaiser 
Mayer Olkin (KMO) of Sampling Adequacy value of Ability-oriented HR practices scale 
was obtained as 0.940. This value shows that the sample is sufficient for explanatory factor 
analysis. The result of Bartlett’s sphericity test (χ2=4468.974; df=666, p=0.001) was found 
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to be statistically significant. Varimax rotation was used in the explanatory factor analysis. 
There are two sub-scales in the original scale. As a result of factor analysis, the scale was 
gathered under two factors. The first factor alone accounted for 42.96% and two factors 
together explain 73.57% of the total variance. Item factor loadings vary between 0.631 to 
0.879.  
 

Table 1 - Demographic information 

Variable              Categories Frequency % 

Gender 
Female 90 28.13 

Male 230 71.87 

Age 

20-29 103 32.19 

30-39 147 45.94 

40-49 
50-59 
>60 

55 
11 
4 

17.19 
3.43 
1.25 

Education level 

Undergraduate 223 69.69 

Master degree 85 26.56 

PhD degree 12 3.75 

Working experience in 
the sector (year) 

<1 20 6.25 

1-2 31 9.69 

3-5 59 18.44 

6-10 110 34.38 

11-14 49 15.31 

15-19 
>20 

22 
29 

6.87 
9.06 

Working experience in 
the current organization 

(year) 

<1 68 21.25 

1-2 64 20.00 

3-5 85 26.56 

6-10 68 21.25 

11-14 18 5.63 

15-19 
>20 

8 
9 

2.50 
2.81 
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Table 2 - Descriptive statistics of the scales 

Scale Cronbach’s 
α Min-max 𝒙ഥ(s) Median 

(IQR) 
Ability-oriented HR practices 

(AB) 0.958 1-5 3.36(1.01) 4.00(1.50) 

Motivation-oriented HR 
practices (MO) 0.967 1-5 3.01(1.16) 3.00(2.00) 

Opportunity-oriented HR 
practices (OP) 0.967 1-5 3.34(1.09) 4.00(1.50) 

Organisational Citizenship 
Behaviour (OCB) 0.953 1-5 4.35(0.56) 4.50(1.00) 

Performance Outcomes (PO) 0.967 1-5 3.93(0.79) 4.00(1.00) 
 

After conducting item, validity, and reliability analyses of the Motivation-oriented HR 
practices scale, it was seen that the general Cronbach's Alpha coefficient of the scale was 
found to be quite high with 0.967. The item-total correlation values of the items in the scale 
ranged from 0.709 to 0.874. Cronbach’s Alpha coefficients obtained when the items in the 
scale are deleted separately vary between 0.963 and 0.967, which are not higher than the 
general Cronbach’s Alpha coefficient of 0.967. Cronbach's Alpha coefficients for 
performance appraisal and rewards sub-scales were obtained as 0.954 and 0.937, 
respectively. As a result, when the results of all item analysis were evaluated, it was 
determined that all items were suitable for use. The KMO value of the Motivation-oriented-
HR practices scale was obtained as 0.957. This value shows that the sample is sufficient for 
explanatory factor analysis. The result of the Bartlett’s sphericity test (χ2=4379.812; df=78, 
p=0.001) was found to be statistically significant. There are two sub-scales in the original 
scale. As a result of factor analysis, the scale was gathered under two factors. The first factor 
alone accounted for 41.11% and two factors together explain 77.88% of the total variance. 
Item factor loadings vary between 0.650 to 0.839.  

As a result of item, validity and reliability analyses of the Opportunity-oriented HR practices 
scale, the general Cronbach's Alpha coefficient of the scale was found to be quite high with 
0.967. The item-total correlation values of the items in the scale ranged from 0.711 to 0.883. 
Cronbach’s Alpha coefficients obtained when the items in the scale are deleted separately 
vary between 0.963 and 0.967, which are not higher than the general Cronbach’s Alpha 
coefficient of 0.967. Cronbach's Alpha coefficients for autonomy, participation sub-scales 
were obtained as 0.950 and 0.939, respectively. As a result, when the results of all item 
analysis were evaluated, it was determined that all items were suitable for use. The Kaiser 
Mayer Olkin (KMO) value of Opportunity-oriented HR practices scale was obtained as 
0.957. This value shows that the sample is sufficient for explanatory factor analysis. The 
result of the Bartlett’s sphericity test (χ2=4379.812; df=78, p=0.001) was found to be 
statistically significant. This shows that the data are suitable for explanatory factor analysis. 
There are two sub-scales in the original scale. As a result of factor analysis, the scale was 
gathered under two factors. The first factor alone accounted for 41.11% and two factors 
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together explain 77.88% of the total variance. Item factor loadings vary between 0.645 to 
0.871.  

According to item, validity and reliability analyses of the Organizational Citizenship 
Behaviour scale, the general Cronbach's Alpha coefficient of the scale was found to be quite 
high with 0.953. The item-total correlation values of the items in the scale ranged from 0.621 
to 0.730. The Cronbach’s Alpha coefficients obtained when the items in the scale are deleted 
separately vary between 0.951 and 0.953, which are not higher than the general Cronbach’s 
Alpha coefficient of 0.953. As a result, when the results of all item analysis were evaluated, 
it was determined that all items were suitable for use. The KMO value of the Organizational 
Citizenship Behaviour scale was obtained as 0.936. The result of the Bartlett’s sphericity test 
(χ2=5598.522; df=276, p=0.001) was found to be statistically significant. Factor analysis 
indicated that one factor explains 67.75% of the total variance. Item factor loadings vary 
between 0.344 to 0.848. 

Lastly, according to the item analysis of the Performance Outcomes scale, the general 
Cronbach's Alpha coefficient of the scale was found to be quite high with 0.967. The item-
total correlation values of the items in the scale ranged from 0.590 to 0.823. Cronbach’s 
Alpha coefficients obtained when the items in the scale are deleted separately vary between 
0.963 and 0.965, which are not higher than the general Cronbach’s Alpha coefficient of 
0.967. Cronbach's Alpha coefficients for effectiveness, efficiency, fairness sub-scales were 
obtained as 0.918, 0.926, and 0.906, respectively. As a result, when the results of all item 
analyses were evaluated, it was determined that all items were suitable for use. The KMO 
value of the Performance Outcomes scale was obtained as 0.961. This value shows that the 
sample is sufficient for explanatory factor analysis. The result of the Bartlett’s sphericity test 
(χ2=5702.425; df=210, p=0.001) was found to be statistically significant. As a result of the 
factor analysis, the scale was gathered under three factors. The first factor alone accounted 
for 30.93%, two factors together explain 51.19% of the total variance, and all three factors 
explain 69.73% of the total variance. Item factor loadings vary between 0.459 to 0.844.  

 

4.1. Hypotheses Testing 

Correlation analysis was conducted to test the proposed hypotheses (H1a, H1b, H1c) and 
mediation analysis technique to test the mediating effects in the stated hypotheses (H2a, H2b, 
H2c). The Pearson correlation coefficients between the variables are shown in Table 3 below. 
The correlation analysis results indicate significant moderate positive relationship between 
ability-oriented HR practices and performance outcomes (r=0.575, p<0.01). Based on these 
results, our first hypothesis, H1a is supported by the data. Moreover, according to correlation 
analysis results, it is observed that there is a statistically significant moderate positive 
correlation between motivation-oriented HR practices and performance outcomes (r=0.479, 
p<0.01) which supports the H1b hypothesis. Lastly, in line with the analysis results, there is 
a statistically significant moderate positive correlation between opportunity-oriented HR 
practices and performance outcomes (r=0.499, p<0.01). This indicates that the H1c 
hypothesis is supported. The results stating that H1a, H1b and H1c are supported by the data 
is also consistent with the regression analysis results that are revealed in the Model 1 sections 
of Table 4,5 and 6 (p<0.05). 
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Table 3 - Pearson correlation coefficients between the variables 

Variables AB MO OP OCB PO 

AB 1     
MO 0.859** 1    
OP 0.816** 0.871 1   

OCB 0.100 0.036 0.084 1  
PO 0.575** 0.479** 0.499** 0.384** 1 

 *p<0.05, **p<0.01; (n=320) 

 

Table 4 below shows mediation analysis results for the effect of ability-oriented HR practices 
on performance outcomes through organisational citizenship behaviour as a mediator 
variable. In the mediation Model 1, the regression of ability-oriented HR practices on 
performance outcomes, disregarding the mediator (organisational citizenship behaviour), 
was significant (B = 0.444, t= 12.542, p=0.000<0.05). Then, the analysis results in Model 2 
showed that the regression of ability-oriented HR practices on the mediator, organizational 
 

Table 4 - The effect of Ability-oriented HR practices on Performance Outcomes through 
Organisational Citizenship Behaviour as mediator variable 

B Std.Error t p 95% CI 

Model 1 (AB PO) 
Constant 2.436 0.124 19.626 0.000 (2.192,2.680) 
AB 0.444 0.035 12.542 0.000 (0.374,0.513) 
Model 1 summary: R2 = 0.331; MSE = 0.405; F (1,318) = 157.289; p = 0.000 
 
Model 2 (AB OCB) 
Constant 4.161 0.109 38.168 0.000 (3.947,4.376) 
AB 0.056 0.031 1.790 0.074 (-0.006,0.117) 
Model 2 summary: R2 = 0.010; MSE = 0.313; F (1,318) = 3.205; p = 0.074 
 
Model 3 (AB+OCB  PO) 
Constant 0.534 0.269 1.984 0.048 (0.005,1.063) 
AB 0.418 .033 12.824 0.000 (0.354,0.482) 
OCB 0.457 0.059 7.806 0.000 (0.342,0.572) 
Model 3 summary: R2 = 0.439; MSE = 0.341; F (2,317) = 123.939; p = 0.000 
CI: Confidence interval 
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citizenship behaviour, was not significant (B = 0.056, t = 1.790, p =0.074 >0.05). The 
mediating effect is significant only if the independent variable significantly affects the 
mediator. Thus, our result in Model 2 does not prove the existence of the mediating effect. 
Moreover, according to the results in Model 3, both ability-oriented HR practices (B=0.418, 
t=12.824, p=0.000<0.05) and organisational citizenship behaviour (B=0.457, t=7.806, 
p=0.000<0.05) are significant, positive predictors of performance outcomes. The Sobel test 
also supports that the relationship between ability-oriented HR practices and performance 
outcomes was not mediated by organisational citizenship behaviour (z=1.743, 
p=0.081>0.05). Also, the results of the indirect effect based on 5000 bootstrap samples prove 
that there is no significant indirect relationship between ability-oriented HR practices and 
performance outcomes mediated by organisational citizenship behaviour (effect= 0.026, 
Bootstrap 95%CI = -0.025 and 0.051) as seen in Table 7. Based on this result, the hypothesis 
H2a is not supported by the data. 

Table 5 below shows the mediation analysis results for the effect of motivation-oriented HR 
practices on performance outcomes, through organisational citizenship behaviour as a 
mediator variable. In the mediation Model 1, the regression of motivation-oriented HR 
practices on performance outcomes, disregarding the mediator (organisational citizenship 
behaviour), was significant (B = 0.321, t=9.729, p=0.000<0.05). Then the analysis results in 
Model 2 showed that the regression of motivation-oriented HR practices on the mediator, 
 

Table 5 - The effect of Motivation-oriented HR practices on Performance Outcomes 
through Organisational Citizenship Behaviour as mediator variable 

B Std.Error t p 95% CI 

Model 1 (MO PO) 
Constant 2.963 0.106 27.896 0.000 (2.754,3.172) 
AB 0.321 0.033 9.729 0.000 (0.256,0.386) 
Model 1 summary: R2 = 0.229; MSE = 0.467; F (1,318) = 94.648; p = 0.000 
 
Model 2 (MO OCB) 
Constant 4.296 0.087 49.202 0.000 (4.124,4.468) 
AB 0.017 0.027 0.640 0.523 (-0.036,0.071) 
Model 2 summary:  R2 = 0.001; MSE = 0.315; F (1,318) = 0.410; p = 0.523 
 
Model 3 (MO+OCB  PO) 
Constant 0.776 0.284 2.737 0.007 (0.218,1.334) 
MO 0.312 0.030 10.394 0.000 (0.253,0.371) 
OCB 0.509 0.062 8.203 0.000 (0.387,0.631) 
Model 3 summary: R2 = 0.364; MSE = 0.386; F (2,317) = 90.832; p = 0.000 
CI: Confidence interval 
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organisational citizenship behaviour, was not significant (B = 0.017, t = 0.640, p =0.523 
>0.05). The mediating effect is significant only if the independent variable significantly 
affects the mediator. Thus, our result in Model 2 does not prove the existence of the mediating 
effect. Moreover, according to the results in Model 3, both motivation-oriented HR practices 
(B=0.312, t=10.394, p=0.000<0.05) and organisational citizenship behaviour (B=0.509, 
t=8.203, p=0.000<0.05) are significant, positive predictors of performance outcomes. The 
Sobel test also indicates that the relationship between the motivation-oriented HR practices 
and the performance outcomes was not mediated by organisational citizenship behaviour 
(z=0.636, p=0.525>0.05). Also, the results of the indirect effect based on 5000 bootstrap 
samples prove that there is no significant indirect relationship between motivation-oriented 
HR practices and performance outcomes mediated by organisational citizenship behaviour 
(effect= 0.009, Bootstrap 95%CI = -0.017 and 0.033) as seen in Table 7. Based on this result, 
the hypothesis, H2b is not supported by the data. 

Table 6 below shows mediation analysis results for the effect of opportunity-oriented HR 
practices on performance outcomes through organisational citizenship behaviour as a 
mediation variable.  In the mediation Model 1, the regression of opportunity-oriented HR 
practices on performance outcomes, disregarding the mediator (organisational citizenship 
behaviour), was significant (B = 0.354, t=10.255, p=0.000<0.05). Then the analysis results 
in Model 2 showed that the regression of opportunity-oriented HR practices on the mediator,  
 

Table 6 - The effect of Opportunity-oriented HR practices on Performance Outcomes 
through Organisational Citizenship Behaviour as mediator variable 

B Std.Error t p 95% CI 
Model 1 (OP PO) 
Constant 2.746 0.121 22.641 0.000 (2.507,2.984) 
OP 0.354 0.035 10.255 0.000 (0.286,0.422) 
Model 1 summary: R2 = 0.249; MSE = 0.313; F (1,318) = 105.171; p = 0.000 
 
Model 2 (OP OCB) 
Constant 4.204 0.101 41.766 0.000 (4.006,4.402) 
OP 0.043 0.029 1.511 0.132 (-0.013,0.100) 
Model 2 summary:  R2 = 0.007; MSE = 0.313; F (1,318) = 2.284; p = 0.132 
 
Model 3 (OP+OCB  PO) 
Constant 0.739 0.284 2.603 0.009 (0.180,1.298) 
OP 0.333 0.032 10.463 0.000 (0.271,0.396) 
OCB 0.477 0.062 7.681 0.000 (0.355,0.599) 
Model 3 summary: R2 = 0.367; MSE = 0.385; F (2,317) = 91.679; p = 0.000 
CI: Confidence interval 
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organisational citizenship behaviour, was not significant (B = 0.043, t = 1.511, p 
=0.132>0.05). The mediating effect is significant only if the independent variable 
significantly affects the mediator. Thus, our result in Model 2 does not prove the existence 
of the mediating effect. Moreover, according to results in Model 3, both opportunity-HR 
practices (B=0.333, t=10.463, p=0.000<0.05) and organisational citizenship behaviour 
(B=0.477, t=7.681, p=0.000<0.05) are significant, positive predictors of performance 
outcomes. The Sobel test also indicates that relationship between the opportunity-oriented 
HR practices and the performance outcomes was not mediated by organisational citizenship 
behaviour (z=1.485, p=0.137>0.05). Also, the results of the indirect effect based on 5000 
bootstrap samples prove that there is no significant indirect relationship between opportunity-
oriented HR practices and performance outcomes mediated by organisational citizenship 
behaviour (effect= 0.021, Bootstrap 95%CI = -0.003 and 0.044) as seen in Table 7 below. In 
line with these results, the hypothesis, H2c is not supported by the data. 

 
Table 7 - Total, direct, and indirect effects 

 Effect SE t p LLCI ULCI 
Ability-
oriented HR 
practices 
 

Total 
effect 0.444** 0.035 12.542 0.000 0.374 0.513 

Direct 
Effect 0.418** 0.033 12.824 0.000 0.354 0.482 

Indirect 
effect1 0.026 0.013 - - -0.025 0.051 

Motivation-
oriented HR 
practices 
 

Total 
effect 0.321** 0.033 9.729 0.000 0.256 0.386 

Direct 
Effect 0.312 ** 0.030 10.394 0.000 0.253 0.371 

Indirect 
effect1 0.009 0.013 - - -0.017 0.033 

Opportunity-
oriented HR 
practices 
 

Total 
effect 0.354 ** 0.035 10.255 0.000 0.286 0.422 

Direct 
Effect 0.333 ** 0.032 10.463 0.000 0.271 0.396 

Indirect 
effect1 0.021 0.012 - - -0.003 0.044 

**p <0.01, 1Based on 5000 bootstrap samples     

 
5. DISCUSSION 

The purpose of this research was to examine whether a positive correlation was detectable 
between AMO-oriented HR practices and performance outcomes and to investigate the 
possible mediation of OCB within such relationships which was investigated through site 
civil engineers working in project-based temporary organisations of the Turkish construction 
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industry. In this context, the AMO-orientation was found to be useful in determining the 
various effects of grouped HR practices on performance outcomes. The inclusion of OCB as 
a mediator in researching the relationship between HR practices and performance outcomes 
was found to be positive in various industries. However, the construction industry did not 
show similar results. The findings of the collected data indicate that OCB does not mediate 
the relationship between AMO-oriented HR practices and performance outcomes in the 
temporary natured construction projects. This indicates that the project-based nature of the 
construction industry and the job specification of site civil engineers are not suitable to 
generate a certain level of OCB to mediate the AMO-performance outcomes relationship. 
These results are likely to serve as a map in considering which set of HR practices to select 
for specific desired outcomes and the further development of site civil engineers working in 
temporary construction projects. 

As it was hypothesised in H1a, the findings indicate that there was a positive relationship 
between ability-oriented HR practices and performance outcomes. This is also consistent 
with the current literature and research conducted in different industries [39], [45], [47]. This 
implies that site engineers with the right technical skills and education and who are trained 
well for certain strict regulations perform more effectively and efficiently on an individual 
level reflecting on the overall performance. Site engineers exposed to ability-oriented HR 
practices such as recruitment and selection and training and development develop and get 
encouraged to demonstrate dedication to the project while feeling valued by the project 
manager [47], [50]. In this way, the project manager will be the person to disperse his/her 
situation-based managerial abilities to the civil engineers by continuously transferring his 
managerial effectiveness and motivation.   

The findings supported the second hypothesis, H1b, which revealed a positive relationship 
between motivation-oriented HR practices and performance outcomes. Current literature also 
states similar positive results [45], [46], [50]. Exposing site engineers to motivation-oriented 
HR practices such as performance appraisal and rewards clarifies their understanding of what 
the project manager expects regarding their task and how their contributions will be rewarded 
or punished in return. Employees by being informed about the performance appraisal and 
rewards structure will behave in line with their assigned goals and at the same time adhere to 
the cost-minimisation aim of their project by performing in their optimum time. As a result, 
value and quality features will be more evident in employee performance and the project 
outcomes. Investing in these practices is likely to result in increased engineer productivity 
and prevent them from quitting during the project as the construction site teams are frequently 
subject to change due to their temporariness. 

The third hypothesis H1c was also supported by the findings which indicate a positive 
relationship between opportunity-oriented HR practices and performance outcomes. This 
positive relationship is consistent with the current literature [45], [59]. Although the job 
description of site engineers is very technical and time bound, expanding their autonomy in 
possible areas such as daily schedules is likely to increase their performance. Engineers desire 
autonomy specifically in terms of managing their own work [104]. Involving engineers in 
decisions regarding their work and its conditions fosters a participative environment where 
knowledge-sharing and communication are strengthened. Autonomy and participation create 
a feeling of cooperative integration and feeling of being valued resulting in better 
performance and positive attitudes [47], [62]. The results from H1a, H1b and H1c point out 
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that project-based temporary organisations are dependent on investing in ability, motivation, 
and opportunity-based activities such as HR practices or other related facilities specifically 
designed for engineers. 

Among the hypotheses H2a, H2b and H2c which investigated the mediating effect of OCB 
between ability, motivation, opportunity-oriented HR practices and performance outcomes, 
none were significant. Concerning the findings, this shows that OCB does not mediate the 
relationship between AMO-oriented HR practices and performance outcomes in the project-
based temporary organisations of the construction industry. The results of H2a, H2b and H2c 
are not consistent with the current literature [76], [85], [86] which may be due to the complex 
and temporary nature of the construction industry and the job description of site civil 
engineers. Site civil engineers work on temporary projects of certain construction firms that 
approximately last between 3-6 years. As a result, they may not feel any relevance to get 
attached or develop OCB towards the organisation that owns the project as that relationship 
is limited in time. The construction industry constantly focuses on performing projects at an 
optimum-cost, time and efficiency and is generally based on less teamwork but more instant 
decision-making processes such as saving the day by managing the employee turnover 
rapidly. Hence, our study findings fill a relevant gap in the literature by pointing out that 
there is a need to focus on increasing teamwork in temporary projects. 

The results of this research indicate that ability, motivation, and opportunity-oriented HR 
practices can potentially increase the performance outcomes of engineers in construction site 
projects. As mentioned, the site engineers do not generate OCB towards the organisation that 
owns the projects as they do not have contact or relationship with the organisation they work 
for. Therefore, site engineers have their loyalty toward the project manager and thus OCB is 
likely to be generated only towards the project manager. Our study suggests that, construction 
companies focus on attracting a competent project manager as well as competent teams of 
engineers to minimise problems that are common in the complex nature of projects. 
Furthermore, as the total picture of the construction industry is unpredictable in terms of 
keeping the employee on the project, generally HR departments take action on the instant 
needs of the projects that are situation-based. AMO-oriented HR practices can be suitable to 
be adapted on the general management processes of civil engineers working on on-site 
projects. These practices should be implemented carefully on construction sites since their 
instant nature is always subject to change and it is likely that their absence can cause greater 
negative effects. HR activities must be properly planned and managed in construction sites 
for the maximum performance where HR and project managers work closely and collaborate 
to achieve the best performance and belongingness from engineers. 

 
6. THEORETICAL & PRACTICAL IMPLICATIONS 

The theoretical implications of this study outline that ability-oriented HR practices to have 
the highest impact on performance outcomes. This indicates that site civil engineers are likely 
to perform better if their education and technical skills are satisfactory, and if they receive 
ongoing trainings on job-related matters. Opportunity-oriented HR practices are second in 
their effect on performance outcomes. This outcome implies that engineers need a certain 
degree of autonomy and a participative environment that welcomes them to be involved in 
decisions that may influence their work conditions. In third place, motivation-oriented HR 
practices have the lowest effect on performance outcomes. This may indicate that 
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motivational matters such as rewards and performance appraisals are essential for engineers, 
but that they are not delivered on a satisfactory level by their organisation. OCB not 
mediating the relationships among ability, motivation, opportunity-oriented HR practices and 
performance outcomes in the project-based temporary organisations of the Turkish 
construction industry, is an interesting implication which may be due to the complex and 
temporary nature of the construction industry and the job specifications of site civil engineers.  

Regarding the practical implications, the managerial bodies of the construction organisations 
are firstly advised to carefully select the HR practices that will function best on the 
construction site level. In this respect, AMO-oriented HR practices are found to be effective 
and suitable to be adopted, and should be integrated in constant cooperation with their project 
manager. Considering the ability-oriented HR practices having the highest impact on 
performance outcomes, it is suggested that the construction organisations strong emphasise 
them to achieve higher performance through their site civil engineers. Construction 
organisations that adopt ability-oriented HR practices are thus likely to alter their project and 
organisational performance. Although the opportunity-oriented HR practices were not as 
effective on performance outcomes as ability-oriented HR practices, they are still high in 
their effect. Construction organisations should plan their HR-related functions in a direction 
where they adopt and facilitate opportunity-oriented HR practices in a dynamic manner. In 
this way, their level of effectiveness on performance outcomes may increase to the level of 
ability-oriented HR practices’ effectiveness level. In comparison to ability and opportunity-
oriented HR practices, the motivation-oriented HR practices have the lowest effect on 
performance outcomes. Although it is the lowest, its effect is still considerably sufficient. 
Motivational matters are vital for site civil engineers as they have both technical and 
managerial responsibilities and are expected to meet strict expectations of the projects. 
Construction organisations should adopt motivation-oriented HR practices and transparently 
communicate the performance appraisal and rewards structure. As site teams are frequently 
subject to change due to their temporariness, motivational parameters can be seen as critical 
aspects for sustaining continuity on projects. Construction organisations should pay close 
attention to motivation-oriented HR practices and should aim to integrate attractive reward 
and appraisal systems and to exercise them in a way that increases them to the ability-oriented 
HR practices level. In order for the construction organisations to achieve maximum 
performance from site civil engineers, they should also focus on OCB. Engineers who are 
willing to go the extra mile and exercise discretionary behaviour will also become high 
performers as a result of being valued by their organisation. As site civil engineers are 
generally working with the project owner organisation for a limited time, OCB is mainly 
being generated towards the project managers rather than the organisation itself. 
Implementing and effectively exercising AMO-oriented HR practices are likely to facilitate 
higher levels of OCB.  

In light of the above, construction organisations are advised to change their view on seeing 
their employees solely as a cost, but to acknowledge them as resources who are game 
changers. Although organisations’ time with their engineers is generally limited, site civil 
engineers have crucial responsibilities for projects and are thus worth being invested in. This 
will not only maximise site civil engineer performances but will also create a quality-based 
construction project culture that is based on the right skills, learning, participation, autonomy 
and suitable reward and appraisal schemes. Giving site civil engineers professional value will 
also reflect on the reputation of the organisations which will result in attracting and working 
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with the most competent civil engineers on their sites. If the majority of the construction 
organisations adopt these views and follow suitable up-to-date managerial innovations, it is 
believed that the outcomes will eventually result in higher quality projects for the Turkish 
construction industry in general.  

 
7. CONCLUSION & LIMITATIONS 

Construction sites hold temporary organisational features where engineers of the project 
disperse once the project is finalised, and they move on to their next project in their new 
organisation. This study contributes to the HRM and project management literature by 
providing insight into the relationships between AMO-oriented HR practices, OCB and 
performance outcomes of project-based temporary organisations through site civil engineers 
operating in the construction industry in Turkey. The findings indicate that the nature of the 
construction industry and construction projects are likely to require relevant HR practices 
based on the ability, motivation, and opportunity features for an enhanced performance. For 
achieving a successful project, HR practices must be an integral part of all construction 
activities. The implementation of these practices should be executed in collaboration with the 
project manager.  The AMO-oriented HR practices are likely to strengthen the employee-
employer relations and more precisely, they can assist the project manager to manage the 
performances of engineers, reduce the possible conflicts between management and engineers 
and can alter the belongingness towards the site. As a result, effective communication is 
likely to be generated by investing in the engineer trainings and thus a learning organization 
culture that is in line with organisational goals and strategies will be adopted. In short, 
engineers that are exposed to recruitment and selection, training and development, 
performance appraisal, rewards, autonomy, and participation practices can permanently 
modify their attitudes and behaviours incrementally through increased motivation. This 
positive transformation may possibly lead to a structural change that may reflect on their 
quality of work which they will exercise in every current and future project they work in. 

This study has several limitations. Firstly, the sample does not represent all civil engineers 
working on sites in Turkey but was concentrated on civil engineers working in the Marmara 
region which limits the generalisability of the findings when conducted to a larger population. 
For the study’s generalisability it also needs to be conducted in different countries and 
economies considering cultural implications. Secondly, the current study focused on site civil 
engineer rated answers, but further research may choose to get project managers’ input for a 
different perspective on the issues investigated in this study. Thirdly, the data used in this 
study was cross-sectional which is likely to limit the causality tests and therefore a 
longitudinal data is believed to generate better results. Fourthly, the effect of different 
mediating or moderating variables such as employee perceptions, organisational commitment 
and leadership styles are potential topics that can be integrated for further research. Lastly, 
research on site civil engineers can be distinguished according to which type of construction 
area they operate in, such as roads, buildings, airports, tunnels, bridges, and water supply.  
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Appendices: 

Appendix 1 
 
Ability, motivation, opportunity (AMO) scale 
a. Ability-oriented HR practices 
Recruitment and selection 

1. My organization conducts a careful selection and recruitment procedure before employing the 
employees.  

2. During the selection procedure, my organization verifies carefully whether the skills of 
employees are in line with the function. 

3. During the selection procedure, my organization verifies carefully whether the employee fits 
within the unit. 

4. During the selection procedure, my organization verifies carefully whether training is in line with 
the functional requirements of the unit. 
Training and development 
5. My organization gives the opportunity to employees to take part in training, courses, and 
workshops. 
6. My organization gives employees the opportunity to climb in position. 
7. My organization increases the responsibilities of the employees depending on their performance. 
8. My organization respects career appointments. 
9. My organization enables employees to work in different units. 

10. My organization tailors development opportunities of employees depending on the needs of the 
organization. 
11. My organization encourages the skills development of employees. 
12. My organization supports future development plans of employees. 

13. My organization offers introduction programs to execute different job requirements (styles) of 
employees. 
14. My organization designs specific training programs with respect to different jobs.  
b. Motivation-oriented HR practices  
Performance appraisal 
15. My organization reviews periodically the performance of employees. 

16. My organization considers the assessment of the employees as a basis for their further 
development. 

17. My organization keeps employees informed about the performance criteria of the unit they work 
in. 
18. My organization sends the assessment results on paper. 

19. My organization addresses their functioning and the functioning of the employees in a formal 
meeting. 
20. My organization uses clear procedures for the assessment of the employees. 

21. My organization makes it clear to the employees how their work contributes to the unit 
achievement goals.  
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Rewards 
22. My organization rewards employees due to their performance. 
23. My organization gives pay schemes similar with other organizations. 
24. My organization gives sufficient opportunities for financial growth of employees. 

25. My organization offers employees attractive fringe benefits (e.g., working hours, holidays, 
pension scheme, childcare, parental leave, compensation for travel costs). 
26. My organization allows employees to engage in the composition of their employment package.  

27. My organization gives employees the opportunity to achieve a balance between their work and 
private life.  
c. Opportunity-oriented HR practices  
Autonomy 
28. My organization allows the employees to decide about the execution of their duties. 
29. My organization allows the employees to set their own work pace. 
30. My organization allows the employees to influence on the fulfilment of their job.  

31. My organization allows the employees to have the opportunity to further develop ideas about 
their jobs. 
32. My organization allows the employees to decide on the order of their work routine. 
33. My organization allows the employees to have flexible working hours.  
Participation 

34. My organization allows the employees to have the opportunity to get involved in the decision-
making process.  
35. My organization allows the employees to give their opinion in work related issues.  

36. In meetings, my organization allows the employees to get involved in the decisions that are 
made. 

37. My organization makes sure that employees are well informed about their views and policies of 
the organization.  
38. My organization allows me to participate through the works council.  
39. During work meetings, my organization makes sure agreements are made clear.  
Organizational Citizenship Behaviour Scale 
40. My attendance at work is above the norm.  
41. I do not take extra breaks. 
42. I obey company rules and regulations even when no one is watching.  
43. I am one of the most conscientious employees.  
44. I believe in giving an honest day‘s work for an honest day’s pay.  
45. I do not consume a lot of time complaining about trivial matters. 
46. I do not always focus on what‘s wrong, rather than the positive side. 
47. I tend not to make a “mountain out of molehill”. 
48. I do not always find fault with what the organization is doing. 
49.  I am not the classic “squeaky wheel” that always needs greasing. 
50. I attend meetings that are not mandatory but are considered important. 
51. I attend functions that are not required but help the company image. 
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52. I keep abreast of changes in the organization. 
53. I read and keep up with organization announcements, memos, etc. 
54. I take steps to try to prevent problems with other workers.  
55. I am mindful of how my behaviour affects other people’s jobs.  
56. I do not abuse the rights of others.  
57. I try to avoid creating problems for co-workers.  
58. I consider the impact of my actions on co-workers.  
59. I help others who have been absent.  
60. I help others who have heavy workloads.  
61. I help orient new people even though it is not required. 
62. I willingly help others who have work related problems. 
63. I am always ready to lend a helping hand to those around me. 
Performance Outcomes Scale 
Effectiveness 
64. My work unit achieves the goals that are set. 
65. My work unit performs high quality work. 
66. My work unit successfully contributes to the achievement of organizational goals. 
67. In my work unit, activities/projects are successfully completed. 
68. My work unit performs large amounts of work. 
69. The work performed by my work unit provides the public worthwhile return on their tax. 
70. My work unit rarely gets complaints from stakeholders about our work activities.  
71. Overall, my work unit performs well. 
Efficiency 
72. My work unit makes sure that an effort is performed with minimal time and money. 
73. In my work unit no time is wasted. 
74. My work unit makes good use of employees’ knowledge and skills.  
75. My work unit learns from mistakes.  
76. In my work unit, no money is wasted.  
77. In my work unit, people and resources are properly deployed.   
78. My work unit adequately conducts relations with external parties.  
Fairness 
79. My work unit treats stakeholders in a fair and equitable manner.  

80. No laws or rules are violated when delivering the project/service to customers, businesses, and 
other stakeholders. 
81. The work of my unit is important for the organization. 

82. The work of my work unit makes an important contribution to the quality of the organization as 
a whole. 
83. The customer satisfaction toward my work unit is very high.  
84. In general, my work unit has a good image in the organization.  
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ABSTRACT 

The effects of hooked end steel and polypropylene (PP) fibers on the behavior of large-scale 
doubly reinforced concrete beams under flexure were investigated using experimental and 
numeric methods. For this purpose, a total of eight beam specimens consisting in two groups 
were produced in the laboratory and three-point bending tests were conducted under 
monotonically increasing load. The beams in the groups were designed to have 0.86 and 
1.30% tensile reinforcement ratios leading to either flexural or shear critical sections. Three 
out of eight were produced to be control samples and did not have any fiber additive while 
remaining five had 0, 0.5 and 1.0% steel or PP fibers by volume. Experimental results showed 
that the existence of 0.5% either type of fiber in densely reinforced specimens contributed to 
shear strength and allowed flexural capacities to be fully used instead of an improvement in 
the capacity. However, when the steel fiber ratio increased to 1.0% flexural capacity was 
enhanced by 10% for both type of beams. After the experimental study, the beams 
numerically modeled using nonlinear finite element method and flexural stiffness before 
yielding as well as yield strength with load carrying capacities were found to be consistent 
with that of experiments specifically for the beams having stirrup and steel fibers. 

Keywords: Fiber reinforced concrete (FRC), bending behavior of FRC beams, 
polypropylene and hooked end steel fibers, nonlinear finite element analysis. 

 

1. INTRODUCTION 

Fiber reinforced concrete (FRC) has been widely used in non-critical members of civil 
engineering structures basically for crack control and durability [1]. Precast tunnel lining 
segments, concrete pavements and industrial building floors are some of the application areas 
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of FRC. Although FRC was being used only for crack width control initially, it has been 
started to be considered in the strength analysis of structural members [2]. However, the full 
potential of FRC is not still being used such as fully or partially replacement of costly and 
labor-intensive shear reinforcements [3].  

In the literature, many studies have been undertaken regarding the shear and flexural 
characteristics of FRC members more specifically on the steel fiber reinforced concrete 
beams [3-9]. Studies concerning the shear strength revealed that elimination of stirrups is 
possible when hooked-type steel fibers in a volume ratio of at least 0.75% are included in the 
normal and high strength concrete [10, 11]. However, increasing the volumetric ratio of fibers 
up to 2.0% or higher might end up with a less ductile failure type [12] depending on the shear 
length to effective depth ratio [7]. Apart from the contribution to shear, inclusion of steel 
fiber was also found to be beneficial in terms of cracking and deformational behavior of RC 
beams subjected to flexure [8, 9]. The existence of steel fibers inhibited crack propagation, 
decreased the width, length and spacing of cracks [9, 13]. Additionally, it enhanced the 
flexural rigidity at any given load level [8] and therefore, deflection and strain in reinforcing 
steel substantially reduced. Besides, steel fibers were found to be effective in increasing the 
yield and ultimate bending moment capacity of the RC beams [7, 14]. Moreover, SFRC 
shows significant ductility at failure [15]. The efficiency of steel fibers regarding the 
performance and behavior of RC members also depends on the longitudinal reinforcement 
ratio. Specifically, in lightly reinforced RC beams the effect was detected to be more 
pronounced [13, 16] compared to that of heavily reinforced sections. However, in either case 
this observation was made for the beams designed to be critical in flexure and premature 
shear failure was prevented by providing shear reinforcements into the shear span.    

PP fiber is a synthetic type of fiber with low density and modulus of elasticity [17]. From the 
conducted studies it was detected to be beneficial to increase the tensile and flexural strength, 
providing resistance to shrinkage cracking as well as good toughness in concrete structures 
[18-22]. In the literature it is also possible to encounter with a comparison of effect of 
different types of fibers into the mechanical behavior RC beams. For example, the structural 
tests were conducted in the study performed by [23] using hooked-end steel, PP and hybrid 
types of fibers. Based on the results of beam specimens failed from flexure, it was observed 
that the beams having 1.1% PPF exhibited a higher ductility compared to that of beam having 
2.0% steel fibers for a specific amount of longitudinal reinforcement ratio. However, an 
opposite conclusion was reported in another experimental study [24] which can be interpreted 
as there is no consensus on the issue.   

A significant amount of work has been conducted to investigate the effects of fibers on the 
behavior of RC members but very few studies [6, 10 and 11] were performed on the full or 
large scale, doubly reinforced RC beams similar to that of practical applications. Moreover, 
longitudinal reinforcement ratio as a variable was generally investigated on the beams 
designed to perform full flexural capacity. The current study aims not only providing an 
experimental insight into the effects of fiber ratio and type on the shear and flexural critical 
beam behavior but also attempts to understand the appropriateness and limits of selected 
numerical approach in modeling. For this purpose, a total of eight doubly reinforced, large-
scale concrete beam specimens were constructed at the Structural Mechanics Laboratory of 
İzmir Katip Çelebi University and three-point bending tests were carried out under 
monotonically increasing load. Fiber volume fractions (Vf) and type were selected to be the 
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main variables. Additionally, the beam specimens were designed to have two different tensile 
reinforcement ratios leading to either shear or flexure critical sections. Three out of eight 
were selected to be control specimens while the remaining five had varying volumetric fiber 
ratios. Except one of the beams in the control specimens, none of them had stirrups to observe 
the behavior free from the shear reinforcement effect. Once the experimental study 
completed, modified compression field theory (MCFT) based non-linear finite element 
(NLFE) analysis was conducted using VecTor2 [25] software. Force versus mid-span 
deflection curves and crack profiles were compared with that of the experiment.    

 

2. EXPERIMENTAL STUDY 

To investigate the behavior of FRC beams, eight large-scale and doubly reinforced beam 
specimens having 20 mm typical clear concrete cover were produced and tested, as shown in 
Figure 1. All the specimens had 150x200x2450 mm prismatic geometry and consisted of two 
groups. The first group (B1 series) was designed to have 1.30% tensile reinforcement ratio 
while the second group (B2 series) had 0.86% as can be seen in Figure 1. Two of those 
reinforcements were equipped with strain gauges from the mid-length of each beam 
specimen. Thus, the force occurring on the rebars could be followed. Two beams from B1 
series were selected to be control specimens. One of which had a minimum shear 
reinforcement ratio according to TS500 [26] and calculated from Equation (1). However, rest 
of the specimens, including the remaining control beam, did not have any stirrups. In 
Equation (1), 𝐴௦௪, 𝑏௪, 𝑠, 𝑓௖௧ௗ and 𝑓௬௪ௗ are shear reinforcement area, web thickness, spacing 
between stirrups, design tensile strength of concrete and design yield strength of shear 
reinforcement, respectively. Calculated minimum shear reinforcement ratio (0.95× 10ିଷ) 
consequently led “s” to exceed the maximum spacing dictated by TS500 as half effective 
depth (d/2). Therefore, the distance between each stirrup was taken as d/2.  𝜌௠௜௡ = ஺ೞೢ௕ೢ௦ = 0.30 ௙೎೟೏௙೤ೢ೏         (1) 

Table 1 - Specimen reinforcement and fiber ratios 

Beam Specimen 
Longitudinal 

Reinforcement 
(Bottom and Top) 

Tensile Reinforcement 
Ratio 

Fiber Type and 
Volumetric Ratio (%) 

B1- Control w/o str 3∅12 - 2∅12 0.0130 No fiber 
B1-Control w/str 3∅12 - 2∅12 0.0130 No fiber 

B1-SF05 3∅12 - 2∅12 0.0130 Steel - 0.5 
B1-SF10 3∅12 - 2∅12 0.0130 Steel - 1.0 

B1-PPF05 3∅12 - 2∅12 0.0130 PP – 0.5 
B2-Control w/o str 2∅12 - 2∅12 0.0086 No fiber 

B2-SF10 2∅12 - 2∅12 0.0086 Steel – 1.0 
B2-PPF05 2∅12 - 2∅12 0.0086 PP – 0.5 
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Figure 1 - Side-view and cross sections of specimen groups 

 

Relatively low tensile reinforcement ratio in B2 series caused a tendency to flexural type of 
failure. Therefore, the effectiveness of stirrups was not investigated in B2 series. As a result, 
only one beam was selected to be the control specimen without stirrup. None of the control 
beams had fiber content while the remaining beams had various ratios of steel and PP fibers. 
A detailed list of beams that includes the fiber reinforcement type and ratio is presented in 
Table 1.  

According to naming convention given in Table 1, first letter and the following number stand 
for the group of beams related to tensile reinforcement ratio. The letters with numbers after 
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the group name represent the type and ratio of fiber reinforcement. For example, B1-SF05 is 
for the beam having 1.3% tensile reinforcement and Vf=0.5% steel fiber. In the current study, 
the ratio of shear span (a=1000 mm) to effective depth (d= 174 mm) was calculated to be 
5.75 for both B1 and B2 series. This ratio yields to either diagonal tension failure or flexural 
failure in the beams that does not have any stirrups or fibers depending on the flexural 
capacity provided by tensile reinforcement.  

Commercially available B420C grade deformed bars were ordered and used for longitudinal 
and shear reinforcements. Yield and ultimate strength of reinforcements were obtained 
through the tension tests as 500 and 670 MPa, respectively. Three 30-cm long coupons were 
used for the tests and the average of the results was taken. On the other hand, necessary 
limited volume of each batch of concrete was mixed in the laboratory utilizing a concrete 
mixer and poured into the formworks, as shown in Figure 2. ACI 211.1 [27] code, which is 
nearly identical to TS-802 [28], was followed to determine mixture ingredients and 
proportions of concrete considering slump, maximum aggregate size, mixing water, air 
volume, water/cement (W/C) ratio, cement and aggregate amount. According to sieve 
analysis maximum aggregate size was detected as 16 mm and W/C ratio was selected based 
on the aimed strength (at least 20 MPa cylinder compressive strength) of concrete. Mixture 
design is given in Table 2. 

 
Figure 2 - Steps of concrete pouring 

 

Table 2 - Mix proportions of concrete 

W/C 
ratio 

Cement content 
(kg/m3) 

Water 
(kg/m3)

Aggregate
(kg/m3) Steel Fiber (kg/m3) PP Fiber 

(kg/m3) 
Air 

content 

0.55 414.5 228.0 1557 39.25 and 78.50 
(0.5% and 1.0%) 

4.550 
(0.5%) 2.5% 
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The workability of concrete decreased during the pouring process as the fiber content 
increased. Such an observation was also reported by [22]. Therefore, a proper vibration was 
given to the fresh concrete in the formworks. Next, concrete samples were randomly taken 
from different batches to perform compression tests. Six standard cubes were used for this 
purpose. The cube samples were kept by the beam specimens in the same curing conditions 
with beam specimens. Once the concrete hardened the formworks were removed. 
Afterwards, the cubes and beam specimens were wrapped with cloth sheeting and then the 
surfaces were properly ponded with water for 28 days. Compression tests of cube samples 
were performed at the day of experiment which is not less than 28 days after casting. Strength 
values of the cube samples were converted to equivalent cylinder values by multiplication of 
0.85 based on [29]. Mean cylinder strength of the concrete was calculated as 25 MPa.  
Hooked end type “Betonfiber 1050” steel, and “Betonfiber BF19” polypropylene (PP) fibers 
were used in the study and the mechanical and geometric properties were obtained from the 
manufacturer and presented in Table 3.  

 

Table 3 - Physical properties of fibers 

Material Length (mm) Diameter Density Tensile Strength 

Steel Fiber 50 mm 1.0 mm 7850 kg/m3 1100 MPa 
PP Fiber 19 mm 20 m 910 kg/m3 575 MPa 

 

 
Figure 3 - Overview of test setup (left) and instrumentation for experiments (right) 

 

Static three-point bending test setup is given in Figure 3. As seen from the figure above, beam 
specimens were placed into the rigid frame and clear span between roller and pin supports 
was 2000 mm. The beams were pushed downwards by a single load from the mid-span using 
a 300 kN capacity hydraulic jack. A load cell was placed under the hydraulic jack for 
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detecting the load exerted to beam, and mid-span deflection was monitored via two linear 
resistance potentiometer transducers (LRPT). The sensors were connected to an 8-channel 
data acquisition device for gathering the data. 

The loading protocol was monotonic until the empirically calculated plastic moment capacity 
(𝑀௣) is reached in the experiments except for B1 and B2 cases without stirrup. The specified 
load is regarded as load carrying capacity of each test specimen. 𝑀௣ was calculated based on 
Equation (2) as given in Turkish Seismic Code 2018 [31]. 𝑀௣ = 1.4𝑀௥     (2) 

Due to the complexity in calculating the ultimate moment capacity (𝑀௥) of the beams having 
fiber additive, an approximation was made in Equation (2) by replacing 𝑀௥ with yield 
moment capacity (𝑀௥௬). However, it is understood from the study performed by [32] such a 
simplification will end up with a higher capacity than it is supposed to be, specifically for the 
beams having relatively high tensile reinforcement ratio. As reported in [32] the error could 
be up to 15%. Considering this error, the capacity was defined to be 1.20𝑀௥௬ in the current 
study. Consequently, the experiments were stopped when the load exceeded the yield 
capacity by 20%.   

 

3. RESULTS AND DISCUSSION 

3.1. Sectional Analysis  

Beam sections of the control specimens without stirrup were analyzed to capture yield and 
ultimate moment capacities. Contribution of tension stiffening effect and strain hardening in 
rebars were considered in the analyses. As it can be seen from Figure 5, in the experiments 
tension reinforcements yielded at an approximate strain of 2.5× 10ିଷ. This value 
corresponds to 500 MPa tensile stress and used in the cross-sectional analysis. Concrete 
crushing strain was taken to be 3.0× 10ିଷ as suggested in TS500. In both beam types, tension 
reinforcements were detected to be yielded before the compression crush of concrete. In 
addition to flexural analysis, diagonal tensile (shear) strength of beams was also calculated. 
For this purpose, Equation (3) suggested by ACI 318-19 [30] code was used since size effect 
(depth of member) and contribution of longitudinal reinforcement ratio on shear strength are 
taken into consideration. 𝑉௖ = 0.66𝜆௦𝜆𝜌ଵ/ଷඥ𝑓௖ᇱ𝑏௪𝑑         (3) 

In the equation, 𝑉௖, 𝜆௦, 𝜆, 𝜌, 𝑓௖ᇱ, 𝑏௪ and 𝑑 represent shear strength of concrete, size effect 
factor, modification factor for concrete material, tensile reinforcement ratio, compressive 
strength of concrete, width of beam and effective depth, respectively. Based on the findings 
in sectional analyses, shear failure type is expected for B1 control specimen since the load 
carrying capacity provided by shear strength of the beams is less than that of flexure. 
However, the capacities gathered from flexure and shear were approximate to each other for 
B2 control specimen, therefore, a specific failure type could not be estimated. Analysis results 
are tabularized in Table 4 and further details of flexural analysis can be found in [33].  
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Table 4 - Sectional analysis of control specimens 

Specimen 
Flexure Shear 

Expected type of 
failure 𝑀௥௬ 

(kNm) 
𝑃௥௬ 

(kN) 
𝑀௥ 

(kNm)
𝑃௥ 

(kN)
𝑉௦ 

(kN) 
𝑃௦ 

(kN) 
B1 Control w/o 

Stirrup 25.6 51.3 27.1 54.2 20.2 40.5 Shear before yield 

B2 Control w/o 
Stirrup 18.4 36.9 19.8 39.5 17.7 35.4 Flexure and/or 

shear 
*𝑃௥௬ and 𝑃௥ are yield and ultimate load capacities, respectively.  𝑉௦ and 𝑃௦ are shear strength and 
corresponding point load.  

 

3.2. Behavior under Load  

The load-midspan deflection curves of the tested beams were presented in Figure 4 to 
investigate the behavior under loading. It can be deduced from the curves that B1 control 
specimen w/o stirrup yielded at 44.0 kN.  However, the yield strength was detected to be 51.3 
kN in the pure flexural analysis of cross-section, indicating an error of 16%. The reason for 
this error can be attributed to additional strain on longitudinal reinforcements caused by shear 
[34]. Due to safety concerns and expectation of brittle type of failure, the experiment was 
stopped when the load reached to 48.5 kN and a corresponding mid-span deflection of 20 
mm. Therefore, 48.5 kN is assumed to be the experimental load carrying capacity of the 
specimen in the study. On the other hand, introducing a minimum amount of shear 
reinforcement (B1 control w/stirrup), 0.5% steel (B1-SF05) and PP (B1-PPF05) fibers did 
not promote the yield moment capacity, but instead, allowed the beams to fully employ their 
yield moment capacity by reaching a load almost identical to that of flexural analysis as 51.0 
kN. In other words, the shear critical behavior of those beams shifted into the flexural. 
However, increasing the volumetric ratio of steel fibers to 1.0% did not only transform the 
shear critical behavior into flexural but also slightly enhanced the yield loading (10%) of B1-
SF10 specimen, basically depending on the increase in the moment capacity of the cross-
section. Such an enhancement in moment capacity was also reported by [23] on the moment-
curvature diagrams of beams including 2.0% and 1.1% steel and PP fibers. Loading of beams 
continued after yielding and resulted in strain hardening of reinforcements. Strain hardening 
behavior consequently increased the load carrying capacity of members rapidly until crushing 
of the outermost shell of concrete and resulted in a minor reduction in load carrying capacity, 
see Figure 4 (left). Of course, this is not the case for B1 control w/o stirrup since the loading 
was stopped at relatively earlier stage. As previously mentioned, the tests were continued 
until 1.20 times of yield strength, which was regarded as load carrying capacity. Three beam 
specimens, namely: B1 control w/stirrup, B1-SF05, and B1-PPF05, attained load-carrying 
capacities in the vicinity of 60.0 kN. This is equal to the analytically calculated capacity 
(1.20𝑃௥௬) of B1 control w/o stirrup but at least 1.25 times that of the experiment. As expected, 
B1-SF10 beam specimen performed the highest bearing capacity compared to the remaining 
beams of the B1 series and enhanced the load carrying capacity by 10% with respect to the 
specimens that can fully use their flexural capacity.   
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Figure 4 - Load-displacement curves of B1 (left) and B2 (right) series 

 

 
Figure 5 - Relationship of midspan deflection with load and rebar strain history 

 

In B2 series, lower tensile reinforcement ratio resulted in a dominating flexural behavior and 
led control specimen to employ fully its yield strength by reaching 37.0 kN being identical 
to that of analytically calculated case. The experiment of this specimen was stopped at 42.0 
kN load corresponding to 1.13𝑀௥௬ instead of 1.20𝑀௥௬. This was mainly to prevent a sudden 
failure since the strength provided by flexural and shear capacities was in proximity with 
each other though the specimen was fully used its yield moment capacity. Existence of 1.0% 
steel fibers in B2-SF10 beam has increased the yield load capacity approximately by 8% 
compared to the experimentally and analytically detected yield loading capacity of B2 control 
w/o stirrup. Interestingly, a slight reduction approximately 7% in the yield load capacity of 
B2-PPF05 beam was noticed. The reason for this might be explained by reduced compressive 
strength of fiber reinforced concrete mixture as detected in [35] depending on a higher 
porosity and air content in the matrix as reported in [36]. Load carrying capacity was 
observed to be highest for the specimen having 1.0% steel fiber. It is 1.10 times that of B2 
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control specimen experimental and analytical results. In fact, the enhancement in load 
capacity was found to be identical with that of B1-SF10 beam. Such an increase in the 
ultimate strength was also reported in the parametric study conducted by [14] for the large-
scale and normal-strength concrete beams which were designed to fail in flexure. The 
enhancement was detected to be 11, 12, and 8.0% for the beams having 1.00% steel fiber and 
1.18, 1.77, and 2.37% longitudinal reinforcement ratios, respectively. Therefore, it is 
understood that the strength improvement is almost free from the reinforcement ratio based 
on the findings of [14] and the current study. The minor reduction in the capacity of specimen 
having 0.5% PP fiber did not change throughout the loading history and kept 7% decrease in 
load bearing capacity compared to B2 control beam.  

 

3.3. Ductility 

Ductility index (µ) of a beam was defined as the ratio of the deflection at load carrying 
capacity to the deflection in which the specimens ceased to exhibit their linear behavior. 
Table 5 summarizes the ductility index values of whole specimens.  

 

Table 5 - Ductility index of B1 and B2 series 

Specimen 
B1 

Control 
w/o str. 

B1 
Control 
w/str. 

B1 
SF05 

B1 
SF10 

B1 
PPF05

B2 
Control 
w/o str. 

B2 
SF10 

B2 
PPF05 

Ductility 
index (µ) 2.00 4.77 4.45 5.00 5.68 7.12 4.75 6.80 

 

In B1 series, all the specimens having fiber content performed better ductility response when 
compared to B1 control w/o stirrup. Interestingly, the highest ductility performance was 
observed at B1-PPF05 specimen. In other words, PP fibers provided better ductility response 
compared to that of the beam having a minimum shear reinforcement ratio based on TS500 
and steel fiber. A similar finding was indicated in [35] for the full-scale beams that were 
critical in flexure. In the study, the specimen having 1.0% PP fiber performed superior 
ductility performance not only against the beams having 0.5 and 1.0% SF but also the beam 
with stirrup. On the other hand, it can be said that addition of 0.5% steel fibers also improved 
the ductility quite good and exhibit almost identical performance relative to the beam having 
minimum amount of shear reinforcement (B1 Control w/stirrup). Increasing the steel fiber 
ratio to 1.0% caused a very limited contribution (12% enhancement) on the ductility when 
compared to addition of 0.5% steel fiber. Ductility also affected by the ratio of tensile 
reinforcement and was greatly enhanced in B2 series except B2-SF10 beam. However, fibers 
were detected to have reverse effect when compared to B1 series since the ductility of 
specimens having fibers in B2 series was below the control specimen. Therefore, it can be 
concluded that depending on the tensile reinforcement ratio fibers decreased the ductility 
performance of beams. On the other hand, as in B1 series 0.5% PP fiber provided higher 
ductility than that of specimen having 1.0% steel fiber.   
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3.4. Crack Patterns 

The final state of crack patterns is presented in Figure 6 and 7 for B1 and B2 series 
respectively. As can be seen from Figure 6, in B1 control beam w/o stirrup a major flexural 
crack (2-3 mm wide) was observed in the maximum moment region by some additional 
hairline thick flexural-shear cracks distributed along the length of beam.  

 
Figure 6 - Final state of crack patterns in B1 series 

 

Widespread and almost equally spaced, hairline thick flexural cracks shifting to inclined 
shear cracks were observed on both sides of the B1 control specimen w/stirrup. Additionally, 
major flexural cracks (4-5 mm thick) starting from the bottom towards the load were noticed 
specifically at the loading cone. Shear cracks were more prominent in B1-SF05 specimen 
compared to B1 control w/stirrup as shown in Figure 6. Formation of approximately 1 mm 
wide and symmetrically located shear cracks on both sides were detected as well as hairline 
thick web shear cracks along the beam length. In the loading zone of both sides, flexural 
cracks reached the width of 5 mm identical to B1 control specimen w/stirrup. When it comes 
to B1-SF10 specimen, approximately 2 mm thick and symmetrically located flexural-shear 
cracks were observed on both sides of the specimen in addition to web shear cracks identical 
to B1-SF05. Again, major flexural cracks such as 3 to 5 mm wide were observed in both 
faces of the beam specifically at the loading cone. However, in B1-SF10 specimen the 

B1 Control w/Stirrup 

B1 PPF05 

B1 SF05

B1 SF 10 

B1 Control w/o Stirrup 
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number of crack formation decreased while only a few cracks widen significantly more than 
the other cracks compared to B1-SF05 and B1 control w/stirrup (Figure 6). This is consistent 
with the findings of [1]. In B1-PPF05 specimen, the total number of cracks spreading on the 
sides slightly increased when compared to the beams having steel fiber (Figure 7). In fact, 
the reason for this might be the higher deformation level as well. However, most of the cracks 
were in web shear crack form similar to that of beams having steel fiber. Another interesting 
point was observing narrower flexural cracks (~2mm) especially in the loading cone. As in 
B1 series beams, most of the major cracks in B2 control specimen w/o stirrup were located 
in the loading cone. These were 2 to 3 mm wide flexure and flexural-shear cracks in both 
sides of the beam. Other than that, widely distributed hairline thick flexural-shear cracks were 
observed. However, in B2-SF10 beam cracks were formed less in quantity specifically on 
one side compared to control specimen, and they were concentrated in the loading region. 
Maximum width of flexural cracks detected was 2 to 4 mm. Shear cracks were in the vicinity 
of 1 mm. In B2-PPF05 the shear cracks observed in the loading region were more prominent, 
which is reaching to 2~2.5 mm, relative to B2-SF10. 

 
Figure 7 - Final state of crack patterns in B2 series 

 

4. NUMERICAL MODELING AND COMPARATIVE RESULTS 

Three-point bending test simulations were conducted by VecTor2 (VT2) [25] software. It is 
a two-dimensional nonlinear finite element code developed for the analysis of RC members 
in plane stress conditions and based on Modified Compression Field Theory (MCFT) 
formulations [37]. This theory is an analytical tool for predicting the load-deformation 
response of RC membrane elements subjected to shear and normal stresses. It is a 
combination of three sets of relationships, namely: (1) compatibility conditions of concrete 
and reinforcement average strains, (2) equilibrium conditions relating the external loads and 
internal resisting forces in concrete and reinforcement and (3) constitutive relationships 
which are required to provide a connection between average stresses in the equilibrium 
relations and average strains in the compatibility relationships for both the reinforcement and 

B2 Control w/o Stirrup

B2 PPF05 

B2 SF10 
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the concrete. Further details of the theory and finite element implementation can be found in 
elsewhere [25, 37]. 

Full-scale models of the beam specimens were created using preprocessor FormWorks [25] 
software. In the analyses, concrete and rebars were modelled using four-node plane stress 
rectangular elements and two-node truss bar elements, respectively. Between concrete and 
rebars perfect bond assumption was made and truss elements of rebars shared the same node 
with that of rectangular elements of concrete. Selected constitutive models for concrete and 
steel reinforcement is presented in Table 6. The compressive strength of concrete, yield, and 
ultimate strength of steel rebars as well as length, diameter and tensile strength of fibers were 
taken from the conducted material tests. Rest of the required parameters were taken as 
software default which can be found out in [25]. 

 

Table 6 - Selected constitutive models for materials used. 

Material and property Model 

Concrete - Compression Pre-Peak 
Beams w/o fibers: Hognestad (Parabola) 

Beams w/SF and PPF: Lee et al 2011 (FRC) 
Beams w/PPF: Popovics (NSC) 

Concrete - Compression Post-Peak
Beams w/o fiber: Modified Kent-Park 

Beams w/SF: Lee et al 2011 (FRC) 
Beams w/PPF: Montoya 2003 

Concrete – Compression Softening Vecchio 1992-A (e1/e2 form) 

Concrete – Tension Stiffening 
Beams w/o PP fibers: Lee 2010 (w/Post Yield) 

Beams w/PP fiber: Modified Bentz 2003 

Concrete – Tension Softening 
Beams w/o fiber: Linear 

Beams w/PP fiber: Bilinear 
Beams w/steel fibers: Exponential 

FRC Tension SDEM – Monotonic 
Steel Reinforcement - Dowel Action Tassios (Crack Slip) 

Steel Reinforcement -Buckling Akkaya 2012 (Modified Dhakal - Maekawa) 
 FRC and NSC stand for fiber reinforced concrete and normal strength concrete. 

  

Pin and roller supports of the beam specimens were not explicitly modeled, instead; 
translational restraints were assigned in X, Y and Z directions and the beam specimens were 
subjected to monotonically increasing deflection (0.1 mm increments) from the mid-span 
until failure. The optimum mesh density was selected based on the mesh sensitivity analysis 
as 15 mm with a limitation in the aspect ratio to be two.  
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Figure 8 - Comparison of numerical and experimental results for load-deflection curves of 

B1 series 

Numerically and experimentally obtained load-deflection responses of B1 series are 
presented comparatively in Figure 8 and crack patterns are given in Figure 9. In the analysis, 
the yield strength and load carrying capacity of B1 control beam w/stirrup was estimated 



Mehmet Alper ÇANKAYA, Çetin AKAN 

73 

quite close but with a slight overestimation to that of experiment (Figure 8). Additionally, 
flexural stiffness before yielding was also in close proximity with that of experiment. This 
was observed from the slope of load-deflection responses. Similar to the experiment the 
major flexural and flexural-shear cracks were located in the maximum moment region and 
consequently flexural failure was observed in the numerical analysis as seen in Figure 9. On 
the other hand, numerical analysis results of B1 control beam w/o stirrup indicated a 
premature failure before yielding of tensile reinforcements which is a sign of brittle shear 
fail. In fact, this coincides well with that of analytically calculated shear strength being less 
than the flexural capacity. Moreover, the crack pattern obtained through numerical analysis 
also confirmed a shear failure by diagonal (shear) cracks located on the web, Figure 9. 
Finally, the flexural stiffness of this beam was calculated to be 1.35 times higher than that of 
experiment. The reason for higher stiffness can be attributed to the difference between the 
obtained crack patterns of the experiment and analysis.  

 
Figure 9 - Crack patterns of B1 series corresponding to peak load 

 

Figure 8 shows that the existence of any type of fiber prevented the premature shear failure 
and allowed the tensile reinforcements to be yielded. In the analysis of beams having 0.5 and 
1.0% steel fiber, the yield strength and corresponding deformation as well as the load carrying 
capacity and flexural stiffness were satisfactorily captured by a slight and negligible 
overestimation. However, the yield strength, load carrying capacity and flexural stiffness 

B1 control w/stirrup 

B1 control w/o stirrup 

B1-SF05 

B1-PPF05 

B1-SF10 
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were estimated above from the experimental results of B1-PPF05 beam. On the other hand, 
once the capacity load was reached for the beams having steel fibers, localized flexural cracks 
were developed in the maximum moment region with the shear cracks in the tension region 
(Figure 9). This shear cracks were suddenly propagated along that region as the deflection 
increased and caused strength loss.  

Load-deflection curves of B2 series from experiments and numerical analysis are presented 
in Figure 10. Crack patterns are given in Figure 11. Similar to B1 control beam, a premature 
shear failure before yielding of tensile reinforcements was observed in the numerical analysis 
of B2 control w/o stirrup. The shear strength is almost consistent with the one analytically 
calculated. Additionally, the failure type can be also confirmed by the shear cracks at the 
reinforcement layer, which is then extended into the compression zone, Figure 11. Finally, 
the flexural stiffness before yielding was estimated well.  

            

 
Figure 10 - Comparison of numerical and experimental results for load-deflection curves of 

B2 series 

 

Identical to B1 series, inclusion of fibers into the beams of B2 series allowed flexural capacity 
to be fully used for both B2-PPF05 and B2-SF10 beams. The yield strength and the load 
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carrying capacity of the beam having SF could be estimated precisely. On the other hand, 
similar to B1-PPF05 beam, they were overestimated for the beam having PPF in the analysis. 
However, it should be noted that the overestimation exaggerated in B2-PPF05. The flexural 
stiffness before yielding was investigated next. The numerical analysis results of B2 control 
and B2-SF10 beams agreed well with that of the experiment while 1.45 times higher stiffness 
was detected for the beam containing PPF. When it comes to crack patterns, it can be said 
that once B2-SF10 beam attained the load carrying capacity, a localized flexural crack in the 
maximum moment region was detected. As the load increased the shear cracks propagated 
along the tension region.  

 
 

Figure 11 - Crack patterns of B2 series corresponding to peak load 

 

5. CONCLUSION 

The effect of fiber type and ratio on the bending behavior of large-scale, doubly reinforced 
RC beams having various tensile reinforcement ratios that lead to shear and flexural critical 
designs were investigated experimentally and numerically. Beyond these, the study also aims 
to provide experimental data into the literature. 

The following conclusions can be deduced based on the above discussions. 

 In densely reinforced beams (as in B1 series) providing at least 0.5% hooked end steel 
or PP fiber led the beam specimens to fully use their flexural capacity instead of an 
enhancement in flexural capacity. However, in lightly reinforced beams (as in B2 series) 
inclusion of 0.5% PP fibers was not found to be beneficial to improve the flexural 
capacity. Therefore, the effect of 0.5% fiber content on the behavior was detected to be 
dependent on the tensile reinforcement ratio.  

 Both fiber types with Vf= 0.5% contribute to the shear strength similar to the beam 
having a minimum amount of stirrup in B1 series. For that reason, replacement of the 
minimum amount of stirrups according to TS500 by a fiber ratio of at least 0.5% seems 
feasible in such types of beams as offered in ACI318 code. 

B2 control w/o stirrup 

B2-SF10 

B2-PPF05 
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 The existence of 1.0% steel fiber was found to be beneficial to improve the flexural 
strength regardless of the tensile reinforcement ratio. Consequently, the load carrying 
capacity enhanced by 10% in both beam series.  

 Usage of PP fiber was found to be beneficial in improving ductility in the B1 series 
compared to steel fibers. Moreover, steel fibers substantially decreased the ductility in 
the B2 series.  

 MCFT based nonlinear finite element analysis provided acceptable results in prediction 
of yield and ultimate strength as well as stiffness before yielding specifically for the 
beams having steel fiber and stirrup. The behavior could not be estimated accurately for 
the control beams w/o stirrups. A brittle shear failure was detected, and the tensile 
reinforcements did not even yield. The reason for this premature failure might be 
explained by the difference between the actual and assumed tensile strength of concrete 
material.   

 The general trend of load-deflection response of beams having PP fibers in B1 and B2 
series could be predicted in good accordance with the experiment. But yield and 
ultimate strengths were overestimated in the analysis. Therefore, the selected 
constitutive models for PP fiber reinforced concrete and the second order effects such 
as tension stiffening were found to be partly successful.  
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ABSTRACT 

The Building Audit system (BAS) has often been criticized due to its various drawbacks by 
researchers, construction practitioners, and professional chambers. Existing studies, 
however, do not comprehensively investigate the problems seen in Turkish BAS. Since the 
decision-makers are provided with little knowledge about the drawbacks of the system, they 
can barely develop new strategies to improve its effectiveness and efficiency. To bridge this 
gap, this study aimed to identify the drawbacks seen in the implementation of the Turkish 
Building Audit System (BAS). In addition, the severity of each drawback was also 
determined to further provide comprehensive guidance to policymakers and non-
governmental organizations (NGOs). Initially, an extensive literature review was conducted 
to identify problems of Turkish BAS. Identified problems were then validated through Focus 
Group Discussion (FGD) sessions with the participation of 12 experts who have diverse 
experience in the related field. Later, a questionnaire survey was designed to measure the 
severity of each problem/drawback and the data was collected from 15 construction 
practitioners. The data were then analysed using the Fuzzy Analytical Hierarchy Process 
(FAHP) method to measure the severities of problems seen in Turkish BAS. Then, the 
problems were prioritized based on their severities. At the final step, sensitivity analysis was 
conducted to measure the robustness and reliability of the results derived from the FAHP 
method. Results revealed that problems such as “Lack of practical knowledge of technical 
staff”, “Absence of site supervisor at the site” “Political pressure” and “Neglecting technical 
specifications and procedures” were determined as the most severe problems that need urgent 
attention of decision-makers. It is highly believed that this study will guide decision-makers 
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for the improvement of existing legislation. Additionally, it is also believed that practitioners 
will take necessary precautions beforehand by using the outputs of this study. 

Keywords: Building audit system, quality control, quality assurance, construction. 

 

1. INTRODUCTION 

Turkey - where active plate movements are very common - is located on the Alpine-
Himalayan belt [1]. Earthquake constitutes a great danger in Turkey where 96% of the lands 
are detected as earthquake zones [2]. As a result of earthquake disasters, countless people in 
our country have suffered [3]. In 1999, 18.373 people died and many people were suffered 
from the Gölcük Earthquake which was one of the last major earthquakes [4]. After the 
examination of the structures which were damaged during the earthquakes that occurred in 
Gölcük, Düzce, Bingöl, Van, Elazığ and İzmir respectively, it was stated that the main factors 
for the damages occurring in the buildings are mistakes in the designs and ineffective audits 
made by the building audit firms [5]. By the same token, it can be inferred that uncontrolled 
structures caused the death of innocent people, not earthquakes [6].  

BAS brings along many problems during its practice. Pala and Demir [3] stated that “As a 
result of the inspections carried out by the General Directorate of Construction Affairs under 
the Ministry of Environment and Urbanization, it was revealed that many building audit firms 
do not even know the locations of the structures”. They concluded that building audit firms 
inspected the structures only on paper and suggested that the firms performing the inspection 
should be very strict and have work ethics. In the wake of the Gölcük Earthquake, Ergünay 
[2] concluded that although many laws and regulations have been enacted to regulate and 
supervise the constructions, it is an obvious fact that the constructions are rarely inspected. 
Guner [5] investigated the effects of the earthquake on the damages of structures and 
concluded that there is a remarkable relationship between the construction period of the 
buildings and the damage of structures resulting from earthquakes. This can prove that 
legislations superseding each other have improved the BAS to some extent. Sakalı [6] 
detected the drawbacks concerning BAS up until 2008. It was stated that since the Gölcük 
earthquake, significant improvements have been recorded in the BAS system with the lessons 
learned after the earthquakes; however, he also spotted the continual problems concerning 
the BAS. Later, regional studies concerning the improvements in the BAS system were 
conducted in Turkey [7]–[11]. It was highlighted in these studies that there are still major 
drawbacks occurring during the application of building audit in Turkey and significant 
precautions shall be taken in advance of any future earthquake. Afterwards, Akbıyıklı et al. 
[12] investigated the BAS system in 2017 and they also stated that there are still major 
drawbacks in BAS System. Yılmaz and Koymen [13] evaluated 22 academic research 
concerning building audits and pinpointed that continual problems still exist and loss of life 
and property in possible earthquakes affects not only the building owner or their partners but 
also the demographic structure in the cities and the country's economy. Furthermore, Bayram 
et al. [14] highlighted that there are major ethical problems in the execution and auditing of 
the construction in Turkey. Although these studies aimed to identify the problems of Turkish 
BAS which is considered as the main vulnerability against earthquake disasters, none of them 
determines the severity of each problem encountered during the application of BAS in 
Turkey. In other words, existing studies do not determine the relative importance of 
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problems. Instead, these studies propose that problems have equal severities so that they 
should be resolved at once by the decision-makers. Considering that resolving all problems 
seen in Turkish BAS is not a feasible and even possible, the findings of these studies can 
hardly be utilized by the decision-makers. Due to the lack of this theoretical basis, the 
decision-makers can barely develop a roadmap to improve Turkish BAS. Consequently, these 
limitations of the existing studies triggered much of this research and the study aims to 
identify the existing drawbacks of Turkish BAS and their severities. To detect the problems 
with regard to BAS, an in-depth literature review was conducted at the outset. Afterwards, 
detected problems were verified and outdated problems were removed through an FGD 
session conducted with the participation of 12 experts experienced in Turkish BAS. Later, 
another FGD session was conducted with the same experts to identify further drawbacks that 
are not identified in the existing body of knowledge. Next, a questionnaire survey was 
developed and distributed to 15 experts who were experienced in the domain of building 
audits. The collected data were analysed by using the FAHP method to detect the severity of 
each problem. Finally, a sensitivity analysis was conducted to further validate the outputs of 
the FAHP method. It is believed that this study has great potential to guide decision-makers 
when it comes to the improvement of existing BAS. By using the findings of this study, the 
decision-makers can determine and prioritize the vital improvements that should be made to 
improve BAS regulation. Considering that the quality of the building stocks in Turkey is not 
at the desired level most probably due to the problems of Turkish BAS, this study is believed 
to have vigorous practical implications. 

 

2. THEORETICAL BACKGROUND AND RESEARCH MOTIVATION 

2.1. Building Audit System in Turkey 

Being an essential component of project management, project controlling is a function that 
is critical for achieving successful project outcomes [15]. Project Control is defined as a 
process of monitoring a project. Project control helps a project to gather data with the help 
of inspection, audits, and other mediums. It is the data management process to understand 
and predict project outcomes [16]. Being required by one or more project stakeholders, 
inspections and audits are vital mechanisms for the successful management of a project. 
Inspections aim to check the suitability of completed works according to project 
requirements. The PMBOK (2017) [16] defines inspections as activities such as measuring, 
examining, and validating to determine whether work and deliverables meet requirements 
and product acceptance criteria. A quality audit is a structured and neutral process to 
determine if project activities comply with organizational policies and procedures as well as 
the project contract [11]. By the same token, audits help the project team to measure how 
well a product and process align with project requirements. Audits can be performed by a 
third party or a self-check of a contractor. In Turkey, the audit is carried out by the audit firms 
appointed by the concerning ministry [17]. To put forward the duties of building audit 
organizations, the concept of inspection must be well explained first. The audit is the 
comparison between the plan and the execution. On the other hand, the building audit concept 
is a system that controls the structure, ensures the safety of life and property, includes modern 
standards, and prevents uncontrolled and poor quality in construction [12]. In this sense, 
building inspection companies play the most crucial role in ensuring life and property safety. 
The renewal of the auditing mechanism of structures in accordance with the development of 
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science over time is extremely important for the people who always desire to benefit from 
safer and more comfortable structures.  

In parallel with the development of industry and technology, the construction inspection 
process is also being developed and complex. Member states of the European Union, which 
are extremely advanced in this regard, have established "The Consortium of European 
Building Control" under the leadership of England to develop their inspection systems. There 
are two building inspection systems in general in Europe. The first of these is the insurance 
system model adopted by France, and the other is the strict control model applied by Germany 
[6]. Countries in the European Union apply a similar or mixed of these two building audit 
systems [6]. Germany, which constitutes 19 per cent of the construction sector in Europe, has 
established the basis of the building inspection system on discipline and strict supervision 
[18]. The main principle of the building inspection system implemented in Germany is based 
on the strict supervision of the construction from the project stage to the operation stage [6]. 
Structures being carried out by the private sector are supervised by state-established 
organizations. An audit system should be regarded as a sub-system of an inspection system 
in a country, because the former focuses that a site is required to do by a compliance 
obligation but the  audit is the process of checking that compliance obligations have been 
met or not, including that the required inspections have been done before and throughout the 
construction project. Audit engineers - who are well-equipped and independent engineers 
working in local administration - are responsible for the buildings for 30 years [19]. France, 
which has the second largest construction sector in Europe with a percentage of 16 per cent, 
has a well-established inspection and insurance practice [18]. Administrative Mechanisms 
for Building Insurance (MARC) carry out the audit process [20]. There are two types of 
insurance for buildings. The first is ten-year compulsory insurance that directly affects the 
safety of the building, which starts after final acceptance, and the other is two-year optional 
insurance that covers parts that wear out over time [21]. When the building inspection system 
in the USA, which is one of the leading countries in the world in terms of engineering 
education, is examined, it is seen that the trust in engineers and architects with the title of 
Professional Engineer (PE) forms the basis of this system. These engineers can apply to 
official authorities for the preparation and approval of the projects [22]. To have the title of 
PE, it is necessary to graduate from a four-year university program and to be successful in 
the Fundamentals of Engineering (FE) exam [23]. Considering its fundamental features, the 
building inspection system in Turkey is similar to Europe; however, it has been differentiated 
by undergoing many revisions after the disasters occurred in Turkey. 

As it is in Europe and the USA, the construction inspection system to ensure safety and 
comfort in Turkey has pursued constant development by eliminating the shortcomings. 
Foundations of the building audit system in Turkey were started to be laid by “Municipal 
Law” with Law# 1580 in 1930, “General Hygiene Law” with Law # 1593 in 1930, 
“Municipal Building and Roads Act” with Law # 2290 in 1933, Building “Construction 
Incentive Law” with Law # 5228 in 1948, “Regulation on Precautions Before and After the 
Ground Shaking” in 1949. However, as a result of migrations following unplanned 
industrialization after 1950, the number of illegal buildings increased rapidly, and 
consequently, laws and regulations on building audits became inapplicable [2]. As a solution 
after these migrations, the power regarding the zoning plan was gathered in a center with the 
Zoning Law No. 6785, which could be considered to be quite advanced compared to the time 
in 1956. Afterwards, the Ministry of Development and Housing was established in 1958. 
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Although economic losses and loss of life and property in natural disasters resulted from 
unaudited construction, most of the laws and regulations concerning BAS entered into force 
were related to covering the losses after natural disasters. [6]. Since continuous problems 
arose from zoning plan due to gathering the powers in the central government in 1956, 
‘Zoning Law’ came into force with Law# 3194 in 1985, and physical planning activities were 
separated from the central management, and the zoning planning authority was left to the 
municipalities within the borders of the adjacent area and the governorships outside the 
borders of the adjacent area. After 1980, two major successive earthquakes occurred in 
Erzincan and Dinar in 1992 and 1995, respectively. As a consequence, “Regulation on 
Structures to be Made in Disaster Areas” entered into force in 1997. After the Marmara 
earthquake (1999) where 20,000 people lost their lives, 40,000 citizens were injured and 
financial losses occurred, the building inspection system was further questioned and as a 
result, “Decree-Law Concerning Building Audit” came into force with Law# 595 in 2000. 
After publication, the Constitutional Court decided to stop the execution, and “Building 
Audit Law” with Law# 4708 was legislated in 2001. The building audit system was planned 
to be implemented in 27 pilot provinces in the first phase, and then this number was reduced 
to 19. After the 1999 Marmara earthquake, several decree-laws, decrees, regulations, 
notifications and circulars entered into force with respect to BAS, and the severe problems 
continued due to intense bureaucracy. To eliminate the deficiencies in BAS, “Regulation on 
the Amendment to the Building Audit Implementation” was enacted as of 29th December 
2018 through Official Gazette No. 30640 and started its implementation on 1st January 2019 
[24]. Through this regulation, many drawbacks such as delegation of building audit firms, 
termination of building audit service agreement, building audit service fees were intended to 
be overcome. Additionally, the application, which paves the way for electronic monitoring 
of concrete quality by placing a chip in the concrete samples, has been launched via this 
regulation. 

 

2.2. Fundamentals of Multi-Criteria Decision Making (MCDM) and Fuzzy AHP  

A decision that reaches the goal is very needed in construction projects. However, the 
existence of various sets of alternatives turns the construction project into a very sophisticated 
environment in terms of decision-making. Additionally, the existence of conflicting criteria 
makes the task of decision-makers even more difficult. The term conflicting criteria are 
defined as the criteria that are inversely proportional to each other. While there are difficulties 
in making the right decision, it is difficult for decision-makers to choose the most appropriate 
alternative. To overcome these problems, Multi-criteria Decision Making (MCDM) has been 
very essential for decision-makers and discussed in the literature comprehensively [25]. 
MCDM is a term that describes the nature of decision-making and numerous MCDM 
methods have been proposed in the literature to aid decision-makers. The most frequently 
adopted methods by the researchers are AHP, VIKOR, Technique for Order Preference by 
Similarity to Ideal Solution (TOPSIS) and their integration with fuzzy set theory. Saaty [26] 
developed the AHP method which has become one of the most popular MCDM methods 
[27], [28] due to its capability to handle intangibles presented in any decision-making process 
[29]. Additionally, consistency in the pairwise comparison of the experts can be detected by 
the AHP method and thus this ensures the reliability of the outputs [26]. The method 
fractionates a decision-making problem into a system of hierarchies of objectives, criteria 
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and alternatives, and the mechanism of the AHP is designed to accomplish decompositions, 
pairwise comparisons, priority vector generation and synthesis [30]. Notwithstanding the 
advantages of the AHP method, while the experts evaluate the alternatives and criteria, crisp 
numbers are not sufficient due to imprecision, subjectivity and indefinite source of human 
judgment in numerous circumstances [31]. Therefore, integration of fuzzy set theory into 
AHP seems essential to evaluate linguistic variables and deal with ambiguous problems [29]. 
The decision-making problems involving complexity are not able to be picturized 
quantitatively. However, the human brain which has a unique feature can cope with these 
problems by using indefinite knowledge. The fuzzy set theory is proficient to imitate the 
unique features of the human brain. By the same token, the specific objective of the fuzzy set 
theory is a numeric illustration of the uncertainty to deliver a formalized medium for dealing 
with imprecision. The fuzzy set theory proposed by Zadeh [32] adopts a similar mechanism 
concerning human reasoning which can come to conclusion by using approximate and 
uncertain information [33]. Thus, the Fuzzy AHP method was developed by Chang [34] to 
overcome the aforementioned disadvantages of the AHP method. 

 

3. METHODOLOGY 

In this study, it was primarily aimed to identify and prioritize the problems observed in BAS 
in Turkey. In this way, the decision-makers and construction practitioners as well as non-
governmental institutions (NGOs) will be provided with a deep insight into the challenges of 
the existing BAS. Accordingly, the research methodology given in Figure 1 was followed to 
achieve the objectives of this study. As depicted in Figure 1, the research methodology was 
established on two pillars, namely problem detection and verification, and problem 
evaluation. In the problem detection and verification stage, the construction management 
literature was initially reviewed to identify problems unfolded by researchers. In the wake of  

 
Figure 1 - Flowchart of the analysis procedure 
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the literature review, FGD sessions were organized with the participation of the 12 experts 
who have diverse experiences with the BAS in Turkey. In the first FGD session, the experts 
assessed the validity of the problems of BAS extracted from the literature. Next, experts 
proposed additional problems that are encountered in the engineering practice. In this respect, 
it is believed that this study presents vigorous theoretical contribution since it provided a 
fertile ground to merge the theoretical knowledge of the researchers and practical knowledge 
of the construction practitioners. At the end of the session, the experts also categorized the 
problems of BAS based on their similarity and relevancy. It should be noted that this 
categorization formed the basis of FAHP analysis conducted in the problem evaluation stage. 
In the problem evaluation stage, the questionnaire survey was designed and distributed to 15 
construction practitioners to evaluate the severities of the problems identified through 
literature review and FGD sessions conducted with the participation. The questionnaire 
survey was analyzed with FAHP analysis and severities of the problems encountered in BAS 
were determined. Furthermore, the consistency and sensitivity analyses were conducted to 
test the reliability, stability and robustness of the results derived from the survey.   

 

3.1. Problem detection and verification 

As depicted in Figure 1, two different methods were adopted to identify and verify the 
problems of Turkish BAS. Initially, an extensive literature review was conducted to obtain 
detailed knowledge about the fundamentals of Turkish BAS. The existing studies were also 
examined to comprehend the existing body of knowledge. Based on this examination, as also 
presented in Section 2, the research gaps that should be bridged to maximize the effectiveness 
of Turkish BAS were also identified. The second literature review was then conducted to 
identify the problems of Turkish BAS unfolded by researchers. During this literature review, 
the search engine Scopus was preferred since Scopus has long been known as one of the most 
comprehensive and effective search engines [35]–[37]. It should be noted that only peer-
reviewed research articles and papers presented in prestigious conferences were utilized to 
maximize the reliability of the framework. Consequently, the 25 problems and their sources 
were identified as depicted in Table 1.  

 

Table 1 - Turkish BAS’s problems identified through a literature review.   

ID Problems of Turkish BAS A B C D E 

P1 Inadequate wages given to staff X  X X 
P2 Lack of practical knowledge of technical staff   X X 
P3 The insufficiency of occupational discipline and ethics concepts X   X 
P4 Insufficient examination of projects    X 
P5 Overloaded audit firms and hiring diplomas  X  X 
P6 Incomplete project control forms X     

P7 Problems arising from an insufficient educational background of 
professional members 

   X X 

P8 Forgery of documents X     
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ID Problems of Turkish BAS A B C D E 
P9 Missing signatures of the parties in the building audit service contracts X     

P10 Obtaining building licenses despite incompatibilities between projects X    X 
P11 Applications that are not part of the project X X X  X 
P12 Absence of the Site supervisor at the site X     

P13 Problems arising from regulations concerning Building Audit System     X X 
P14 Lack of practices to encourage employees X    

P15 Frequent change of building audit legislation X    

P16 Inadequate quality control due to insufficient staff X X  X 
P17 Differences in practices of administrations of provinces and districts  X X  

P18 Paying attention to the cost of the audit, not the quality X X X X 
P19 Political pressure X X   

P20 Failure of the building owner to assign the building inspection firm  X X X 
P21 Time consumption due to bureaucratic procedures  X   

P22 Contractors' lack of workforce to meet their technical requirements X X   

P23 Unequal and Unfair treatment by administrations to the audit firms X X X X 
P24 Lack of inspections on a continuous basis at the site      X X 
P25 Providing services under the minimum service fee  X X  X 

Note-1: A: Erdiş and Gerek [11], B: Doğan [8], C: Kural and Ünal [10], D: Pala and Demir [7], E: 
Tantekin Çelik and Ünal [9] 

 

The FGD sessions were followed the abovementioned literature review. The FGD is defined 
as a qualitative research technique that can bridge the scientific research and practical 
experience of the participants [38]. In particular, the technique aids researchers when it comes 
to drawing conclusions from sophisticated personal experiences, perceptions and attitudes of 
experts with the help of dynamic and interactive discussions [39]. The dynamic and 
interactive discussions differentiate the FGD from other techniques such as unstructured, 
structured and semi-structured interviews since this feature of FGD allows ideas, experiences 
and perspectives of participants could be exchanged and finessed [40]. Furthermore, the 
technique provides a fertile ground to arise individual differences of opinions together with 
gaining insight into the shared understanding and groups’ beliefs [41]. Thus, FGD emerges 
as a promising technique when a research subject under investigation needs to be extensively 
examined from the various aspect that cannot be achieved by a single expert in a confined 
medium [42]. Owing to these promising and vital benefits, the implementation of the FGD 
technique in scientific studies has skyrocketed in recent years [43]. Nyumba et al. (2018) [43] 
emphasized that selecting an appropriate sample size is a crucial factor affecting the 
extraction of interesting and valuable ideas from the FGD sessions. The authors however 
pinpointed that there are no strict rules and/or equations revealing the appropriate sample 
size. The experience of the researchers highlighted that a sample size larger than 20 
significantly complicated the moderation of FGD while accommodating a small sample size 
such as 3-5 experts inhibits the extraction of innovative and inventive ideas and the subject 
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cannot be assessed from various perspectives [44]. Besides the sample size, the competency 
of the experts is another determinant of the reliability of the FGD method. In other words, 
identifying eligible participants is of paramount importance for the FGD method. Nyumba et 
al. [43] recommended using purposive sampling rather than convenience sampling. In 
purposive sampling, participants’ backgrounds are deeply and detailly investigated to check 
whether they fit the needs of the study or not. Accordingly, the expert selection framework 
as depicted in Figure 2 was developed for this study and all participants were interviewed to 
test their eligibility. Consequently, 12 experts who were determined to have diverse 
experience in the Turkish BAS were invited to FGD discussions. It should be noted that the 
profile of the experts is provided in Table 2 and sessions were organized and moderated in 
full accordance with Nyumba et al. [43].  

 

 
Figure 2 - Expert selection procedure 

 

At the beginning of the first FGD session, extensive theoretical information regarding the 
existing BAS and its related regulations were provided to experts to further strengthen their 
knowledge. In this respect, the sessions successfully surfaced the experts’ practical 
knowledge and merged it with the theoretical knowledge of the researchers. Following this, 
all participants were asked about their general opinions about Turkish BAS. All participants 
agreed that there are significant problems when it comes to enforcing Turkish BAS. They 
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stated that it is of paramount importance to identify potential problems and measure their 
severity so that policymakers are provided with a clear decision-support framework when it 
comes to addressing these problems. 

 

Table 2 - Profiles of respondents participating in FGD sessions.  

 

Then, the experts were asked to assess the validity of the problems extracted from the 
literature. Given the fact that some of the studies were published earlier than 2022, the step 
was crucial to ensure that the problems extracted from the literature are still valid nowadays. 
During this validity assessment, each of the problems provided in Table 1 was discussed by 
the experts. The final decision for each problem was made when the experts reached a  

ID BSc. Degree Degree Firm 

Experience in 
the 

construction 
industry 
(Year)  

Experience 
in BAS 
(Year) 

1 Civil 
Engineer MSc. 

Ministry of 
Environment, 
Urbanization and 
Climate Change 

12 10 

2 Civil 
Engineer PhD. Building Audit Firm 12 7 

3 Mechanical 
Engineer BSc. Building Audit Firm 15 15 

4 Architect BSc. Municipality 10 5 

5 Electrical 
Engineer BSc. Building Audit Firm 10 7 

6 Civil 
Engineer MSc. Building Audit Firm 6 6 

7 Civil 
Engineer MSc. Municipality 10 8 

8 Mechanical 
Engineer BSc. Building Audit Firm 10 10 

9 Architect BSc. Building Audit Firm 11 9 

10 Electrical 
Engineer BSc. Municipality 18 12 

11 Civil 
Engineer BSc. Building Audit Firm 17 15 

12 Mechanical 
Engineer MSc. Building Audit Firm 18 18 
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Figure 3 - Decision framework of the study. 
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consensus about the validity of the problems. If the experts failed to reach a consensus, the 
final decision was made based on the opinions of the majority. Accordingly, it was detected 
that some of the problems illustrated in Table 1 were overcome through, “Regulation on the 
Amendment to the Building Audit Implementation” entering into force on 29 December 
2018. It was suggested that problems, namely P5 and P20 were omitted since building 
inspection firms are appointed electronically by the Ministry. Additionally, P18 and P25 were 
removed since building audit service fees were standardized in the latest regulation. 
Furthermore, there was a joint decision during the session that “P14- Lack of practices to 
encourage employees” was suggested to be removed from the list since this is not related to 
the auditing system but firms.  

Upon refining the list illustrated in Table 1, experts were asked to suggest additional 
problems that are overlooked in the existing literature. Each suggestion of the experts was 
discussed, and the final decision was made using the same consensus mechanism explained 
above. At the final step, experts were asked to categorize identified problems based on their 
similarity and relevancy. In other words, problems identified through literature review and 
FGD sessions were categorized as per their common themes. Consequently, the structure 
given in Figure 3 was obtained. 

 

3.2. Problem evaluation 

Problem evaluation is one of the most critical aspects of this study since policymakers can 
prepare their roadmap based on the findings obtained from the problem evaluation step. There 
are many MCDM methods available in the literature such as AHP, Technique for Order of 
Preference by Similarity to Ideal Solution (TOPSIS), and VlseKriterijumska Optimizacija I 
Kompromisno Resenje (VIKOR). Among them, the VIKOR method aims to determine a 
compromise solution for a discrete decision-making problem in the presence of conflicting 
criteria [45]. The VIKOR method becomes an ideal method especially when decision-makers 
cannot select or do not know how to decide on the most suitable alternatives. Unlike the 
TOPSIS which considers only group utility maximization and individual regret minimization, 
VIKOR is capable of fully reflecting the experts’ subjective preferences in the results [46], 
[47].  

On the other hand, the AHP proposed by Saaty [26] has various advantages over other 
MCDM methods such as TOPSIS and VIKOR. First, the research design could be 
represented hierarchically as shown in Figure 3, which, in turn, decision-making processes 
could be easily comprehended [48]. Second, the method does not require a large sample size 
to provide reliable results since it can eliminate unreliable datasets by measuring the 
consistency of each dataset [49]. Finally, the method has been successfully applied to a wide 
range of disciplines so that its effectiveness has been proven many times [50].  

In general, the MCDM methods have widely been criticized for being inapplicable when it 
comes to solving ambiguous decision problems which are frequently encountered in 
engineering practice [51]. The integration of MCDM methods with fuzzy set theory is key to 
further strengthen their abilities to cope with sources of uncertainty. The fuzzy set theory - 
which was proposed by Zadeh [32] -  uses a sophisticated mechanism similar to the human 
brain. This makes it ideal to solve decision-making problems having imprecise information 
stemming from experts’ subjective judgements. The theory becomes an appropriate concept 
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for mapping perception, incomplete information, and approximations. By doing so, the effect 
of imprecision that exists within the datasets could be minimized [52]. In this respect, the 
fuzzy set theory maximizes the reliability and effectiveness of the MDCM methods [50]. 
Owing to the unprecedented benefits of fuzzy set theory, the FAHP method outperforms the 
conventional AHP by effectively dealing with inherent fuzziness and vagueness in the 
expert’s judgements [50]. Therefore, the triangular FAHP method developed by Chang [34] 
was implemented in this study. The adopted approach involves the research steps shown 
below: 

Step 1. Data collection with pairwise comparison matrices: As stated above, the FAHP 
method emphasizes the data quality rather than the sample size. In this respect, purposive 
sampling was recommended in FAHP applications as is in the FGD technique. Accordingly, 
before the data collection step, the experts’ background was deeply examined using the 
procedure illustrated in Figure 2. To achieve the evaluation of the subject from multiple 
perspectives, the experts who participated in the FGD sessions were not invited to participate 
in the questionnaire survey. Instead, another set of respondents was identified specifically for 
the questionnaire survey. The demographics of the experts were provided in Table 3. 
Accordingly, it is not controversial to assert that experts certainly meet the needs of this 
study. Thus, the conclusions drawn from their judgements were presents vigorous practical 
implications. Besides the data quality, many studies have been investigated in the decision 
science domain and the sample size was found adequate [53]–[56].  

Following the expert selection step, the questionnaire survey was distributed to participants. 
The survey consisted of three sections. The first section included the questions about the 
experts and their companies as well as brief information about the research objectives and 
design. In the second section, the experts were asked to make pairwise comparisons between 
main problem categories such as regulation, contractor, municipality, etc. Finally, the 
importance of each problem was assessed by the experts through pairwise comparison. It 
should be noted that experts were given an opportunity to use linguistic variables given in 
Table 4 rather than crisp numbers so that they could reflect their judgements clearly [57]. 

 

Table 3 - Profiles of respondents participating in the FAHP questionnaire. 

Expert 
# 

BSc. 
Degree 

Experienc
e in the 

constructi
on 

industry 
(Year) 

Experie
nce in 
BAS 

(Year) 
Degree Current Firm Experience in Project Types 

1 Civil 
Engineer 12 10 M.Sc. 

Ministry of 
Environment, 
Urbanization and 
Climate Change 

Single-Family Dwellings, 
Collective Housing, 
Institutional Projects 

2 Civil 
Engineer 12 7 B.Sc Building Audit Firm 

Single-Family Dwellings, 
Collective Housing, Hotel 
Projects 

3 Mechanica
l Engineer 15 15 B.Sc Building Audit Firm Single-Family Dwellings, 

Roads&Bridges Projects 

4 Architect 10 5 B.Sc Municipality Single-Family Dwellings, Dam 
Projects 
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5 Electrical 
Engineer 10 7 B.Sc Building Audit Firm 

Single-Family Dwellings, 
Collective Housing, 
Institutional Projects 

6 Civil 
Engineer 6 6 B.Sc Building Audit Firm Single-Family Dwellings, 

Roads&Bridges, Dam Projects 

7 Civil 
Engineer 10 8 M.Sc. Municipality Single-Family Dwellings, 

Hospital, Commercial Projects 

8 Mechanica
l Engineer 10 10 B.Sc Building Audit Firm Single-Family Dwellings, 

Airport Projects 

9 Architect 11 9 B.Sc Building Audit Firm Single-Family Dwellings, Dam 
Projects 

10 Electrical 
Engineer 18 12 B.Sc Municipality Single-Family Dwellings, 

Roads&Bridges Projects 

11 Civil 
Engineer 17 15 PhD Building Audit Firm 

Single-Family Dwellings, 
Collective Housing, Harbour, 
Industrial Projects 

12 Mechanica
l Engineer 18 18 M.Sc. Building Audit Firm 

Single-Family Dwellings, 
Collective Housing, Harbour 
Projects 

13 Mechanica
l Engineer 15 8 B.Sc Building Audit Firm 

Single-Family Dwellings, 
Collective Housing, 
Institutional Projects 

14 Electrical 
Engineer 20 10 B.Sc Municipality Single-Family Dwellings, 

Collective Housing Projects 

15 Mechanica
l Engineer 12 6 M.Sc. 

Ministry of 
Environment, 
Urbanization and 
Climate Change 

Single-Family Dwellings, 
Collective Housing Projects 

 
Table 4 - The linguistic variables used during the pairwise comparison 

Linguistic variables 
Triangular 

fuzzy 
numbers 

Triangular 
fuzzy 

reciprocals 

Just Equal (1, 1, 1) (1, 1, 1) 
Equally Important (1/2, 1, 3/2) (2/3, 1, 2) 
Weakly Important (1, 3/2, 2) (1/2, 2/3, 1) 
Strongly More Important  (3/2, 2, 5/2) (2/5, ½, 2/3) 
Very Strongly More Important (2, 5/2, 3) (1/3, 2/5, ½) 
Absolutely More Important (5/2, 3, 7/2) (2/7, 1/3, 2/5) 

 
Step 2. Consistency check: As elaborated above, consistency control is one of the main 
advantages of AHP over other methods. Following data collection, consistency analysis was 
conducted for each dataset and only consistent datasets were taken into consideration. In case 
a dataset was found inconsistent, the corresponding respondent was informed, and the survey 
was repeated. In this way, the reliability of the survey was maximized. The details of the 
consistency analysis are provided below. Accordingly, the CR of each dataset should be less 
than 10% to be considered consistent [58]. In the following equations, the  ௠௔௫ is called as 
the maximum eigenvalue of the corresponding matrix, while RI, CI, and n are called as, the 
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random index, consistency index and the number of criteria of the corresponding matrix, 
respectively.   𝐶𝐼 =  ೘ೌೣି௡௡ିଵ                   (1) 

 𝐶𝑅 = ஼ூோூ                                      (2) 

Step 3. Aggregation of decision matrices: Once the consistency of each dataset was found 
adequate, the pairwise comparison matrices of all experts were aggregated to obtain group 
decisions. This was achieved by initially converting linguistic variables into triangular fuzzy 
numbers using the values depicted in Table 4. Then, the geometric means of the scores 
provided by all experts were calculated to form aggregated decision matrices [52], [57]: 𝑙௜௝ = ൫∏ 𝑙௜௝௞௄௞ୀଵ ൯ଵ/௄, 𝑚௜௝ = ൫∏ 𝑚௜௝௞௄௞ୀଵ ൯ଵ/௄, 𝑢௜௝ = ൫∏ 𝑢௜௝௞௄௞ୀଵ ൯ଵ/௄   (3) 

where K is the total number of respondents. 

Step 4. Application of Chang’s extent analysis: Noting that 𝑋 = ሼ𝑥ଵ, 𝑥ଶ, 𝑥ଷ, … … … , 𝑥௡ሽ, 
and 𝑈 = ሼ𝑢ଵ, 𝑢ଶ, 𝑢ଷ, … … … 𝑢௠ሽ are object and goal sets, the fuzzy synthetic extent value 
belonging to ith object was computed using the following equations developed by Chang [59]. 
It should be noted that triangular fuzzy numbers are denoted as 𝑀௚௜௝  in the following 
equations.   𝑆௜ = ∑ 𝑀௚௜௝ × ൣ∑ ∑ 𝑀௚௜௝௠௝ୀଵ௡௝ୀଵ ൧ିଵ                                 ௠௝ୀଵ  (4) ∑ 𝑀௚௜௝ = ൫∑ 𝑙௝௠௝ୀଵ , ∑ 𝑚௝௠௝ୀଵ , ∑ 𝑢௝௠௝ୀଵ ൯    ௠௝ୀଵ  (5) ൣ∑ ∑ 𝑀௚௜௝௠௝ୀଵ௡௝ୀଵ ൧ = ൫∑ 𝑙௝௠௝ୀଵ , ∑ 𝑚௝௠௝ୀଵ , ∑ 𝑢௝௠௝ୀଵ ൯          (6) 

 ൣ∑ ∑ 𝑀௚௜௝௠௝ୀଵ௡௝ୀଵ ൧ିଵ = ൬ ଵ∑ ௨೔೙ೕసభ , ଵ∑ ௨௠೔೙ೕసభ , ଵ∑ ௟೔೙ೕసభ ൰   (7) 

Following this, the degree of possibility should be determined by using a fuzzy synthetic 
extent value. The degree of possibility of 𝑀ଶ = (𝑙ଶ, 𝑚ଶ, 𝑢ଶ) ≥ 𝑀ଵ = (𝑙ଵ, 𝑚ଵ, 𝑢ଵ)  was found 
using Equations 8 and 9. It should be noted that 𝑀ଵ = (𝑙ଵ, 𝑚ଵ, 𝑢ଵ) and 𝑀ଶ = (𝑙ଶ, 𝑚ଶ, 𝑢ଶ) 
were denoted as triangular fuzzy numbers. 𝑉(𝑀ଶ ≥ 𝑀ଵ) = sup௬ஹ௫ උmin൫𝜇ெଵ(𝑥), 𝜇ெଶ(𝑦)൯ඏ    (8) 

𝑉(𝑀ଶ ≥ 𝑀ଵ) = ℎ𝑡𝑔(𝑀ଵ ∩ 𝑀ଶ ) = ൞ 1 𝑖𝑓 𝑚ଶ ≥  𝑚ଵ0 𝑖𝑓 𝑙ଵ ≥ 𝑢ଶ௟భି௨మ(௠మି௨మ)ି(௠భି௟భ) 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒 ൢ     (9) 
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𝑀ଶ and 𝑀ଵ are compared by considering two cases of 𝑉(𝑀ଶ ≥ 𝑀ଵ) and 𝑉(𝑀ଵ ≥ 𝑀ଶ). Eq. 
10, therefore, reveals the degree of possibility for a convex fuzzy number.  𝑉(𝑀 ≥ 𝑀ଵ, 𝑀ଶ, … , 𝑀௞) = 𝑉[(𝑀 ≥ 𝑀ଵ),(𝑀 ≥ 𝑀ଶ),…,(𝑀 ≥ 𝑀௞)] = 𝑚𝑖𝑛𝑉(𝑀 ≥ 𝑀௜)  (10) 

where 𝑖 = 1, 2, 3, … … … , 𝑘. 

Noting that 𝑑ᇱ(𝐴௜) = min 𝑉(𝑆௜ ≥ 𝑆௞) for k =1, 2, …, n; k ≠ I; Eq. 11 was implemented to 
calculate the weights of each criterion or problem. 𝑊ᇱ = (𝑑ᇱ(𝐴ଵ), 𝑑ᇱ(𝐴ଶ), … , 𝑑ᇱ(𝐴௡))்       (11) 

where 𝐴௜(𝑖 = 1, 2, 3, … … … , 𝑛) are n elements. Finally, the weights of each problem were 
normalized by employing the following equation. The “W” in the following equation is 
expressed as a crisp number.  𝑊 = ൫𝑑(𝐴ଵ), 𝑑(𝐴ଶ), … , 𝑑(𝐴௡)൯்       (12) 

Consequently, the normalized weights of problems of Turkish BAS are provided in Table 5. 

The last analysis conducted in this study was the sensitivity analysis as shown in Figure 1. 
The sensitivity analysis measures the stability and robustness of the FAHP procedure by 
measuring the covariance of the results and the input data [60]. Sensitivity analysis is eminent 
to ensure robustness and stability of the decision-making process since complex decision-
making problems are often considered unstable due to high-degree of subjectivity [61]. 
Furthermore, owing to its utmost importance, sensitivity analysis was widely adopted in the 
decision-making domain to maximize reliability [60], [62], [63]. In the light of this 
information, the sensitivity analysis was performed in this study to verify the applicability of 
the results.  In essence, the sensitivity analysis was conducted by iterating the FAHP analysis 
with various degrees of fuzziness. These values were taken as 0.2, 0.4, 0.5 and 0.6 as also 
proposed by Aladağ and Işık [64] and Tseng and Lin [62]. After completing the FAHP 
analysis for these values of degree of fuzziness, the variations in the rank of each BAS 
problem were observed. If the ranks remain stable for all values of degree of fuzziness, the 
analysis was deemed robust and stable [61]. Consequently, the sensitivity analysis was 
completed as described above and the results are presented in Figure 4. 

 

4. FINDINGS AND DISCUSSIONS 

The results of the FAHP analysis are given in Table 5. Accordingly, the severities of all 
categorizations were detected as very similar due to their equal effects on the building audit. 
It was spotted that the most important category is “Employees of Building Audit Firm” which 
was followed by categories such as “Contractor”, “Building Audit Firm”, “Regulations” and 
“Municipality”, respectively. Ethical principles of employees in building audit firms are very 
important and for this reason, the employees must perform their controls in full accordance 
with the regulations and take the necessary precautions [14]. Furthermore, their technical 
knowledge is also very critical to conduct their control thoroughly [10]. To attract the most 
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appropriate employees to the building audit firms for the building inspections, it is highly 
suggested that there should be a lower limit on the wages. Additionally, certain experiences 
for employees are to be sought.  “Contractor” – which was the second important category – 
plays a very crucial role in building audits. The contractor shall execute and control his work 
according to drawings, specifications, and any other documents defined in the project 
contract. Therefore, contractors should be selected according to their qualification 
certificates, and it is believed that this will pave the way for future structures to be built 
properly. Supervision is conducted by “Building Audit Firm” which was a relatively third 
important category. A building audit firm should have a work ethic and conduct its inspection 
as per existing regulations. “Regulation on the Amendment to the Building Audit 
Implementation” entered into force on 29th December 2018 through Official Gazette No. 
30640 and started to be enforced on 1st January 2019 [24]. Through this regulation, the 
delegation of building audit firms, termination of building audit service agreement, building 
audit service fees were reformed and previous practices were improved. With this regulation, 
the commercial relationship of building audit companies with the contractor was eliminated 
and this has enabled building audit firms to supervise the works of the contractors efficiently. 
As is mentioned in the section of “Building Audit System in Turkey”, there have been many 
legislations enacted and superseded each other. However, constant and rapid change in the 
regulations prevents the practitioner to carry out the work consistently. Interpretation of the 
changes in the regulations affects the supervision of municipalities and ends up with 
significant inconsistency in the applications of different municipalities [10]. Additionally, 
work training concerning the building audit should be given to the concerned staff in the 
municipalities to enable them to execute the work in line with the regulations [8]. Moreover, 
their work should also be supervised by the concerned government agencies and sanctions 
should be imposed in case of any adverse condition.  

In the category of “Employees of Building Audit Firm”, the most important problem was 
identified as “Lack of practical knowledge of technical staff”. In contrast to BAS in Turkey, 
knowledge of the technical staff is deemed as vital in Europe and the USA. The main 
drawback behind the lack of practical knowledge of the technical staff is due to the low-profit 
margins of building inspection companies. Therefore, audit firms cannot pay high wages to 
their employees and sometimes they even pay minimum wages. Additionally, there is no 
qualification limit requested for the employees. These drawbacks lead to acquiring 
unqualified staff in the building audit firms. “Lack of practical knowledge of technical staff” 
was followed by “The insufficiency of occupational discipline and ethics concepts” and 
“Problems arising from an insufficient educational background of professional members” 
respectively. Thus, decision-makers should consider these problems for the improvement of 
Turkish BAS. 

In the category of “Building Audit Firm”, “Absence of the Site supervisor at the site” came 
into prominence since it can diminish the quality of building inspection. It was followed by 
“Insufficient examination of projects”, “Inadequate quality control due to insufficient staff” 
and “Lack of inspection on a continuous basis at the site" whose weights were very close to 
each other. Since all executions conducted by the contractor are to be inspected by building 
audit firms, building audit firms should provide adequate number and skilled personnel to 
the construction site to continuously control the work. These results pinpoint that a 
mechanism to measure and monitor the qualifications of employees working at the building 
audit firms could be developed in the forthcoming regulations.  
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Related to the category of “Municipality”, “Political pressure” was rated as the most 
important problem that undermines the effective implementation of Turkish BAS. Since the 
mayors have organic bonds with political parties, political relationships can cause significant 
deviations in the implementation of BAS. Therefore, inappropriate situations arising from 
political pressures should be prevented and controlled by the concerned government entity. 
Additionally, “Time consumption due to bureaucratic procedures” was scored as the second 
most important implementation problem. One of the common problems in Turkey is 
bureaucracy which is mostly encountered during investment projects, and even a simple 
permit can take weeks or even months to obtain [8]. It is recommended that procedures such 
as work permits should have a maximum due date since the duration of obtaining work 
permits varies from one municipality to another due to time-consuming bureaucratic 
procedures.  

With respect to “Regulations”, “Problems arising from regulations concerning Building 
Audit System” was scored as the first important implementation problem that hinders the 
implementation of Turkish BAS. It was followed by “Frequent change of building audit 
legislation”. Interpretation of the regulation and vagueness in terms may result in inconsistent 
applications and disputes between the parties. Therefore, regulations and instructions should 
be reviewed to avoid readability and sematic issues in the regulation concerning Turkish 
BAS. In this way, the municipalities could be enabled to execute their work consistently. 

 

Table 5 - The weights and ranks of problems and their categories 

Problem ID Problems of BAS Weights 
(Priorities) 

Employees of Building Audit Firm 0.2359 (1) 
EBAF-1 Lack of practical knowledge of technical staff 0.3695 (1) 
EBAF-2 The insufficiency of occupational discipline and ethics concepts 0.3308 (2) 

EBAF-3 
Problems arising from an insufficient educational background of 
professional members 
 members 

0.2997 (3) 
 

Building Audit Firm 0.2104 (3) 
BAF-1 Inadequate wages given to staff 0.08951 (6) 
BAF-2 Insufficiently examination of projects 0.13180 (2) 
BAF-3 Incomplete project control forms 0.07582 (7) 
BAF-4 Forgery of documents 0.07244 (8) 

BAF-5 Missing signatures of the parties in the building audit service 
contracts 0.06164 (10) 

BAF-6 Applications that are not part of the project 0.10065 (5) 
BAF-7 Absence of the Site supervisor at site 0.15109 (1) 

BAF-8 Inadequate quality control due to insufficient staff of building 
audit firm 0.12772 (3) 

BAF-9 Lack of inspection on a continuous basis at the site   0.12144 (4) 
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Problem ID Problems of BAS Weights 
(Priorities) 

BAF-10 Auditor’s condonation of mistakes due to nepotism exist between 
contractor and employer* 0.06791 (9) 

Municipality 0.1538 (6) 

MNC-1 Obtaining building licenses despite incompatibilities between 
projects 0.1429 (5) 

MNC-2 Differences in practices of administrations of provinces and 
districts 0.2124 (3) 

MNC-3 Political pressure 0.2392 (1) 
MNC-4 Time consumption due to bureaucratic procedures  0.2261 (2) 

MNC-5 Unequal and Unfair treatment by administrations to the audit 
firms 0.1794 (4) 

Regulations 0.1876 (5) 

RGL-1 Problems arising from regulations concerning Building Audit 
System   0.6853 (1) 

RGL-2 Frequent change of building audit legislation 0.3147 (2) 
Contractor 0.2122 (2) 

CNT-1 
Contractors’ lack of workforce to meet their technical 
requirements 
 

0.2997 (3) 

CNT-2 Neglecting technical specifications and procedures* 0.3695 (1) 
CNT-3 Tendency to ignore quality* 0.3308 (2) 

 

In the category of the contractor, “Neglecting technical specifications and procedures” was 
given the highest priority by the experts. It is a widely known fact that contractors tend to 
neglect technical specifications and procedures to minimize the project duration. For 
instance, in engineering practice, adding water into the concrete mixer after taking sampling 
is one of the major problems. Although the latest regulation brought chip which is added to 
concrete samples [24], experts indicated that samples were mostly taken by the first concrete 
mixer and later mixer operators tend to add water to the mixer to increase the slump of the 
concrete. This application however diminishes the strength of the concrete. Moreover, 
“Tendency to ignore quality” was rated as the second important factor. Most of the 
construction firms do not have an internal auditing system because there is no sanction in 
case of any poor-quality executions. Therefore, the effectiveness of the building audit firms 
must be improved, and penalties should be given for poor-quality executions. 

 

4.1. Sensitivity Analysis 

The results obtained from FAHP analysis were deeply discussed in the previous section. 
However, the stability and reliability of the analysis needed to be further validated [52], [61], 
[63]. Therefore, for each cluster, a sensitivity analysis was conducted. Hence, as is also 
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specified before, FAHP analysis was repeated as per the degree of fuzziness of 0.2, 0.4, 0.5, 
and 0.6, respectively. Consequently, the results of the sensitivity analysis were found as 
depicted in Figure 4. In the sensitivity analysis, to consider the FAHP analysis as reliable, 
the rankings of factors should not change according to changes in the degree of fuzziness 
[57], [65]. More specifically, lines illustrating the weights of factors should not intersect with 
each other. If any lines were crossed in any figure, the analysis would be considered 
unreliable because of the occurrence of rank reversal. As is seen in Figure 4, lines do not 
intersect with each other so that the developed model could be considered stable and robust.    

 

 
Figure 4 - Sensitivity Analysis 

 

5. CONCLUSION AND RECOMMENDATIONS 

This study aims to identify the problems of Turkish BAS and their severities. To achieve this, 
an in-depth literature review and FGD sessions with 12 experts were conducted to identify 
and categorize the drawbacks of Turkish BAS. Later, the problems were evaluated with 15 
experts with the help of questionnaires and the obtained data were analyzed via FAHP 
analysis to detect the most important problems affecting building audits in Turkey. Lastly, a 
sensitivity analysis was conducted to validate the outputs of the FAHP method. 
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It is beyond the question that the biggest pitfalls in BAS result from the owner who does not 
pay the attention to the quality of work. The owner must be more proactive and sensitive 
concerning the quality of work. At the other end of the spectrum, laboratories can be owned 
by public institutions or universities to plummet the defects in quality issues. An expert stated 
that “maintaining the independency of laboratories can force the contractors to obey the 
standards concerning safety, rebar and concrete”. It is worth bearing in mind that the 
minimum limit of the staff wages should be regulated to further strengthen the 
implementation of BAS. One of the interviewees contributed to this proposal by stating that 
“the engineering service cannot be given with the minimum wage’. Also, it is believed that 
defining the lower limit of wages upsurges the number of qualified employees. In addition to 
this, the competency levels of employees working in the building audit firm should be 
increased by vocational exams and certifications. Also, the staffs working in the building 
audit firm are to be supervised and penalties may be given for the negative actions of 
employees. Another point worth mentioning is that contractors should be certified and their 
performance during the execution of works should be measured. Furthermore, differences in 
practices of BAS among administrations of provinces and districts should be eliminated by 
providing an in-service training certificate to the administrations. It seems to have drawbacks 
in regulations concerning BAS; therefore, detected problems are believed to shed light on the 
development of new legislation concerning BAS. 

The aggregated judgments of the participants were utilized to determine severities of the 
problems seen in Turkish BAS. However, the perception differences that exist between 
different occupations such as civil engineers, architects, and electrical engineers might also 
provide valuable information about the existing BAS system in Turkey. Thus, the subject 
could be examined by forthcoming studies. 
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ABSTRACT 

In this study, a simulation-optimization approach is proposed for dynamic design of the urban 
wastewater collection systems. The proposed approach consists of the mutual integration of 
the Storm Water Management Model (SWMM), developed by the U.S. Environmental 
Protection Agency (US-EPA) and the heuristic Harmony Search (HS) optimization approach. 
Unlike the previous approaches developed to solve wastewater collection system design 
problems, the proposed approach simulates the hydraulic flow process by considering 
unsteady state flow conditions based on the dynamic wave model. The objective of the HS-
based optimization model is to determine the pipe slopes so that the total system cost is 
minimized. After determining the pipe slopes, the corresponding pipe diameters were 
determined by developing an internal solution approach. All the physical and managerial 
constraints that should be considered during the search process have been considered by 
means of the penalty function approach. The applicability of the proposed approach was 
evaluated by solving two example problems. Identified results indicated that the proposed 
approach can effectively solve the dynamic design problems of the wastewater collection 
systems. 
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1. INTRODUCTION 

One of the most important tasks of civil and environmental engineering is to dispose the used 
water from residential or industrial areas by means of the wastewater collection systems. 
These systems include high number of equipment, such as pipes, manholes, pumping 
facilities, and require significant excavation works. Therefore, costs of these systems are 
usually high and a small amount of reduction in their installation costs corresponds to 
significant savings [1]. Depending on these facts, the concept of optimum design by using 
the integrated simulation-optimization approaches is crucial nowadays to find a solution with 
minimum cost. 

In practice, the problem of optimum wastewater collection system design can be solved by 
considering both combined and separated sewer systems depending on the project 
requirements. Note that both systems consider the same solution procedure such that 
commercial pipe diameters and/or pipe slopes are selected as the decision variables of the 
optimization model [1]. For the first case, the commercial pipe diameters are determined by 
the optimization model and the corresponding pipe slopes are calculated by means of the 
Manning’s equation. Since diameters of the pipes are selected from the set of commercial 
pipes, it is required to solve a discrete optimization problem. In the second case, the 
optimization model considers pipe slopes as decision variables and the corresponding pipe 
diameters are calculated again by using the Manning’s equation. However, it is required to 
convert the calculated pipe diameters into the commercial sizes and this process also makes 
the problem discrete although the associated decision variables of the problem are 
continuous. The last case consists of the more general case where both pipe diameters and 
their slopes are considered as the decision variables. However, this kind of use increases the 
number of decision variables twofold. Therefore, mathematical search space of the problem 
becomes more complex and finding an optimum solution becomes difficult especially for the 
systems with excessive number of pipes [2]. Note that there is a strong interaction between 
diameters and slopes of the pipes for three cases mentioned above. For instance, although 
increasing the pipe slopes allows to transmit the same flow with the smaller pipe diameters, 
it increases the excavation cost due to the increased pipe slopes. On the contrary, reducing 
the pipe slopes decreases the excavation cost, but it is required to use larger pipe diameters 
to transmit the same flow, and this increases the pipe costs [1-2]. Therefore, finding a trade-
off between pipe diameters and their corresponding slopes by using the optimization 
approaches is important. 

The current literature includes various solution approaches to solve both storm and urban 
sewer system design optimization problems. Depending on the branched nature of the sewer 
systems, the problem was previously solved by using the dynamic programming (DP) based 
approaches [3-6]. Furthermore, linear and nonlinear programming approaches were also 
employed to the solution of the optimum sewer system design problems [7-10]. Although 
these optimization approaches are well effective on solving the problem, there may be 
possibilities of stucking to local optimum solutions especially for the problems with non-
convex and/or discontinuous search spaces [1, 11]. Therefore, nowadays, heuristic 
optimization approaches became the popular tools to solve the sewer system design 
problems. Note that the main idea of the heuristic optimization approaches is to mimic the 
processes in nature, mathematically. Unlike the traditional approaches, heuristic optimization 
approaches can easily find the global optimum or near global optimum solutions even if the 
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search space of the problem is non-convex and/or discontinuous. Furthermore, they do not 
require special initial points to find an optimum solution since the search process is conducted 
by using multiple solutions [12]. By using heuristic optimization approaches, the optimum 
sewer system design problem was previously solved by many researchers. Although these 
conducted studies have some similarities in terms of their computational structures, their 
main differences are due to the considered optimization approaches. For example, genetic 
algorithm (GA), which applies the genetic evolution processes in nature to the optimization 
problems, was previously applied in some studies [2, 13-15]. Similarly, particle swarm 
optimization (PSO), which is developed based on the social behavior of animals, such as bird 
flocking or fish schooling, was also used to solve the associated problem in different studies 
[16-20]. In addition to these studies, different heuristic optimization approaches have also 
been applied to the solution of optimum sewer system design problems, and the details of 
these studies can be found in [1, 20-29].  

It should be noted that, in all the studies mentioned above, design process of sewer systems 
was conducted by considering the peak value of the flow hydrograph as design discharge. In 
other words, the optimum system is designed by considering the steady-state flow conditions. 
This design strategy requires the assumption that the shape of the flow hydrograph remains 
unchanged as the water moves from upstream to downstream through the pipes. However, 
this assumption is not satisfied in real life and the shape of the flow hydrograph changes 
during operation of the system. This change results with a time lag and the attenuated peak 
value of the downstream flow hydrograph [30]. Although these attenuations are usually 
negligible in small systems, they may be significant for the big sewer systems such that the 
shape of the upstream flow hydrographs significantly change when it comes to the 
downstream locations. If this fact is not considered during design, larger design discharges 
are calculated at downstream locations than they should actually be. This situation results 
with a calculation of the larger pipe diameters at downstream locations, and consequently, 
increases the cost of the system. Therefore, it would be better to consider the unsteady flow 
conditions during design of the sewer systems to fully address the flow routing process in 
real life. 

There are limited studies in literature that consider unsteady flow simulations in designing 
the sewer network systems. Afshar et al. [31] developed a GA based optimization approach 
for hydrograph-based design of the storm sewer systems. In their model, unsteady flow 
simulations through pipes have been conducted by means of the transport module of the 
United States Environmental Protection Agency (US-EPA) Storm Water Management Model 
(SWMM). Shao et al. [32] proposed a SWMM based approach to solve the storm sewer 
network design problems. In the proposed approach, an automated algorithm is proposed by 
considering two computational steps where the pipe diameters and their corresponding slopes 
are determined sequentially without using an optimization approach. Note that these two 
studies given above focused on designing the storm sewer collection systems by considering 
the transient flow conditions. Regarding the household wastewater collection system design, 
Zaheri et al. [33] developed a solution approach where a cellular automata (CA) is used as 
the optimization tool and SWMM is used as the simulation tool. Their approach considers 
the diameters and nodal elevations of the pipes as decision variables and solves the problem 
in two phases. However, they applied a constant flow hydrograph from upstream manhole 
locations of the pipes and not considered the diurnal wastewater discharge patterns of the 
residential buildings and/or industrial facilities during design process.  
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In this study, a simulation-optimization approach is proposed for dynamic design of the urban 
wastewater collection system design problems. In the proposed approach, SWMM is used as 
the simulation model for performing the dynamic simulations of the network. This simulation 
model is then integrated to an optimization model where heuristic harmony search (HS) 
optimization approach is used. Note that HS based optimization approach was previously 
used to solve a similar problem in a conference proceeding [27] and this study is an extension 
of the related study. The key difference of the proposed approach from the one given in [27] 
is that the problem has been solved by considering unsteady diurnal wastewater discharge 
patterns of the residential buildings and/or industrial facilities whereas the classical steady-
state solution was conducted in [27]. According to the authors’ knowledge, this is the first 
application of HS and SWMM for designing the urban wastewater collection networks by 
considering the unsteady flow conditions. Applicability of the proposed simulation-
optimization approach is evaluated by solving two example networks. Identified results 
indicated that the proposed approach not only finds similar or better results than those 
obtained in literature, but also effectively solve the problem by considering the time 
dependent wastewater discharges during the optimum design process.  

 

2. MODEL DEVELOPMENT 

The problem of optimum urban wastewater collection system design is dynamically solved 
by using the proposed simulation-optimization approach. In the following sections, first, the 
problem of optimum sewer system design is formulated. After that, the main computational 
structures of the simulation and optimization models are described. Finally, how to integrate 
them in an optimization framework is defined.  

 

2.1. Optimum Sewer System Design Problem 

As stated in the previous section, the problem of optimum sewer systems design can be 
formulated as an optimization problem. In this formulation, the objective is to minimize the 
total system cost by adjusting the diameters and/or nodal elevations of the pipes. During the 
search process, it is required to satisfy some physical and managerial constraints. Depending 
on these definitions, the optimum design problem by considering the unsteady state flow 
conditions can be mathematically stated as follows: 

Let 𝑛௣ and 𝑛௠ be the number of pipes and manholes; 𝐷௜ and 𝐿௜ be the diameter and length 
of the 𝑖୲୦ pipe ൫𝑖 = 1,2,3, ⋯ , 𝑛௣൯; 𝑍̅௜ be the mean excavation depth of the 𝑖୲୦ pipe; and 𝐻௞ 
be the depth of the 𝑘୲୦ manhole (𝑘 = 1,2,3, ⋯ , 𝑛௠) in the system. Using these definitions, 
the following objective function and constraints can be defined for the problem [2, 33]: Φ = min൛∑ 𝐿௜ ∙ 𝒞ଵ(𝐷௜, 𝑍̅௜)௡೛௜ୀଵ + ∑ 𝒞ଶ(𝐻௞)௡೘௞ୀଵ ൟ (1) 

subject to 𝑔௜ଵ:   max ሼ𝑞௜(𝑡)ሽ ≥ max ሼ𝑄௜(𝑡)ሽ (2) 
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𝑔௜ଶ:   max ሼ𝑉௜(𝑡)ሽ ≤ 𝑉୫ୟ୶ (3) 𝑔௜ଷ:   min ሼ𝑉௜(𝑡)ሽ ≥ 𝑉୫୧୬ (4) 𝑔௜ସ :   ୫ୟ୶ ሼ௬೔(௧)ሽ஽೔ ≤ 𝛼 (5) 

𝑔௜ହ:   𝑆௜ ≥ 𝑆୫୧୬ (6) 𝑔௜଺:   𝐸௜௨ ≤ 𝐸୫ୟ୶ (7) 𝑔௜଻:   𝐸௜௨ ≥ 𝐸୫୧୬ (8) 𝑔௜଼:   𝐸௜ௗ ≤ 𝐸୫ୟ୶ (9) 𝑔௜ଽ:   𝐸௜ௗ ≥ 𝐸୫୧୬ (10) 

where Φ is the objective function to be minimized; 𝒞ଵ(•,•) and 𝒞ଶ(•) are the cost functions 
for the pipes and manholes, respectively; 𝑞௜(𝑡) is the flow discharge of the 𝑖௧௛ pipe at 𝑡୲୦ 
time period; 𝑄௜(𝑡) is the design discharge hydrograph of the 𝑖୲୦ pipe at 𝑡୲୦ time period; 𝑉௜(𝑡) 
is the flow velocity of the 𝑖௧௛ pipe at 𝑡୲୦ time period; 𝑉୫୧୬ and 𝑉୫ୟ୶ are the minimum and 
maximum allowable velocity values, respectively; 𝑦௜(𝑡) is the flow depth in the 𝑖௧௛ pipe at 𝑡୲୦ time period; 𝛼 is the maximum allowable ratio of flow depth to pipe diameter; 𝑆௜ is the 
slope of the 𝑖௧௛ pipe; 𝑆୫୧୬ is the minimum pipe slope; 𝐸௜௨ and 𝐸௜ௗ are the cover depths at 
upstream and downstream ends of the 𝑖௧௛ pipe, respectively; 𝐸୫୧୬ and 𝐸୫ୟ୶ are the minimum 
and maximum allowable values of the cover depths, respectively. These variables can be seen 
on the schematic profile in Figure 1. 

 
Figure 1 - Illustration of the variables used in the optimization process (adapted from [1]) 
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The formulation given above states that the optimum sewer system design problem is a 
constrained optimization problem. Therefore, during minimization of Equation (1), all the 
constraints between Equations (2) to (10) need to be satisfied to obtain a feasible solution. 
Among these constraints, Equation (2) is used to control if flow discharge of the pipes is 
equal or greater than the design flow hydrograph. This constraint is very important since 
diameters of the pipes are determined based on these flow values during design process. 
Equations (3) and (4) are used to maintain the flow velocities between specified minimum 
and maximum values. This is also important since these constraints are used to prevent 
sediment accumulation and internal erosion of the pipe materials, respectively. Equation (5) 
is used to guarantee the free surface flow conditions through pipes of the system. Equation 
(6) is used to satisfy the minimum pipe slope value, and Equations (7) to (10) are used to 
satisfy the minimum and maximum allowable cover depths on upstream and downstream 
ends of the pipes, respectively. Note that the problem given above is stated by considering 
unsteady flow conditions through pipes. Thus, value of the design discharge hydrograph 
should be routed hydraulically as water moves from upstream to downstream locations of the 
system and this process is conducted by modeling the hydraulic flow process on SWMM. 

 

2.2. Simulation Model: SWMM 

SWMM, developed by US-EPA, is a widely used mathematical simulation model and used 
for simulating the flow and pollution transport processes in sewer and drainage networks 
[34]. SWMM considers the drainage system as a set of interrelated elements called objects 
which are placed in a series of layers. These objects can be visual elements (e.g., junctions, 
conduits, reservoirs, pumps, etc.) or non-visual elements (e.g. general specifications of the 
system) and all of them can be used to conduct hydrological, hydraulic or pollution transport 
analyses [35]. Note that hydraulic routing process on SWMM is simulated by sequentially 
solving the continuity and momentum equations by considering the unsteady free surface 
flow process through pipes. Mathematical definition of the continuity and momentum 
equations which are called as the St. Venant equations can be expressed as follows: 

డொడ௫ + డ஺డ௧ = 0 (11) 

డொడ௧ + డ(ொమ ஺⁄ )డ௫ + 𝑔𝐴 డ௬డ௫ − 𝑔𝐴൫𝑆 − 𝑆௙൯ = 0 (12) 

where 𝑥 is the distance; 𝑡 is the time; 𝑄 is the flow rate; 𝐴 is the cross-sectional flow area; 𝑔 
is acceleration of gravity; 𝑆 is the pipe bed slope; and 𝑆௙ is the friction slope. The value of 
friction slope 𝑆௙ is expressed by using the Manning’s equation as follows: 

𝑆௙ = ௡మொ|ொ|௉ర య⁄஺భబ య⁄  (13) 

where 𝑛 is the Manning’s surface friction and 𝑃 is the wetted perimeter. Note that this 
equation system is mostly solved by means of the numerical solution approaches and these 
solutions are conducted by considering kinematic wave, diffusion wave, and dynamic wave 
approaches. In kinematic wave approach, the solution is conducted by just taking the last 
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term of Equation (12) into account. For diffusion wave, approach the last two terms of 
Equation (12) are considered. Compared to kinematic wave approach, diffusion wave 
approach provides more information about the flow process since more data is used. Lastly, 
in dynamic wave approach, all the terms of Equation (12) are considered, and this solution 
provides most accurate results compared to the others [34]. Note that SWMM can 
numerically solve this equation system by using both diffusion and dynamic wave 
approaches. During this solution, SWMM uses an implicit backwards Euler method which 
solves the equation system by means of the Picard’s iteration approach [34]. 

 

2.2. Optimization Model: Harmony Search (HS) Optimization Approach 

HS is a musical-based heuristic optimization approach which is inspired by the observation 
that the aim of the music is to seek for a perfect state of harmony [36]. This process in music 
is analogous to the optimization process since the main objective of the optimization is to 
seek for a globally optimum solution. This analogy between musical improvisation and 
optimization processes was first established by Geem et al. [37]. In this adaptation, the 
musicians, for example in a jazz trio, correspond to decision variables of the optimization 
problem, and the notes in the musicians’ memories correspond to the potential values of the 
decision variables. Note that the musicians can produce a new harmony by considering three 
musical operations: (i) by playing a series of pitches in their memory; (ii) by playing slightly 
adjusted pitches from previously played ones in their memory; (iii) by playing a series of 
pitches randomly without considering their memory. These three musical operations have  

 
Figure 2 - Computational sequence of HS optimization algorithm. 
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been mathematically formulated by Geem et al. [37] and they proposed three operational 
processes of HS: (i) memory consideration; (ii) pitch adjusting; (iii) random selection. Note 
that combination of these three operations is used to generate a new solution vector. If this 
new generated solution vector provides better objective function value than the worst one in 
harmony memory, the vector with the worst function value in harmony memory is replaced 
with the new generated solution vector and this process is repeated until termination. This 
computational sequence can be summarized in Figure 2. 

To solve an optimization problem based on the solution sequence given in Figure 2, it is 
required to provide the solution parameters of HS which are: harmony memory size (𝐻𝑀𝑆), 
harmony memory considering rate (𝐻𝑀𝐶𝑅), pitch adjusting rate (𝑃𝐴𝑅), and bandwidth (𝑏𝑤). HM is a matrix where the decision variables and the corresponding objective function 
values are stored, 𝐻𝑀𝐶𝑅 and 𝑃𝐴𝑅 are the probabilities which are used to explore the search 
space globally and locally, and 𝑏𝑤 is used for the pitch adjusting process. Detailed 
explanation of this computational procedure is summarized in Figure 3. 

 
Figure 3 - Analogy between musical improvisation and optimization (adapted from [38]). 

 

It can be seen from Figure 2 that the musicians have different notes in their HM. As indicated 
previously, their aim is to find a musically pleasing or fantastic harmony by making some 
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improvisations. Depending on the computational structure of HS, this process is conducted 
as follows [27]: 

i) The first musician in Figure 3 has three notes in HM. With probability 𝐻𝑀𝐶𝑅 ×(1 − 𝑃𝐴𝑅), he considers and plays La. Since La, Si, Do in HM corresponds to the values of 
1.0, 2.2, 2.6 in the optimization process, choosing and playing La corresponds choosing and 
using 1.0 as the potential value of the first decision variable. Therefore, the first decision 
variable value is determined based on the memory consideration rule of HS. ii) The second 
musician in Figure 3 also has three notes in HM. Unlike the first musician, with probability 𝐻𝑀𝐶𝑅 × 𝑃𝐴𝑅, he selects Do and plays its neighbor Do#. Since Do corresponds to 3.2 in the 
optimization process, its neighbor note Do# corresponds to 3.1 which is a slightly adjusted 
value of 3.2. Therefore, the second decision variable value is determined based on the pitch 
adjusting rule of HS. iii) The third musician in Figure 3 also has three notes, Fa, Sol, La in 
HM. Although his HM was previously used, for the current improvisation, he decides to 
select and play a random note, Mi for this case. Unlike the first and second variables, this 
note corresponds to a random value (1.6) in the search space. Depending on this result, the 
value of the third decision variable is determined based on the random selection rule of HS.  

Depending on the memory consideration, pitch adjusting, random selection processes, the 
new harmony is composed as (La, Do#, Mi) and these notes correspond to the decision 
variable values of (1.0, 3.1, 1.6). After this process, these values are used as input of the 
objective function. If this newly calculated objective function value is better than the worst 
one in HM, the solution with the worst objective function value is excluded from HM and 
the newly generated one is included, and this solution sequence is repeated until termination.  

 

2.3. Problem Formulation 

As indicated in Section 2.1, the problem of optimum sewer system design is a constrained 
optimization problem. Therefore, minimization of Equation (1) should be conducted by 
considering the constraint set given between Equations (2) and (10). At this point, there is an 
important issue that requires further analysis. Just as the other heuristics, HS is an 
unconstrained optimization approach and cannot directly consider the constraint set during 
minimization or maximization of an objective function. Since the optimization problem here 
is a constrained one, it is required to convert this problem to an unconstrained optimization 
problem by means of the penalty function approach. For the problem considered here, this 
process is conducted as follows:   Φᇱ = minሼΦ + 𝝀 ∙ 𝒫(𝒈)ሽ (14) 

where Φᇱ is the penalized objective function value; 𝒈 = ൣ𝑔௜௝൧ is a constraint matrix (𝑖 =1,2,3, ⋯ , 𝑛௣ ;  𝑗 = 1,2,3, ⋯ ,9) which stores the problem constraints given between Equations 
(2) and (10); 𝒫(•) is the penalty function which is used to prevent constraint violation; and 𝝀 = ൛𝜆௝ൟ is a vector (𝑗 = 1,2,3, ⋯ ,9) including the penalty coefficients which are used to 
adjust the magnitude of the penalty terms. Note that selection of the values of penalty 
coefficients is very important to prevent constraint violations. Since there is not any 
mathematical approach to determine their exact values, their magnitudes are usually adjusted 
by means of the trial-and-error approaches. A general procedure is that use of the larger 
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values for 𝜆௝ means greater effort to satisfy the constraint sets [38]. In literature, there are 
various penalty function approaches proposed to solve the constrained optimization 
problems. Among them, the following structure is used:  

𝒫൫𝑔௜௝൯ = ቊ0           ;    𝑔ො௜௝ ≤ 0     ൫𝑔ො௜௝൯ଶ  ;    otherwise (15) 

where 𝑔ො௜௝ is the normalized constraint function which is modified as to be equal to or lower 
than zero. Depending on this definition, the optimum sewer system design problem can be 
stated mathematically as follows:  Φᇱ = min൛∑ 𝐿௜ ∙ 𝒞ଵ(𝐷௜, 𝑍̅௜)௡೛௜ୀଵ + ∑ 𝒞ଶ(𝐻௞)௡೘௞ୀଵ + ∑ 𝜆௝ଽ௝ୀଵ ∑ 𝒫൫𝑔௜௝൯௡೛௜ୀଵ ൟ (16) 

subject to 𝑔ො௜ଵ :  ቀ1 − ୫ୟ୶ ሼ௤೔(௧)ሽ୫ୟ୶ ሼொ೔(௧)ሽቁ ≤ 0 (17) 

𝑔ො௜ଶ :   ቀ୫ୟ୶ ሼ௏೔(௧)ሽ௏ౣ ౗౮ − 1ቁ ≤ 0 (18) 

𝑔ො௜ଷ :   ቀ1 − ୫୧୬ ሼ௏೔(௧)ሽ௏ౣ౟౤ ቁ ≤ 0 (19) 

𝑔ො௜ସ :   ቀ୫ୟ୶ ሼ௬೔(௧)ሽఈ∙஽೔ − 1ቁ ≤ 0 (20) 

𝑔ො௜ହ :   ቀ1 − ௌ೔ௌౣ౟౤ቁ ≤ 0 (21) 

𝑔ො௜଺ :   ቀ ா೔ೠாౣ౗౮ − 1ቁ ≤ 0 (22) 

𝑔ො௜଻ :   ቀ1 − ா೔ೠாౣ౟౤ቁ ≤ 0 (23) 

𝑔ො௜଼ :   ൬ ா೔೏ாౣ౗౮ − 1൰ ≤ 0 (24) 

𝑔ො௜ଽ :   ൬1 − ா೔೏ாౣ౟౤൰ ≤ 0 (25) 

By using the penalty function definition in Equation (15) and the problem formulation 
between Equations (16) and (25), the problem of optimum sewer system design can be solved 
for unsteady flow conditions by using the proposed simulation-optimization approach. The 
decision variables of the HS based optimization model is the bed slope 𝑆௜ for each pipe ൫𝑖 = 1,2,3, ⋯ , 𝑛௣൯.  
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2.4. Integration of Simulation and Optimization Models 

As stated previously, the proposed simulation-optimization approach consists of the mutual 
integration of SWMM and HS. For this purpose, a code in Visual Basic for Applications 
(VBA) platform has been developed. The structure of this code is given in Figure 4.  

 
Figure 4 - Integration of HS-SWMM on VBA platform. 

 

As can be seen from Figure 4, the developed VBA code has three modules. The first module 
includes the VBA code of the HS optimization approach which is an independent code and 
can be used to solve any optimization problem. The second module is developed for 
executing the SWMM as a console application. This process can be conducted from the 
command line within a DOS window. Therefore, the second module aims to write the input 
data of the problem to INP file of the SWMM, to execute SWMM from the DOS platform 
for the generated INP file, and to read the generated RPT file to get the results of the unsteady 
model simulation for the provided INP file. Finally, the last module aims to integrate these 
two modules in an optimization framework. Note that Module 3 also includes an implicit 
solution procedure for determining the pipe diameters for the generated pipe slopes by HS 
optimization approach. This solution procedure is based on the solution sequence given in 
Figure 5.  

 
Figure 5 - Implicit pipe diameter selection procedure. 

 

where 𝑫෩ = ൛𝐷෩ଵ, 𝐷෩ଶ, 𝐷෩ଷ, ⋯ , 𝐷෩௟ൟ is a vector which includes commercial pipe diameters in the 
market. As can be seen from Figure 5, the hydraulic analysis is started by using the smallest 
pipe diameter. After execution of SWMM model for that diameter, the flow in the pipe is 
evaluated in terms of the constraints given in Equations (2) and (5). If both constraints are 
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satisfied, the selected pipe diameter is used for the other analyses. Otherwise, its value is 
increased to the next one and the same procedure is repeated until satisfying Equations (2) 
and (5). Note that evaluation of Equations (3) and (4) is not considered here since their values 
are forced to control by using the penalty functions.  

 

3. NUMERICAL APPLICATIONS 

The applicability of the proposed simulation-optimization approach is evaluated by solving 
two example design problems. The first problem is used to verify the HS based optimization 
model by solving a well-known benchmark example system given in literature. The second 
example is used to evaluate the applicability of the proposed dynamic design approach 
considering diurnal wastewater discharge patterns for residential and industrial areas. These 
two examples have been solved by considering the optimization formulation between 
Equations (16) and (25) based on the integration scheme given in Figure 4. In this integration, 
the values of the penalty coefficients are assumed to be 𝜆ଵିଽ = 10ଽ depending on some 
previous model executions. Although HS is an efficient optimization approach on solving 
various optimization problems, its efficiency should be evaluated for different solution 
parameters. As indicated previously, there are 4 solution parameters of HS which are the 𝐻𝑀𝑆, 𝐻𝑀𝐶𝑅, 𝑃𝐴𝑅, and 𝑏𝑤. Among them, the value of 𝑏𝑤 is usually adjusted based on the 
lower (𝒙୫୧୬) and upper (𝒙୫ୟ୶) bounds of the decision variables. Therefore, its value is taken 
as 𝑏𝑤 = (𝒙୫ୟ୶ − 𝒙୫୧୬) 100⁄  for all the decision variables. For the other solution parameters, 
a detailed sensitivity analysis has been conducted to evaluate the algorithm’s performance 
for different parameter combinations. Note that two different scenarios have been considered 
in this analysis. In Scenario A, it is assumed that each HS solution parameter gets the 
following discrete values: 𝐻𝑀𝑆 ∈ ሾ10, 20, 30, 40ሿ, 𝐻𝑀𝐶𝑅 ∈ ሾ0.80, 0.85, 0.90, 0.95ሿ and 𝑃𝐴𝑅 ∈ ሾ0.20, 0.30, 0.40, 0.50ሿ. Using these parameter values, the proposed approach is  

 
Figure 6 - HS optimization parameter combinations used in Scenario A 
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executed for 4ଷ = 64 different parameter combinations where the variation of these 
parameters relative to each other is considered. The value of the parameter sets for each 
model realization can be seen in Figure 6. After obtaining the best parameter combination 
providing the minimum objective function value, these parameter values are fixed, and the 
problem is solved 10 times again in Scenario B by considering different random number 
seeds. Therefore, the model performance is also evaluated for different random numbers in 
the optimization model.  

 

3.1. Example Problem 1 

The first example consists of a well-known storm sewer system which was first solved by 
Mays and Wenzel [3] by means of the discrete differential dynamic programing approach. 
After that study, the problem has been investigated by many researchers by using different 
solution approaches for steady and unsteady flow conditions [1-4, 8, 20, 31-33, 39]. The 
schematic view of this network is given in Figure 7. The network consists of 21 manholes 
which are connected through 20 pipes with the total length of 2.6 km. Characteristics of the 
system including ground elevations at manhole locations, pipe lengths, and design discharges 
are given in Table 1. As given in Afshar et al. [31], design discharges of the system are given 
as the constant flow hydrographs in which the values in Table 1 correspond to their 
maximum. The network should be designed by satisfying the minimum and maximum 
velocity values of 0.60 m/s and 3.60 m/s, respectively. Similarly, the cover depths over the 
pipes should be minimum 2.40 m and maximum 6.00 m. Note that all the previous studies 
given above used the sum of the functions given in Equations (26) and (27) as the cost 
function [40]. Therefore, the same cost function is also considered in this study to obtain 
comparable results.  

 
Figure 7 - Schematic view of the storm sewer system in Example 1 
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𝒞ଵ(𝐷௜, 𝑍̅௜) = ቐ10.98𝐷௜ + 0.80𝑍̅௜ − 5.98                          5.94𝐷௜ + 1.166𝑍̅௜ + 0.504𝑍̅௜𝐷௜ − 9.64 30.00𝐷௜ + 4.90𝑍̅௜ − 105.90                     ;   ;   ;   𝐷௜ ≤ 3, 𝑍̅௜ < 10 𝐷௜ ≤ 3, 𝑍̅௜ ≥ 10   𝐷௜ > 3                    (26) 

𝒞ଶ(𝐻௞) = 250 + (𝐻௞)ଶ (27) 

 
Table 1 - Characteristics of the sewer network for Example 1. 

Pipe 
Ground Elevations (m) 𝐿௜ (m) 

max ሼ𝑄௜(𝑡)ሽ (mଷ/s) Upstream Downstream 
11-22 152.40 150.88 106.68 0.1132 
22-33 150.88 148.49 121.92 0.1982 
33-42 148.49 146.30 106.68 0.2548 
12-32 149.35 147.83 121.92 0.1132 
32-42 147.83 146.30 131.08 0.2265 
42-52 146.30 143.26 167.68 0.6229 
23-34 149.35 147.83 147.64 0.2265 
34-43 147.83 144.78 137.16 0.3398 
43-52 144.78 143.26 106.68 0.4530 
52-61 143.26 141.73 152.40 1.2459 
31-41 147.83 144.78 152.40 0.2548 
41-51 144.78 143.26 106.68 0.4530 
51-61 143.26 141.73 106.68 0.5663 
61-71 141.73 138.65 172.21 2.0104 
44-53 142.65 141.43 121.92 0.1132 
53-62 141.43 140.21 91.44 0.1699 
62-71 140.21 138.65 105.23 0.2548 
71-81 138.65 137.46 121.92 2.4635 
81-91 137.46 136.55 152.40 2.5201 
91-10 136.55 135.64 186.54 2.6617 

 

where 𝒞ଵ(𝐷௜, 𝑍̅௜) and 𝒞ଶ(𝐻௞), previously defined in Equation (1), represent the pipe ($/ft) 
and manhole ($) cost terms, respectively. By using these definitions, the objective of the 
proposed approach is to determine the optimum system design by minimizing the total cost. 
This design process is conducted by adjusting the pipe slopes (𝑆௜ ;   𝑖 = 1,2,3, ⋯ ,20) as 
decision variables of the optimization model. After determination of these slopes by the 
optimization model, the corresponding pipe diameters are determined based on the implicit 
approach given in Figure 5. Note that the pipe diameters for this example are selected from 
the following commercial diameter set: 𝐷௜ ∈ {304.8 mm (12 in), 381.0 mm (15 in), 457.2 
mm (18 in), 533.4 mm (21 in), 762 mm (30 in), 914.4 mm (36 in), 1066.8 mm (42 in), and 



Abbas GHOLAMI, Pınar Gökçe DURGUT, M. Tamer AYVAZ 

119 

1219.2 mm (48 in)}. During the search process, Manning’s surface roughness and maximum 
allowable ratio of flow depth to pipe diameter values are used as 𝑛 = 0.013 and 𝛼 = 0.82, 
respectively. As indicated previously, the performance of the proposed approach has been 
evaluated by considering two scenarios (A and B) and the maximum number of HS 
improvisations for these scenarios are used as 100,000 and 500,000, respectively. After these 
definitions, the proposed simulation-optimization approach is executed for Scenario A. 
Figure 8 shows the convergence profiles for these model executions which are obtained by 
using different optimization parameter combinations. As can be seen from Figure 5, all the 
solutions start the search process from different initial solutions and converge roughly to the 
same solutions. Regarding the solution profiles, it is observed that each model execution 
starts with penalties due to constraint violations at early solutions and values of these 
penalties significantly reduce as the solution proceed. Statistical evaluation of these 64 model 
executions for Scenario A is given Table 2. 

 
Figure 8 - Convergence profiles for 64 different model executions by using different 

optimization parameter combinations (Scenario A). 

 

Table 2 - Statistical evaluation of the final objective function values obtained from Scenario 
A and B for Example 1 

 
Total System Cost (US $) 

Scenario A Scenario B 
Number of Solutions 64 10 
Minimum 241,797 240,068 
Maximum 254,058 241,033 
Mean 244,343 240,579 
Standard Deviation 2,388 352 
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It can be seen from Table 2 that, in Scenario A, the proposed approach resulted with the 
minimum and maximum system costs of 241,797 $ and 254,058 $, respectively. For 64 model 
executions, the mean system cost has been obtained as 244,343 $. All the solutions are 
scattered around the mean solution with a standard deviation of 2,388 $. Note that the 
minimum system cost has been obtained for 14th parameter combination which has the 
parameter values of 𝐻𝑀𝑆 = 10, 𝐻𝑀𝐶𝑅 = 0.95, and 𝑃𝐴𝑅 = 0.30. After determining the 
best parameter combination in Scenario A, these parameter values are fixed and the problem 
is solved 10 times again to evaluate the model performance for different random number 
seeds in Scenario B. As stated previously, this is an important analysis for the heuristic 
optimization approaches since the computational structures of these approaches require the 
use of the uniformly distributed random numbers. The convergence profiles for 10 different 
model executions in Scenario B can be seen in Figure 9.  

 
Figure 9 - Convergence profiles for 10 different model executions by using different 

random number seeds (Scenario B). 

 

As can be seen from Figure 9, all the solutions start the search process with different initial 
solutions and converge to the approximately the same final solutions no matter where the 
solution starts. Table 2 also includes the statistical evaluation of the identified solutions in 
Scenario B. As can be seen, the minimum and maximum system costs have been obtained as 
240,068 $ and 241,033 $, respectively. For these solutions, the mean system cost is 240,579 
$ with the standard deviation of 352 $. This evaluation states that the convergence behavior 
of the proposed approach does not influence from both initial solutions and random number 
seeds. For the best solution in Scenario B, the identified decision variable values (e.g. slope 
of each pipe), pipe diameters, and manhole depths are schematized in Figure 10. The other 
identified system characteristics can be seen in Table 3.  

As can be seen from Table 3, diameters of the pipes have been selected from the provided 
diameter set by means of the proposed implicit procedure given in Figure 5. As indicated 
previously, pipe design discharges for this example have been given to SWMM model as 
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constant flow hydrographs. Therefore, flow characteristics, such as the flow velocity and 
water depths in the pipes, are also obtained in a constant hydrograph format. Table 3 includes 
only the maximum values of the velocity and relative water depth hydrographs observed in 
the pipes. Since output hydrographs are also of constant format,  the minimum values of the 
velocity and relative water depth are the same as the respective maximum values; that is why 
they have not been included in Table 3. As can be seen, all the constraints of the problem are 
satisfied without any violation. Note that this example was previously investigated by many 
researchers by using steady and unsteady state model simulations. The final results obtained 
for some of the studies are compared in Table 4. As can be seen from Table 4, the final 
objective function value (240,068 US $) of the proposed approach is better than the 
previously conducted studies except for Tan et al. [1] (239,961 US $) where the problem was 
solved by using differential evolution (DE) optimization approach. It is worth reminding that 
most of the previous studies considered steady-state hydraulic simulations and there are very 
limited studies that solve the problem for unsteady-state flow simulations. When the 
identified results are compared with them given in Table 4, it can be concluded that the 
proposed approach again provides similar or better results in terms of the final objective 
function values.  

 
Figure 10 - Schematic representation of the identification results for Example 1.  

 

Table 3 - Identified pipe slopes and the other characteristics of the network for Example 1. 

Pipe 
Diameter 

Maximum 
Velocity 

Relative  
Water Depth 

Cover Depths 𝐷௜ (mm) 
max ሼ𝑉௜(𝑡)ሽ (m/s) 

max ሼ𝑦௜(𝑡)ሽ 𝐷௜⁄  (m/m) 
𝐸௜௨  (m)  

𝐸௜ௗ  (m) 

11-22 304.80 1.89 0.77 2.40 2.41 
22-33 381.00 2.47 0.67 2.41 2.40 
33-42 381.00 2.62 0.80 2.40 2.40 
12-32 304.80 1.77 0.82 2.40 2.42 
32-42 457.20 2.10 0.63 2.42 2.40 
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Table 3 - Identified pipe slopes and the other characteristics of the network for Example 1. 
(continue) 

Pipe 
Diameter 

Maximum 
Velocity 

Relative  
Water Depth 

Cover Depths 𝐷௜ (mm) 
max ሼ𝑉௜(𝑡)ሽ (m/s) 

max ሼ𝑦௜(𝑡)ሽ 𝐷௜⁄  (m/m) 
𝐸௜௨  (m)  

𝐸௜ௗ  (m) 

42-52 533.40 3.18 0.82 2.40 2.60 
23-34 457.20 2.02 0.65 2.40 2.40 
34-43 457.20 2.97 0.66 2.40 2.40 
43-52 533.40 2.68 0.71 2.40 2.40 
52-61 762.00 3.11 0.82 2.40 2.62 
31-41 381.00 2.59 0.80 2.40 2.40 
41-51 533.40 2.68 0.71 2.40 2.40 
51-61 533.40 3.44 0.69 2.40 3.40 
61-71 914.40 3.60 0.80 3.40 2.40 
44-53 304.80 1.79 0.81 2.40 2.76 
53-62 381.00 1.78 0.79 2.76 2.40 
62-71 457.20 2.38 0.62 2.40 2.40 
71-81 1066.80 3.54 0.73 2.40 2.40 
81-91 1066.80 3.21 0.82 2.40 2.68 
91-10 1066.80 3.40 0.82 2.68 3.40 

 

Table 4 - Comparison of the obtained system costs for different solution approaches. 

 Solution Type Solution 
Approach 

Total System Cost  
(US $) 

Mays and Wenzel [3] SS DP 265,775 
Robinson and Labadie [4] SS DP 275,218 
Afshar [20] SS ACO 241,496 
Afshar [2] SS GA 241,896 
Tan et al. [1] SS DE 239,961 
Tan et al. [27] SS HS 240,981 
Afshar [19] SS PSO 242,889 
Afshar et al. [41] SS CA 253,484 
Afshar et al. [31] USS GA 244,747 
Zaheri et al. [33] USS CA 240,084 
Proposed Approach USS HS 240,068 
SS: Steady-State, USS: Unsteady-State, DP: Dynamic Programming, ACO: Ant Colony Optimization; GA: 
Genetic Algorithm, DE: Differential Evolution; HS: Harmony Search, PSO: Particle Swarm Optimization, CA: 
Cellular Automata 
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3.1. Example Problem 2 

This example aims to evaluate the applicability of the proposed approach including the 
diurnal discharge patterns of the residential or industrial areas during the dynamic design 
process. As indicated previously, inclusion of diurnal discharge patterns may be an important 
improvement especially for analysis of big systems since the shape of the upstream discharge 
hydrographs can change when they arrive to downstream locations. For this case, the 
considered example system is given in Figure 11. As can be seen, the example network 
includes 42 manholes which are connected through 41 pipes with the total length about 2.4 
km. Characteristics of the system including ground elevations at manhole locations, pipe 
lengths, and design discharges are given in Table 5. 

 
Figure 11 - Schematic view of the household sewer system in Example 2 

 

The example network system in Figure 11 includes two areas where residential buildings 
(blue lines) and industrial facilities (red lines) are located. Note that these areas have different 
wastewater discharge characteristics due to the change of their hourly water consumption 
patterns. There are different diurnal patterns in literature which are used for obtaining the 
hourly variation of wastewater discharges. These patterns consist of some multiplication 
factors which are used to convert a peak flow into the hourly wastewater discharges. Among 
them, the diurnal patterns given in Qasim [42] have been used. Figure 12 shows these patterns 
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for residential and industrial areas, respectively. As can be seen, there are two peaks in the 
diurnal pattern of the residential areas which are observed at early noon and evening times. 
For the industrial areas, it is assumed that wastewater discharge process starts at morning and 
ends at the late afternoon. By using these patterns, the discharge hydrographs of each pipe 
are obtained by multiplying the max ሼ𝑄௜(𝑡)ሽ values in Table 5 with the multiplication factors 
given in Figure 12 (a) and (b) for the residential and industrial areas. 

After obtaining the design discharge hydrographs for each pipe, the dynamic design process 
is conducted by considering the maximum velocity value of 3 m/s. Note that minimum 
velocity constraint is not considered for this example since the industrial facilities (red lines 
in Figure 11) have some periods without any discharge according to their diurnal patterns. 
However, this situation is only valid for this example, and it is not a general case where both 
residential and industrial areas release the wastewater to the same manhole locations. For 
such cases, the minimum velocity constraints can also be defined just as given in Example 1. 
Similar to Example 1, the network should be designed with the minimum and maximum 
cover depths of 2.40 m and 6.00 m, respectively. Manning’s surface roughness and maximum 
allowable ratio of flow depth to pipe diameter values are taken as 𝑛 = 0.013 and 𝛼 = 0.82, 
respectively. Note that the following cost function given in Afshar et al. [41] is used in 
calculation of the objective function.   𝒞ଵ(𝐷௜, 𝑍̅௜) = 1.93𝑒ଷ.ସଷ஽೔ + 0.812𝑍̅௜ଵ.ହଷ + 0.437𝐷௜𝑍̅௜ଵ.ସ଻ (28) 𝒞ଶ(𝐻௞) = 41.46𝐻௞ (29) 

 

Table 5 - Characteristics of the sewer network for Example 2. 

Pipe 
Ground Elevations (m) 𝐿௜ (m) 

max ሼ𝑄௜(𝑡)ሽ (mଷ/s) Upstream Downstream 
1-2 495.00 494.37 60 2.33 
2-3 494.37 493.67 56 2.18 
3-6 493.67 493.00 60 2.33 
4-5 494.27 493.70 54 2.10 
5-6 493.70 493.00 56 2.18 
6-22 493.00 492.17 36 1.40 
7-8 492.93 492.76 66 4.51 
8-10 492.76 492.63 68 4.64 
9-10 492.80 492.63 64 4.37 

10-12 492.63 492.43 56 3.82 
11-12 492.51 492.43 60 4.10 
12-21 492.43 492.33 54 3.69 
13-14 492.55 492.47 56 3.82 
14-21 492.47 492.33 56 3.82 
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Table 5 - Characteristics of the sewer network for Example 2. (continue) 

Pipe 
Ground Elevations (m) 𝐿௜ (m) 

max ሼ𝑄௜(𝑡)ሽ (mଷ/s) Upstream Downstream 
15-16 492.78 492.64 60 4.10 
16-20 492.64 492.53 55 3.75 
17-18 493.13 492.93 52 3.55 
18-19 492.93 492.70 55 3.75 
19-20 492.70 492.53 60 4.10 
20-21 492.53 492.33 65 4.44 
21-22 492.33 492.17 52 3.55 
22-24 492.17 491.71 38 1.48 
23-24 492.13 491.71 37 1.44 
24-29 491.71 490.60 90 3.50 
25-26 492.81 492.19 65 2.53 
26-28 492.19 491.60 64 2.49 
27-28 492.04 491.60 50 1.94 
28-29 491.60 490.60 60 2.33 
29-34 490.60 489.87 60 2.33 
30-32 491.19 490.56 60 2.33 
31-32 491.25 490.56 55 2.14 
32-34 490.56 489.87 62 2.41 
33-34 490.48 489.87 58 2.26 
34-35 489.87 489.12 60 2.33 
35-40 489.12 487.83 56 2.18 
36-37 490.52 489.84 55 2.14 
37-39 489.84 489.27 60 2.33 
38-39 489.99 489.27 55 2.14 
39-40 489.27 487.83 80 3.11 
40-41 487.83 487.43 60 2.33 
41-42 487.43 486.54 96 3.73 

 

where 𝒞ଵ(𝐷௜, 𝑍̅௜) and 𝒞ଶ(𝐻௞) represent the pipe ($/m) and manhole ($) cost terms, 
respectively. By using these cost function definitions, the objective of the proposed approach 
is to determine the pipe slopes (𝑆௜ ;   𝑖 = 1,2,3, ⋯ ,41) by minimizing the total system cost. 
Just as in Example 1, the pipe diameters are determined by means of the proposed implicit 
procedure given in Figure 5. Pipe diameters have been selected from the following 
commercial diameter set: 𝐷௜ ∈ {150 mm, 200 mm, 250 mm, 300 mm, 400 mm, 500 mm, 600 
mm, and 700 mm}. Like Example 1, the performance of this example is also evaluated for 
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two scenarios. Previous trials on this example indicates that the HS based optimization model 
converges faster than those in Example 1, and therefore, maximum numbers of HS 
improvisations for Scenario A and B are set to 20,000 and 100,000, respectively. After these 
definitions, the proposed approach is executed for Scenario A for different HS parameter 
combinations. Figure 13 shows convergence profiles for each model executions.  

 
Figure 12 - Diurnal wastewater discharge patterns [42]. 

 

 
Figure 13 - Convergence profiles for 64 different model executions by using different 

optimization parameter combinations (Scenario A). 

 

As can be seen from Figure 13, all the solutions start the optimization process with very high 
penalty values due to violation of constraints in early solutions. As the search process 
proceed, the solutions evolve and generate results without any penalties due to constraint 
violation. The profiles indicate that there is no significant change in the objective function 
values after 13,000th improvisation. For the final solutions at 20,000th improvisation, 
statistical evaluation of 64 different model executions can be seen in Table 6. As can be seen, 
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the minimum and maximum objective function values have been obtained as 24,925 $ and 
38,958 $, respectively. For 64 different executions, the mean system cost is obtained as 
29,664 $ and all the solutions are scattered around this mean value with a standard deviation 
of 3,815 $. According to the final objective function values, the best solution is obtained for 
15th model execution which has the optimization parameters of 𝐻𝑀𝑆 = 10, 𝐻𝑀𝐶𝑅 = 0.95, 
and 𝑃𝐴𝑅 = 0.40. After this process, these parameter values are fixed and the proposed 
approach is executed 10 more times to evaluate model performance for different random 
number seeds in Scenario B. Figure 14 shows convergence profiles for these model 
executions. Like Scenario A, all the solutions in Figure 14 starts the optimization process 
with large penalty values and these penalties significantly reduce as the solutions proceed. 
After about 5,000th improvisation, the system cost does not change significantly. 
 

Table 6 - Statistical evaluation of the final objective function values obtained from Scenario 
A and B for Example 2 

 
Total System Cost (US $) 

Scenario A Scenario B 
Number of Solutions 64 10 
Minimum 24,925 24,407 
Maximum 38,958 24,964 
Mean 29,664 24,598 
Standard Deviation 3,815 169 

 

 
Figure 14 - Convergence profiles for 10 different model executions by using different 

random number seeds (Scenario B). 
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For the final values, the performance of 10 different model executions is compared 
statistically in Table 6. As can be seen, the minimum and maximum systems costs are 
obtained as 24,407 $ and 24,964 $, respectively. The mean and standard deviation values are 
24,598 $ and 169 $, respectively. These results indicate that the proposed approach is not 
significantly influenced from the random number seeds in the optimization process. For the 
best solution of Scenario B, the final pipe slopes, diameters, and manhole depths are 
schematized in Figure 15. The other identified system characteristics are summarized in 
Table 7. 

 
Figure 15 - Schematic representation of the identification results for Example 2.  
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Table 7 - Identified pipe slopes and the other characteristics of the network for Example 2. 

Pipe 
Diameter Maximum 

Velocity 
Relative 

Water Depth Cover Depths 𝐷௜ (mm) 
max ሼ𝑉௜(𝑡)ሽ (m/s) 

max ሼ𝑦௜(𝑡)ሽ 𝐷௜⁄  (m/m) 
𝐸௜௨ (m) 

𝐸௜ௗ (m) 
1-2 150 0.39 0.37 2.40 2.52 
2-3 150 0.50 0.51 2.52 2.43 
3-6 150 0.69 0.55 2.43 2.45 
4-5 150 0.38 0.35 2.40 2.51 
5-6 150 0.45 0.53 2.51 2.46 
6-22 150 1.05 0.64 2.46 2.49 
7-8 150 0.39 0.66 2.40 2.41 
8-10 200 0.37 0.78 2.41 2.42 
9-10 150 0.40 0.70 2.40 2.42 
10-12 200 0.74 0.70 2.42 2.49 
11-12 150 0.37 0.59 2.40 2.41 
12-21 250 0.85 0.58 2.49 2.63 
13-14 150 0.32 0.71 2.40 2.41 
14-21 150 0.65 0.63 2.41 2.56 
15-16 150 0.40 0.74 2.40 2.46 
16-20 150 0.56 0.73 2.46 2.54 
17-18 150 0.33 0.61 2.40 2.41 
18-19 150 0.53 0.80 2.41 2.46 
19-20 150 0.77 0.81 2.46 2.70 
20-21 250 0.57 0.82 2.70 2.70 
21-22 300 1.02 0.81 2.70 2.81 
22-24 300 1.23 0.80 2.81 2.83 
23-24 150 0.49 0.22 2.40 2.47 
24-29 400 0.78 0.76 2.83 2.42 
25-26 150 0.36 0.52 2.40 2.61 
26-28 150 0.41 0.65 2.61 2.41 
27-28 150 0.34 0.44 2.40 2.41 
28-29 150 0.84 0.65 2.41 2.45 
29-34 300 1.46 0.82 2.45 2.58 
30-32 150 0.40 0.59 2.40 2.75 
31-32 150 0.53 0.28 2.40 2.42 
32-34 150 0.51 0.72 2.75 2.52 
33-34 150 0.52 0.29 2.40 2.43 
34-35 400 1.06 0.71 2.58 2.43 
35-40 300 1.71 0.80 2.43 2.45 
36-37 150 0.41 0.34 2.40 2.41 
37-39 150 0.46 0.54 2.41 2.61 
38-39 150 0.88 0.27 2.40 2.49 
39-40 150 0.80 0.65 2.61 2.42 
40-41 400 1.15 0.75 2.45 2.46 
41-42 400 1.33 0.67 2.46 2.45 
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As can be seen from Table 7, the identified results satisfy all the constraints of the problem. 
Similar to Example 1, the pipe design discharges are specified to the system as flow 
hydrographs. Unlike the Example 1, the given hydrographs have not constant flow values 
against time due to the diurnal patterns given in Figure 12. Since input of the model consists 
of the time varied flow values, their corresponding outflows have also the same structures 
considering the routing process of flow through the pipes. Therefore, only maximum values 
of the routed velocity and relative water depth hydrographs are given in Table 7.  

 

4. DISCUSSION AND CONCLUSIONS 

In this study, a new simulation-optimization approach is proposed for solving the dynamic 
urban wastewater collection system design problems by considering unsteady flow 
conditions. The proposed approach consists of the mutual integration of US-EPA SWMM 
with heuristic HS optimization approach. In this integration, SWMM aims to solve the 
governing equations by means of the dynamic wave flow routing approach and HS aims to 
determine the pipe slopes by minimizing the total cost of the system including pipe, 
excavation, and manhole costs. The applicability of the proposed approach is evaluated by 
solving two examples. The first example is a well-known benchmark example given in 
literature and solution of this example aims to evaluate the performance of the HS based 
optimization model. After demonstrating the efficiency of HS on this example, the 
performance of the proposed approach is evaluated on the second example which is 
developed by considering the diurnal wastewater discharge patterns for residential and 
industrial areas. Regarding the outcomes of the proposed approach, the following discussions 
and conclusions can be drawn: 

The concept of optimum design is crucial on solving the sewer system design problems. In 
practice, design process of the sewer system is conducted by manually adjusting the bed slope 
of the pipes and determining the pipe diameters by including the associated slope values and 
the other design criteria to the Manning’s equation. Although this process looks useful, it 
cannot be easy especially for the big systems since there is a strong conflicting relation 
between the slopes and diameters of the pipes. For example, increasing the pipe slopes lead 
to use the smaller pipe diameters. However, use of large slopes increases the excavation costs. 
On the contrary, increasing the pipe diameters results with the requirement of less pipe slope. 
However, there is an increase of the pipe costs compared to excavation works. Therefore, use 
of the optimization-based solution approaches makes solution of the problem easy due to 
their efficiencies on handling these conflicting relations. 

In practice, design process of the sewer systems is conducted by considering the peak values 
of the discharge hydrographs as the design flows of the pipes. In another words, the design 
process is conducted by considering steady state flow conditions in the system. Although this 
is a useful approach for many cases, it does not represent the true flow process in real life. 
Normally, the design flow discharges of the pipes are not constant in a day due to diurnal 
discharge patterns. Since the shape of the discharge hydrograph changes as the water flows 
through pipes, the peak values of them are attenuated together with a time lag. Although these 
attenuations are not significant in small systems, they might be important for the big systems 
such that larger design discharges can be obtained at downstream locations if routing process 
through pipes are not considered. This outcome results with the determination of larger pipe 
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diameters at those locations which increases the cost of the system. Therefore, use of the 
proposed approach can be a good alternative to prevent these problems. 

Although the proposed approach is effective on solving the optimum design problem by 
considering unsteady flow conditions, its main difficulty is the requirement of the high 
computational times for the big systems. This is due to the association of the approach with 
the hydraulic simulation process by SWMM model which is based on the numerical solution 
of the St. Venant equations. Since HS based optimization approach requires the execution of 
the SWMM model for each generated decision variable values, obtaining the optimum 
system design may require long computational times on the classical personal computers. For 
such cases, the problem can be solved on supercomputers or cloud computing platforms 
which are the beyond of the scope of this study.  

In the proposed approach, it is considered the bed slope of the pipes as decision variables of 
the optimization model. As indicated previously, the corresponding pipe diameters are 
determined by using the proposed implicit diameter selection procedure in Figure 5. 
Although this procedure can effectively determine the pipe diameters for the generated slope 
values, it also increases the computation time since additional SWMM model executions are 
required during determination of the appropriate pipe diameters. To overcome this difficulty, 
the pipe diameters can also be considered as additional decision variables of the optimization 
model. However, this kind of use increases the number of variables twofold, and thus 
increases the complexity of the mathematical search space. Therefore, this approach is not 
considered in this study. 

For all the solutions in this study, the optimum system design is determined by considering 
the open channel flow conditions in the pipes. However, in some cases, pressurized flow 
conditions together with the pumping facilities can also be considered. These issues are not 
considered in this study and may be investigated as a future work.  

 

Software Availability 

The open-source form of the developed VBA code can be accessible by requesting from the 
corresponding author. 
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ABSTRACT 

The lime column (LC) technique has been commonly used for the improvement of expansive 
soils. The achievement of this technique depends on the lime diffusion into the expansive 
soils, but lime diffusion into the expansive soil is generally a slow process due to the low 
permeability of these soils. In this study, sodium lignosulfonate, which is used as a 
superplasticizer in the concrete industry, was added to lime columns to accelerate the 
diffusion of lime particles. First, treated expansive clay specimens with thirty-seven 4.5 mm 
diameter columns were prepared in an oedometer ring. These columns were filled with two 
different mixtures: water-lime and water-lime-sodium lignosulphonate to investigate the 
effect of the addition of sodium lignosulphonate. Free swell tests were done on these treated 
expansive clay specimens that were subjected to different curing periods, it was observed 
that the treated specimens with sodium lignosulphonate lime columns (NaLS-LC) are more 
effective than the treated specimens with lime columns (LC). A treated expansive clay 
specimen (in a 30cmx30cm mold) with seven pieces of 45 mm diameter sodium 
lignosulphonate lime columns were prepared to observe the alteration of engineering 
properties of untreated expansive clay specimen (US) located between the columns. Free 
swell and unconfined compressive strength tests were done on the undisturbed expansive 
clay specimens taken from the mold between the columns. SEM-EDX analyses were made 
to investigate whether the ettringite mineral, which leads to swelling of the expansive soil 
during lime stabilization, forms or not. While the ettringite mineral formed during the curing 
period in the lime column stabilization method, the addition of sodium lignosulphonate to 
lime columns blocked the formation of the ettringite mineral. It can be stated that sodium 
lignosulphonate lime columns (NaLS-LC) show better performance than lime columns (LC), 
in the treatment of expansive clays. 
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1. INTRODUCTION 

Expansive soils cause damage to lightweight structures such as one or two-story buildings, 
pavements, etc. Expansive clays can be found in semi-arid and arid regions [1]. As the 
volume change of expansive soils depends on the water contents, their volumes are affected 
by both arid and wet weather conditions, these soils shrink due to the loss of water and their 
volumes increase due to the absorption of water. Although these alterations of their volumes 
do not result in the loss of life, they can cause great economic loss [2].  

The improvement methods for these soils have been developed in the last decades. Chemical 
stabilization, one of these improvement methods, is commonly applied to stabilize these soils. 
Lime is a more preferable additive for the chemical stabilization of expansive soils. Treated 
specimens with lime, gain higher strength and durability properties during the stabilization 
process. Lime stabilization of expansive soils can be done by two different methods that are 
chemical additive technique and the lime column technique. Lime column techniques have 
been applied for many purposes such as slope stability, improving the properties of soft soil, 
etc. [3-4-5].  

 

 
Figure 1 - Sodium lignosulphonate lime columns under the pavement and embankment load 

 

Lime stabilization of expansive soil consists of three steps that are cation exchange, 
flocculation and agglomeration, and pozzolanic reaction. At the cation exchange step, 
calcium ions presented from lime particles are exchanged with monovalent ions presented 
from clay particles. After this exchange process, clay particles get closer to each other and 
the thickness of diffused double layer reduces. Then, the structure of clay particles, which 
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are generally flat and parallel, convert to a more random edge-to-face orientation after the 
flocculation process. The first two steps that are cation exchange and flocculation and 
agglomeration occur in the first 72 hours after the applications. The final step of this 
stabilization is the pozzolanic reaction which both depends on time and consists of the 
reaction between the calcium ions and clay particles. The strength of the treated specimen 
gradually enhanced with this reaction process [6-7-8]. 

The lime column technique is a commonly applicable method in the field. However, the lime 
column, which contains sodium lignosulphonate, has not been studied until now. The main 
objective of this study is to investigate the influence of the addition of sodium 
lignosulphonate to the lime column technique. Figure 1 illustrates an example of sodium 
lignosulphonate lime columns in an expansive soil subgrade in the field. 

Lignosulphonate is a waste material obtained from the paper industry that is produced by 50 
million tons per year. This material is classified into different groups according to calcium, 
sodium, magnesium, and potassium in it, which depends on both type of the wood and the 
chemical processes. Although this waste material is an inexpensive and extensive chemical, 
a very small amount of this production is used as an additive such as concrete 
superplasticizer, agricultural chemical, and industrial binder [9-10]. 

Some studies related to the application of lignosulphonate on soils have been done over the 
past decade.  

Electrostatic interactions, hydrogen bonding, covalent bonding, and cation exchange occur 
during the reactions between the calcium lignosulphonate and clay minerals. Then, expansive 
clay particles covered with this material absorb less amount of water [11]. 

Vinod et al. (2010) studied the physicochemical and microstructural changes of silty clay soil 
due to lignosulphonate addition. First, lignosulphonate was added to the water, after the 
hydrolysis, hydrogen (H+) and hydroxyl (OH-) ions were disintegrated and caused the 
protonation of the lignosulphonate. The protonated lignosulphonate releases water and forms 
a positively charged lignosulphonate. The positively charged lignosulphonate neutralizes the 
negative charges of clay minerals due to electrostatic attraction which leads to the reduction 
of the double-layer thickness and subsequent binding of the soil particles together to form a 
flocculated structure and the engineering properties of the soil were improved [12]. 

Vakili et. al. (2018) stated that the attractive forces between the clay particles increase while 
the repulsion forces decrease during the lignosulphonate stabilization [13]. Indraratna et al. 
(2010) used lignosulphonate for the improvement of erodible soils and the strengths of these 
soils were enhanced after this stabilization process [14]. Tingle and Santoni (2003) used 
lignosulphonate for the treatment of a low plasticity clay (CL). The unconfined compressive 
strength (UCS) of CL soil was measured as 1379 kPa, when %5 lignosulphonate was added 
to CL soil and cured in the humid room for 28 days, UCS concerning the untreated condition 
[15]. A study related to the deformation behavior of sandy silt under cyclic loading was done 
by Chen and Indraratna in 2015. According to this study, the resilient modulus of the treated 
specimen with lignosulphonate was significantly greater than the resilient modulus of the 
untreated soil specimen [16]. 

In this study, the efficiency of the addition of sodium lignosulphonate to the lime column is 
studied by carrying out scanning electron microscope (SEM) and energy dispersive x-ray 
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diffraction (EDX) analysis on both untreated and treated specimens. Methylene blue value 
MBV test results were used to determine the change in specific surface area (SSA) and cation 
exchange capacity (CEC) of both untreated and treated samples. The curing effect on the 
swelling potential and unconfined compressive strength tests of both lime column and 
sodium lignosulphonate lime column specimens were also studied. The sodium 
lignosulphonate lime columns show better performance than lime columns, in the treatment 
of expansive clays. 

 

2. EXPERIMENTAL WORK 

An expansive soil specimen consisting of 85% kaolinite and 15% bentonite in terms of dry 
weight was prepared to obtain a homogenous specimen. Both kaolinite and bentonite were 
oven-dried for one day. They were passed through the No.40 sieve. They were mixed with a 
trowel in the cup. They were sieved two times through the No.20 sieve to obtain a 
homogeneous sample. The test specimens were compacted at maximum dry density. The 
water content of this specimen was %15. This expansive soil specimen is called specimen 
US.  

Lime, which is a calcium-slaked lime, is sieved from the No. 200 sieve to accelerate the 
diffusion process.  

Sodium lignosulphonate utilized in this study was in pulverized form and was sieved from 
the No. 200 sieve. 

 

2.1. Properties of the Untreated Specimen US  

The expansive soil specimen prepared in the laboratory is a high plasticity clay according to 
USCS. The properties of this specimen such as specific gravity, Atterberg limits, PSD, 
compaction, and swelling potential are determined according to ASTM standards (D422 
(2007), D4318 (2017), D854 (2014), D4546 (2014)) respectively [17-18-19-20]. These 
properties are presented in Table 1. 

 

Table 1 - Physical properties of the untreated specimen US from laboratory testing 
*Properties, (Unit) Value 
Specific gravity 2.56 
Liquid limit (%) 95.2 
Plastic limit (%) 23.2 
Plasticity index (%) 72.3 
Clay content (%) 57 
Activity 1.27 
Water content (%) 15 
Dry unit weight (kN/m3) 1.495 
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Table 1 - Physical properties of the untreated specimen US from laboratory testing 
(continue) 

*Properties, (Unit) Value 
Swelling potential under 7 kPa  (%) 43.95 
Swelling potential under 25 kPa (%) 29.47 
Swelling pressure (kPa) 265 

*(ASTM Standard D854, (2014), ASTM Standard D4318, (2017), ASTM Standard D422, 
(2007), ASTM D698-12, (2012), ASTM Standard D4546, (2014) respectively)  

 
The swelling potential of untreated specimen US under 7 kPa surcharge pressure is 
approximately 44%. Thus, this specimen is classified as “very high” expansive according to 
the classification proposed by Seed et al. (1962) [21].   

The chemical characteristics of the untreated specimen were determined in the form of major 
oxides in the Middle East Technical University Central Laboratory, using the X-ray 
fluorescence (XRF) technique. The chemical composition of untreated specimen US is 
provided in Table 2. Elementary sulfur can be analyzed but SO3 (SO4) can not be determined 
in the XRF technique. 

 
Table 2 - Chemical composition of untreated specimen US  

Chemical 
Composition 

Expansive soil 
specimen (%) 

SiO2 51.6 
Al2O3 41.3 
Fe2O3 1.22 
CaO 0.51 
SO3 (SO4) - 
CO2 3.46 
K2O 0.5 
Na2O 0.17 
MgO 0.15 
P2O5 0.06 
SrO 0.02 
ZrO2 0.02 

 

2.2 Treated Specimens with Lime Columns (LC)  

The treated specimen with lime columns, which have 63.5 mm diameter and 19 mm height, 
consists of 37 pieces of lime columns that have 4.5 mm diameter and 19 mm height is 
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presented in Figure 2. The lime columns were placed in a circular orbit due to the shape of 
the oedometer ring. The distance between the lime columns is 4.05 mm.  

Water was added to lime columns to increase the lime diffusion. In addition to this, the water 
content of lime columns should be greater than the water content of expansive soil specimens. 
Thus the columns were filled with a mixture that consists of 70% lime and 30% water by 
weight. This mixture was in a plastic state. When the water content of this mixture was greater 
than 30%, this mixture was not workable material due to its sticky structure, the treated 
specimen was called LC. 

 

    
Figure 2 - Model of the treated specimen with lime columns (LC) 

 

The properties of lime columns installed in an oedometer ring are presented in Table 3. 

 

Table 3 - The properties of lime columns installed in the oedometer ring 

Specimen 
Diameter 

(cm) 

Specimen 
Area  
(cm2) 

Borehole 
Diameter 

(cm) 

Borehole 
Area 

 (cm2) 

Total 
Column 
Volume 

(cm3) 

Total 
Columns 

Surrounding 
Area (cm2) 

 Area 
Ratio 
 (%) 

6.35 31.67 0.45 5.88 11.18 99.4 18.58 
 

2.3. Treated Specimens with Sodium Lignosulphonate Lime Columns (NaLS-LC) 

Sodium lignosulphonate is used as a superplasticizer in the concrete industry and was 
selected as an additive material in this study to accelerate the diffusion of lime particles into 
the expansive soil.  

The sodium lignosulphonate lime columns are composed of lime, water, and sodium 
lignosulphonate. Since sodium lignosulphonate is a water-soluble material, first water, and 
sodium lignosulphonate were mixed, then lime was added to this mixture. The weight 
percentage of the mixture prepared in this step of the study is given in Table 4. 
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Table 4 - The weight percentage of the mixture consists of a water-sodium lignosulphonate-
lime   mixture 

Percentage by weight 
(%) 

Water Sodium lignosulphonate Lime 
30% 3.75% 66.25% 

 

The optimum amount of sodium lignosulphonate is determined as 12.5% of water weight. 
When the amount of sodium lignosulfonate is greater than this value, lignosulfonate particles 
could not dissolve in water.  

In this study, sodium lignosulphonate lime columns were prepared in an oedometer ring and 
a 30cm*30 cm mold as follows: 

 

2.3.1. Treated Specimens in Oedometer Ring  

The number and arrangement of columns in treated specimens with sodium lignosulphonate 
lime columns (NaLS-LC) are the same as in treated specimens with lime columns (LC). 
These treated specimens have been tested only for free swell tests to observe the change in 
their swelling potential of them.   

 

2.3.2. Treated Specimens (BG-36 and BG-50) between the Sodium Lignosulphonate  
          Lime Columns in a 30cm*30 cm Mold 

The untreated specimen US was compacted in a mold that has 30 cm*30 cm*18 cm 
dimensions. Then seven boreholes were opened for the sodium lignosulphonate lime column 
(NaLS-LC) which has a 45 mm diameter. These boreholes were filled with sodium 
lignosulphonate-lime mixture, and the specimens were put into plastic bag and put into 
moisture room with 70% moisture and 22°C temperature  for 7 days, 28 days, and 90 days 
curing. After the curing periods of 7 days, 28 days, and 90 days, two different diameter, 
undisturbed specimens were obtained from treated soil (Figure 3). 

 
Figure 3 - Locations of undisturbed soil sampling 
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The specimen that has a 50 mm diameter, was tested to determine the swelling potential and 
permeability coefficient of treated expansive clay placed between the sodium 
lignosulphonate lime columns. The undisturbed specimen is called BG-50mm. The specimen 
which has a 36 mm diameter and was tested to measure the unconfined compressive strength 
of treated expansive clay placed between the sodium lignosulphonate lime columns. The 
undisturbed specimen is called BG-36mm. The undisturbed specimen sampling tubes were 
pushed into the compacted soil with a hydraulic jack (Figure 4). 

 
Figure 4 - The pushing process 

 

2.4. Laboratory Tests 

Free swell test, unconfined compressive strength test, and SEM-EDX analysis were done 
on both Specimen US and the treated specimens.  

 

2.4.1. Free Swell Test 

Untreated specimen US and treated specimens were prepared at the same dry density (1.495 
g/cm3) and water content (15%). While the densities of these specimens were selected as the 
maximum dry density of untreated specimen US, the water contents were lower than the 
optimum water content of untreated specimen US (26%) to see the effect of sodium 
lignosulphonate lime column stabilization better. 

The volume of the soil specimen changes only in a vertical direction during the free swell 
test. The swelling potential is a ratio between the volume change and the initial volume of 
the specimen. 

The swelling potential (SP) of a soil specimen is calculated as a function of the height of the 
soil specimen (Eqn. 1).  
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𝑆𝑃ሺ%ሻ = ൫௛೑ି௛೔൯௛೔ × 100%                       (1) 

Where hf is the final height of the specimen and hi is the initial height of the specimen.  

Free swell tests were done to determine the swelling potentials of the treated specimens in 
the oedometer ring which had 6.35 cm in diameter and 1.9 cm in height and on the treated 
expansive clay specimens taken from the 30 cm*30 cm mold, in between the sodium 
lignosulphonate lime columns.   

Two surcharge pressures, which are 7 kPa and 25 kPa, were applied to the specimens. The 7 
kPa surcharge pressure represents a very lightweight structure such as a sidewalk, the 25 kPa 
surcharge pressure represents a lightweight structure such as pavement and embankment fill 
loading or one-two storey house loading. 

7 days, 28 days, 90 days, and 180 days curing periods were applied on the treated expansive 
clay specimens in oedometer rings with both lime columns and sodium lignosulphonate lime 
columns. 7 days, 28 days, and 90 days curing periods were applied to treated expansive clay 
specimens taken from the 30 cm*30 cm mold, in between the sodium lignosulphonate lime 
columns. 

Swelling potentials of untreated specimen US under 7 kPa and 25 kPa were determined as 
43.95% and 29.47% respectively. These two values are reference points for the results of the 
other swell tests in this study.  

 

2.4.2. Unconfined Compressive Strength (UCS) Test  

Untreated specimen US (36 mm diameter and 72 mm height) for the UCS test has a water 
content of 15%, the dry density was 1.495g/cm3, the degree of saturation was 53.9% and the 
unconfined compressive strength (ASTM D2166) was measured as 385 kPa [22]. Three 
curing periods of 7 days, 28 days, and 90 days were applied to treated specimens prepared to 
investigate the curing effect.  

 

2.4.3. SEM-EDX Analysis 

SEM-EDX analyses were done at METU Central Laboratory to examine the change in the 
chemical composition and structure of the expansive soil specimen during the stabilization 
process. The selection of the specimens for this analysis was determined according to the 
results of free swell tests.  

 

2.4.4. Methylene Blue Tests 

Methylene Blue Test (MBT) was done according to NF P 94-068 standard to determine the 
cation exchange capacity and specific surface area of treated samples [23]. The samples for 
MBT were taken between the NaLS lime columns and the test samples were cured in a humid 
room for 90 days. 
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3. TEST RESULTS AND DISCUSSION 

3.1. The Swelling Potentials of Treated Specimens  

The swelling potentials of treated specimens under 7kPa and 25kPa (the treated specimen 
with lime columns, which has 63.5 mm diameter and 19 mm height (i.e. in oedometer ring), 
consists of 37 pieces of lime columns which have 4.5 mm diameter and 19 mm height) are 
presented in Figure 5. 

 
a) Under 7 kPa surcharge pressure 

 
b) Under 25 kPa surcharge pressure  

Figure 5 - The swelling potentials of treated specimens consist of 37 columns (LC and 
NaLS-LC) 
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The swelling potentials of treated specimens including 37 columns (LC and NaLS-LC) are 
lower than the swelling potentials of untreated specimen US under both surcharge pressures. 
An optimum curing period, which was 28 days, was applied for treated specimens including 
37 lime columns. After 28 days period, the swelling potentials of the treated specimens 
increase. The reason for this increment can be the formation of ettringite minerals during the 
stabilization process, which was investigated by SEM-EDX analysis. The swelling potentials 
of treated specimens including sodium lignosulphonate lime columns gradually decrease 
with the curing period. Thus, the specimens used for SEM-EDX analysis were selected as 
untreated specimen US and treated specimens with a 180-day curing period according to the 
test results of the free swell tests. 

The swelling potentials of treated specimens placed between the sodium lignosulfonate lime 
columns in the big mold (30cmx30cm) were determined. The swelling potentials of treated 
specimens in this group are presented in Figure 6. 

       
Figure 6 - The swelling potentials of treated specimens (BG-50) placed between the sodium 

lignosulphonate lime columns  
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For each surcharge pressure, the swelling potentials of treated specimens decrease with the 
curing period applied.  

 

3.2. The UCS Values of Treated Specimens  

The UCS values of treated specimens obtained from big mold (30cmx30cm) are presented in 
Figure 7. The UCS values of treated specimens are greater than the UCS of specimen US and 
improved with curing periods. For example, the UCS value of treated specimens called BG-
3 is approximately 533 kPa after a 90-day curing period. While Specimen US behaves as a 
ductile material, treated specimens are converted to a brittle material with a curing period. 
This behavior can be explained by the formation of a flocculated structure due to the addition 
of lignosulphonate to the clay soil (Vinod et al., 2010).  

 
Figure 7 - Unconfined compressive strength test graphs (BG-36 specimens) 

 

3.3. The Results of the SEM-EDX Analysis  

The untreated sample US and treated samples which are named LC and NaLS-LC, with a 
180-day curing period were tested. The samples for SEM-EDX analysis were taken from the 
midpoint of the two columns. The microstructural change of the untreated sample during the 
stabilization process was searched by SEM analysis. In addition to this, an Energy Dispersive 
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X-Ray (EDX) analysis (for 180 days of curing) was performed to get information about the 
chemical characterization of both untreated samples and treated samples in SEM analysis.  

QUANTA 400F Field Emission Scanning Microscope was used for SEM analysis at METU 
Central Laboratory. First, untreated sample US was dried at 45°C and pulverized. Then, the 
specimens were coated with gold and palladium for SEM Analysis. 

The alteration of microstructural properties of particles was investigated (Figures 8a, 8b, 8c). 
The magnification factor of the SEM images is x40000. 

 is         

a) Untreated Specimen US                 b) Treated specimen with Lime Columns (LC) 
            (180 days curing) 

 
c) Treated specimen with NaLS-Lime Columns 

(180 days curing) 

Figure 8 - The SEM images of test specimens  
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The main mineral of untreated sample US is kaolinite which has plate-shaped particles in Fig 
8a. According to the outputs of the free swell tests, the swelling potentials of treated 
specimens with lime columns increased after the 28day curing period, this might be due to 
the formation of ettringite mineral. When the SEM image of the treated specimen with the 
lime column, which was cured for 180 days, was studied (Fig. 8b), the formation of ettringite 
mineral was observed, ettringite formation needs sulfate ions, it is thought that the sulfate in 
the specimens is due to the presence of sulfate SO4 in lime (0.79%) and/or in water 
(167mg/L). The major oxides of the untreated specimen were determined in the X-ray 
fluorescence (XRF) technique, but SO3 (SO4) can not be determined in the XRF technique. 

To block the formation of ettringite mineral, sodium lignosulphonate was added to the lime 
column and the problem was solved (Fig 8c) the swelling potentials of treated specimens 
decreased with the curing period. 

Energy Dispersive X-Ray (EDX) analysis was performed to take information about the 
chemical characterization of specimens during SEM analysis. Table 5 shows the 
microchemical compositions of test specimens obtained from EDX analysis. 

 

Table 5 - The microchemical compositions of test specimens obtained from EDX analysis 

Elements Untreated 
sample US 

LC 180 days 
curing 

NaLS-LC 180 
days curing 

Al 15.57 18.25 16.91 
Si 19.39 25.02 27.59 
O 48.68 51.70 45.95 
Ca 0.39 1.60 1.81 
Na - 0.25 0.94 

 

Essential elements of the untreated specimen US that is aluminum, silica, and oxygen form 
the major part of this specimen. The change of percentages of their weight was sought during 
the stabilization process.  

The elements listed in Table 5, which are calcium and sodium, are crucial for this stabilization 
process. The calcium ion of lime is an identifier element that shows the diffusion of lime 
particles during the stabilization process. Sodium lignosulphonate was used for the 
acceleration of diffusion of lime particles. For two stabilization methods, the weight 
percentages of both sodium ion and calcium ion increase after the 180-day curing period. 
However, the weight percentages of both calcium ion and sodium ion in the treated specimens 
with NaLS-LC are greater than in the treated specimens with the lime column, and this output 
verifies the beneficial effect of the sodium lignosulphonate addition on the acceleration of 
lime diffusion into the clay. 
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3.4 The Results of the Methylene Blue Test 

The methylene blue value of the samples, taken between the sodium lignosulphonate lime 
columns, was found to investigate the change of cation exchange capacity and specific 
surface area of treated expansive clay specimens.  

Cation exchange capacity and specific surface area of both untreated specimen US and NaLS-
LC treated specimen for 90 days curing are presented in Table 6. 

 

Table 6 - MBV, cation exchange capacity, and specific surface area of untreated expansive 
soil specimen the US and NaLS lime column treated specimen for 90 days curing 

Specimens Final 
reading 

(cc) 

Methylene Blue  
value 

(g/100g) 

Cation exchange 
capacity (CEC) 

(meq/100g) 

Specific 
surface Area 

(SSA) 
(m2/g) 

Untreated 
Specimen US 

180 6 18.75 146.73 

NaLS-LC 
90Days 

125 4.167 13.02 101.89 

 

Cation exchange capacity and specific surface area are determinant properties of the activity 
of expansive soils. In this stabilization process, the values of CEC and SSA decrease with the 
curing period. Therefore, the treated expansive clay specimens with the sodium 
lignosulphonate lime columns are less active soils than untreated expansive clay specimens.  

 

4. CONCLUSIONS 

This study aimed to study the effect of the addition of sodium lignosulphonate to lime 
columns for the stabilization of expansive clay. The swelling potential and unconfined 
compressive strength of untreated expansive clay specimen, treated expansive clay specimen 
with lime columns, and treated expansive clay specimen with sodium lignosulphonate lime 
columns were measured and compared.  

Under 25 kPa surcharge pressure, the swelling potential of NaLS-LC specimens with 180 
days of curing was measured as 0.53%. This value is smaller than both untreated expansive 
clay specimens (29.5%) and the LC-treated expansive clay specimens (9.5%) after 180 days 
of curing. 

The formation of ettringite mineral during the lime column stabilization method occurred 
after 180 days curing period. To solve this problem, sodium lignosulphonate was added to 
the lime column and the formation of ettringite mineral was prevented. 

The treated expansive clay specimens placed between the sodium lignosulphonate lime 
columns have higher unconfined compressive strength than untreated expansive clay 
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specimens. The unconfined compressive strength of the treated specimens was measured as 
533 kPa after 90 days curing period.    

According to the result of the EDX analysis, the amount of both Ca+2 and Na +1 ions diffused 
through the expansive clay specimen during the sodium lignosulphonate lime stabilization 
method.  

The treated expansive clay specimens with sodium lignosulphonate lime columns have lower 
cation exchange capacity and a specific surface area than untreated specimen US.  

The swelling percent and unconfined compressive strength of the treated soils improved with 
the curing period due to the reactions between both the clay–lime and clay-NaLS.  

In conclusion, it can be stated that the addition of sodium lignosulphonate to lime columns 
shows better performance than lime columns for the treatment of expansive clays. 
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ABSTRACT 
In the transition from price-based tender evaluation to multi-criteria bid evaluation process 
in public procurements pioneered by academic research, the aim is to ensure the delivery of 
the project at the desired quality without exceeding the time and budget of the contract 
process. In the tenders implemented according to the Public Procurement Law (PPL), while 
the lowest price principle was used in the bid evaluation stage, non-price elements began to 
be used in time. However, complexity in regulations brought about longer tender evaluation 
process and more conflicts. In this study, solutions to current problems such as the evaluation 
of abnormally low in the tenders made within the scope of the law, the long duration of the 
bid evaluation process, and the high number of conflicts are proposed through the model 
created by Fuzzy AHP-TOPSIS methods. 
Keywords: Tender, MCDM, TOPSIS, contractor selection. 
 
1. INTRODUCTION 

In Turkish public procurement practice, most frequently used procedure for selecting 
contractors has been open tendering and mostly tenderer who offered the lowest price was 
awarded the contract. This made tenderers to consider the price down in tender and retrieve 
profits during implementation of projects benefiting from ambiguities in the documents and 
weakness of supervision. The price to quality evaluation has resulted in so many unfavorable 
results such as unfinished projects due to contractor's inability to complete project, high 
maintenance costs due to poor quality of structure, and environmental damage due to 
contractor's failure to take necessary costly measures to respect the environment. 
Consequently, a gradual shift from lowest price to most economically advantageous tender 
evaluation took place. Most economically advantageous tender involves monetary and non-
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monetary element, making tender evaluation a multi-criteria decision making (MCDM). 
These elements exclude the qualification criteria. However, subject of works procurement is 
not a good with known specifications but a work and delivery process which is directly 
shaped by qualifications of tenderers. Therefore, it is important that qualifications of 
tenderers be put into a multi-criteria tender evaluation.  

MCDM involves deciding on the best alternative from a set of potential candidates. These 
alternatives often contain multiple and conflicting criteria that can be qualitative or 
quantitative [1]. There have been numerous MCDM methods offered by researchers to select 
the right contractor, such as, the analytical hierarchy process (AHP) [2], ELECTRE [3], 
multi-attribute utility theory (MAUT) [4], PROMETHEE [5], TOPSIS [6] etc.   

In this study, it is aimed that the time required to award the contract be shortened, the tenders 
be evaluated together with the qualifications of the bidders, the abnormally low tender inquiry 
and explanation processes be removed, and hence the most suitable contractor be selected in 
a relatively shorter time.  

 

2. BACKGROUND  

Tenderers partaking in the procurement proceedings may submit documents for evaluation 
of their eligibilities. The qualification documents that have to be submitted in tender are 
decided by the contracting authorities (CA) according to the estimated cost of the 
procurement. Tenderers who do not meet the thresholds are disqualified. After this stage, 
there exists an abnormally low tender identification, explanation, and evaluation process.  

To determine abnormally low tenders, PPL uses “limit value” that is calculated using 
approximate cost and bid prices. However, the limit value carries a risk that it can be 
manipulated by tenderers. In the prevalence of abnormally low tenders, CA may ask tenderers 
for explanation about important components of their prices. The methods of explanation are 
defined in the regulations. In the next stage, CA accept the explanation if it is duly prepared 
or reject it otherwise.  

Following the evaluation mentioned above, CA shall award the contract to the tenderer who 
submitted most economically advantageous tender. According to PPL article 40, the 
economically most advantageous tender is determined either solely on the basis of price or 
on the basis of both price and non-price factors such as operation and maintenance costs, cost 
effectiveness, productivity, quality, and technical value. Despite both types of evaluation, 
problems may arise during the delivery of project in conformity with the terms of the contract. 
Therefore, the public might not benefit from the project of interest as desired. Also, during 
the implementation of the project, adversarial relationship between the CA and the contractor 
may arise due to contractor’s inabilities and low contract price from contractor’s point.  

Another pitfall of the existing procedure is that it allows tenderers offering prices under limit 
value to refrain from signing contract because there is no sanction in regulations to those who 
do not submit their explanation or submit unduly prepared explanation. This creates a region 
of agreement between tenderers which increases contract value. To make it clear, let’s see 
Table 1. In the table, Tenderers A, B and C, whose prices are abnormally low, could be 
awarded the contract, however, most probably due to an agreement, they do not submit 
explanation and contract value increase from 133 to 149. 
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Table 1 - A sample list of bid prices in a tender 

Tenderer Bid Price Action 

A 133 No explanation submitted – Reject tender 
B 135 No explanation submitted – Reject tender 
C 140 No explanation submitted – Reject tender 
D 149 Explanation accepted – Award contract 

Limit Value 150 Components of tenders below this value must submit explanation 
E 153 Valid tender 
F 165 Valid tender 

 

The tender evaluation procedure currently applied in Turkey and the offered change in this 
process are shown in Figure 1.   

 
Figure 1 - Tender Evaluation Process in Public Procurement Law and offered modification 
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The study proposes a model to be applied in the tenders implemented by open tender 
procedure and negotiating procedure. The qualification criteria to be used are limited to the 
criteria detailed in the Construction Works Tenders Implementing Regulation.  

 

3. METHODOLOGY 

The most important advantage of multi-criteria methods is their capability to weigh 
conflicting interests during selection. The AHP is a technique that can be easily combined 
with other methods, and TOPSIS is a method that is algorithmically structured and easy to 
compute, especially when acting in combination with other techniques [7] 

The proposed model is a fuzzy AHP-TOPSIS hybrid model, which obtains criterion weight 
through fuzzy AHP and ranks alternatives by TOPSIS.  

This model consists of  

(a) a number of tenderers, denoted as Ti …i=1; 2; . . . ; n;  

(b) a set of evaluation criteria consisting of qualification criteria and tender price Cj …j=1, 
2, . . . ,m,  

(c) tenderers’ qualifications and tender prices xij …i=1, 2, . . . , n; j=1, 2, . . . ,m;  

(d) a weight vector w = …w1, w2, . . . ,wm  (referred to as criteria weights) representing the 
relative importance of the evaluation criteria with respect to the contractor selection. 

In order to determine the weight of these criteria in the evaluation of tenders, a questionnaire 
consisting of paired comparisons about the criteria was conducted. Then, 18 different 
scenarios were formed according to the qualification criteria that tenderers must meet in the 
tenders and by using the survey results, the weights for each criterion in each scenario were 
determined by Fuzzy AHP methods [8]. The weights obtained, were then transferred to 
Technique for Order Preference by Similarity to Ideal Solution (TOPSIS) method. In TOPSIS 
applications, 15 different applications were proposed. These methods were aimed at  
i)  mitigating with abnormally low tenders, ie. tenders below limit value, ii) mitigating with 
tenders above approximate cost when other tenderers have poor quality, iii) mitigating with 
high tender prices of over-qualified tenderers  

The results of these practices were evaluated separately for four different tenders and 
recommendations were submitted. Only one example will be given here. For other examples 
readers are refered to [8].  

 

2.1. Criterion Weight, Fuzzy AHP 

AHP was selected to assign criteria weights as i) it is one of the most frequently used MCDM 
methods in construction management literature, ii) it has excellent performance in dealing 
with both tangible and intangible criteria, iii) reliability can be controlled with consistency 
ratio, iv) experts get better understanding about study objectives with a hierarchical 
representation and v) it provides easy implementation [9] 
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Since there were large deviations in evaluations by decision-makers, fuzzy numbers should 
be used. In FAHP, the pair wise comparisons of criteria were performed through the 
linguistic variables, which are represented by triangular numbers. The fundamental scale is 
transformed into triangular fuzzy numbers as in Table 4. 

 

Table 4 - The fundamental scale used in the study 

 
Intensity of 
Importance 

 
Definition  

 
Fuzzy Triangular Scale 

1 Equal importance (1,1,1) 
3 Weak importance of one over another (2,3,4) 
5 Essential or strong importance (4,5,6) 
7 Demonstrated importance (6,7,8) 
9 Absolute importance (9,9,9) 
2 The intermittent values between two 

adjacent scales 
(1,2,3) 

4 (3,4,5) 
6 (5,6,7) 
8 (7,8,9) 

Reciprocals of 
above nonzero 

If activity i has one of the above nonzero numbers assigned to it when 
compared with activity j, then j has the reciprocal value in reverse order 
when compared with i, ie. ij=(2,3,4) then ji=(1/4,1/3,1/2) 

 

Table 5 - Criterion weights suggested by Ozyurek [8] 

Case 

Bank 
Reference 

Letter 
(BRL) 

Current 
Ratio 
(CR) 

Equity 
Ratio 
(ER) 

Short 
Term B.  
Loans / 
Euqity 

Annual 
Turnover 

(AT) 

Work 
Experience 

(WE) 

Qualit
y 

Certifi
cate 
(QC)

Environ
ment 

Certifica
te (EnC)

Tender 
Price 
(TP) 

Estimated
Cost (EC) 

1 

No 

26,94 

No 

73,06 0-0,1 
Threshold 

Value 
(TV) 

2 19,36 73,06 

3 --- 1,52 2,15 2,07 5,36 25,06  63,85 0,1TV-
0,5TV 4 0,95 1,40 1,98 1,91 4,87 25,06 63,85 

7 --- 1,52 2,15 2,07 5,36 20,82 4,24 --- 63,85 

> 0,5 TV 

8 0,95 1,40 1,98 1,91 4,87 20,82 4,24 --- 63,85 

9 --- 1,52 2,15 2,07 5,36 21,00 --- 4,06 63,85 

10 0,95 1,40 1,98 1,91 4,87 21,00 --- 4,06 63,85 

15 --- 1,52 2,15 2,07 5,36 17,89 3,97 3,20 63,85 

16 0,95 1,40 1,98 1,91 4,87 17,89 3,97 3,20 63,85 
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Ozyurek [8] suggested the following weights for qualification criteria through processing by 
FAHP the outcomes of the survey among public procurement specialists at Public 
Procurement Authority. For details of the survey, see Ozyurek [8][10]. 

 

2.2. Ranking of Alternatives: Technique for Order Preference by Similarity to An 
        Ideal Solution 

Technique for Order Preference by Similarity to an ideal solution (TOPSIS) was introduced 
by Hwang and Yoon [11]. In TOPSIS method, positive ideal solution maximizes benefit 
criteria and minimizes cost criteria. Negative ideal solution maximizes cost criteria and 
minimizes benefit criteria [12]. Hence, alternatives should have shortest distance from 
positive ideal solution and farthest from negative ideal solution 

 
Figure 4 - TOPSIS Method 

 

For alternatives 1 and 2 shown in Figure 5, it is seen that Alternative 2 is farther away from 
the negative ideal solution point and closer to the positive ideal solution point, so 
Alternative 2 is more similar to the ideal solution. 

 
Figure 5 - Ranking of alternatives in TOPSIS 
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In applications where TOPSIS method is employed, it is a general approach that positive and 
negative ideal solutions are selected as either maximum or minimum points in each criterion. 
However, due to the nature of tender evaluation system, assigning max or min points as ideal 
solutions sometimes do not help us select the right contractor to deliver the project in desired 
conditions and price. It is worth to remind here that we are restricted with the qualification 
criteria in PPL. Therefore, within the frame of qualification criteria, some suggestions are 
made to select contractor to deliver project timely, safely and within the desired quality. 
Mostly encountered problems and suggestions are given in the next part. 

 

4. APPLICATIONS and DISCUSSION 

Scenario 1: Abnormally low tenders  

The projects delivered by contractors who offered abnormally low price are generally 
defective and operation and maintenance costs are high. It is desired that tenderer, who 
offered abnormally low price compared to the other prices and/or the estimated cost 
determined by the CA, stop gaining price advantage beyond an appreciable value. 

Solution:  

In the scenario, limit value which is determined by a formula defined by Public Procurement 
Authority was selected as the positive ideal solution point. This reduces the price advantage 
of the tenderers below limit value. The lower the price beyond limit value the further it gets 
away from the positive ideal solution. On the other hand, it still continues to get further away 
from the negative ideal solution. 

 

 

 
Figure 6 - Selection of positive ideal solution point for abnormally low tender evaluation 
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Figure 6 shows the effect of assigning limit value to positive ideal solution point. In 
application (a), for price criterion, the distance of Tenderer 1 to the positive ideal solution is 
zero while in application (b) it is (X). This makes the tenderer with low qualifications hesitate 
to offer abnormally low prices. In the former case, as the price goes from maximum to 
minimum price, the value of C in price criterion increases linearly and reaches at 1 at the 
minimum price while in the latter case; it reaches at 1 at the limit value and drops 
parabolically after then. This is the case when only the price criterion is considered that is 
wTP=1,00.  

Scenario 2 Over-qualification Problem  

This problem is not the case for procurement process already in use. However, it will be a 
problem when tenderers’ qualifications are put into evaluation in a multi criteria decision 
making. Tenderers with high qualifications would tend to offer higher prices to make higher 
profits and they would be awarded the contract, resulting in cost overrun for CA unless limits 
are applied for the qualification values. The aim of the tender evaluation model proposed 
hereby is to select the most suitable contractor who can deliver the project in time and budget 
and desired quality. Thus, CA should not pay for the quality beyond its necessity.  

Solution: Qualification criteria should be evaluated by considering the size of the work 
subject to the tender. The excessive amount should not be taken into consideration for 
qualification criteria beyond the size comparable to the subject of the contract. Therefore, 
apply cut-off values to the qualification criteria so that unnecessary payment by the CA to 
the excessive qualification is prevented. The cut-off values can be determined by tender price 
or estimated cost as shown in Figure 7. In this application tender price is used. For 
qualification criteria, independent of tender price, the market conditions should be taken into 
account. 

 
Figure 7 - Solution to over-qualification problem 

 

Scenario 3: Promoting Successful Project Management  

In this application, dimensionless numbers are assigned. The point here is that companies 
that have better management capacity can complete projects at lower costs so they should not 
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be deprived of monetary qualification criteria since the same project if completed by a 
company with improper management capacity can cost much higher values.  Let's consider 
a hospital tender that is made according to PPL. Also, assume that tender prices are 12, 12.5, 
14, 15 and 16 million Turkish Liras, only-price based selection is applied, and all tenderers 
are eligible. If tenderer 1 is awarded the contract it will get 12 million work experience while 
if tenderer 3 is awarded, then it will get 14 million work experience. This unfair advantage 
can be levelled by using a dimensionless work experience parameter.  The dimensionless 
parameter in this application is obtained by dividing work experience value by tender price 
as shown in Figure 8.  

𝑊𝐸∗ ൌ WEEC  

 
Figure 8 - Dimensionless parameters 

 

Scenario 4: Preventing Contracts above estimated cost 

Some tenders result in a contract price above the approximate cost. This is due to the lack of 
competitive environment, agreement between the tenderers, illegal relations between the 
tender authority and the tenderers and some similar situations. To prevent this, it is necessary 
to collect the prices higher than the estimated cost at the negative ideal solution point. In 
public procurement, with the effect of competition, the contract price is generally less than 
the estimated cost even limit value. However, in some cases, contracts above estimated costs 
are signed. Secondary regulations also allow this conduct. From this point of view, 
determining the highest bid price as the negative ideal solution point and accepting the 
distance of prices above estimated cost to the negative ideal solution point as zero, as shown 
in Figure 9, is an appropriate solution to prevent the procurement to be placed at a price above 
the estimated cost for the subject of the tender.  
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Figure 9 - Negative ideal solution to prevent contracts above estimated cost 

 

Example 

The estimated cost of the tender for a pond construction work is 7 614,15 TL. Eight tenderers 
participated in the tender, two tenderers were excluded from evaluation process for various 
reasons and the limit value was calculated as 5 901,75 TL. Tenderer with 4 400,00 TL bid 
price was awarded the contract. Only the work experience certificate was requested as the 
qualification criterion in this tender. 

This tender is the tender with the minimum number of qualification criteria required.  In this 
case, the decision tree has two branches and the weights 26,94 % for work experience and 
73,06 % for tender price [8]. 

 

Table 6 - Qualifications and tender prices in Tender 1 

“ Tenderer 1 Limit 
Value Tenderer 2 Tenderer 3 Estimated 

Cost Tenderer 4 Tenderer 5 Tenderer 6 

Work Experience 2 531,46 
5 901,75

3 911,15 19 464,00
7 614,15

57 719,63 93 239,57 2 531,46 

Tender Price 4 400,00 6 224,36 7 372,65 8 840,67 9 313,00 9 563,00 

 

Table 7 - Results of application (a) 

Tenderer WE TF C୧∗ Rank 

Tenderer 1  2 531,46 4 400,00 0,4729 2 

Tenderer 2 3 911,15 6 224,36 0,3594 4 

Tenderer 3 19 464,00 7 372,65 0,3055 5 

Tenderer 4 57 719,63 8 840,67 0,4179 3 

Tenderer 5 93 239,57 9 313,00 0,5397 1 

Tenderer 6 5 532,33 9 563,00 0,0245 6 

 

The aforementioned four solutions were applied, and the results are as follows. 

a) In application (a), the qualification values of tenderers were directly applied. Although, 
the tender price by Tenderer 5 was very high, it was awarded the contract since it had 
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comparatively higher work experience value. This is the expected result of a multi-criteria 
decision-making application, however in public procurement applications it must be avoided. 
A solution to this problem will be offered in application (c).  

b) In this application, a solution to evaluation of abnormally low tenders is offered. Therefore, 
below a limit value, which is formulated by PPA, it is assumed that the price is questionable. 
The solution offered is that select the limit value as the positive ideal solution point in price 
criterion so that remove the low-price advantage of the abnormally low tenderers. Selecting 
limit value as positive ideal solution point made Tenderer 4 the economically most 
advantageous second tenderer since Tenderer 1 lost its price advantage.  

 

Table 8 - Results of application (b) 

Tenderer WE TF C୧∗ Rank 

Tenderer 1  2 531,46 4 400,00 0,4647 3 

Tenderer 2 3 911,15 6 224,36 0,3704 4 

Tenderer 3 19 464,00 7 372,65 0,3321 5 

Tenderer 4 57 719,63 8 840,67 0,4912 2 

Tenderer 5 93 239,57 9 313,00 0,6281 1 

Tenderer 6 5 532,33 9 563,00 0,0278 6 

 

c) In this application, excessive qualification was cut off. The limit for work experience was 
decided to be three times tender price. Now, the contract price fell to 7 372,65 TL. Since high 
qualification advantage turned out to be over qualification problem and Tenderer 5 lost its 
advantage.  

 

Table 9 - Results of application (c)  

Tenderer WE TP C୧∗ Rank 

Tenderer 1 2 531,46 4 400,00 0,5412 4 

Tenderer 2 3 911,15 6 224,36 0,4617 5 

Tenderer 3 19 464,00 7 372,65 0,6356 1 

Tenderer 4 26 522,01 8 840,67 0,5726 2 

Tenderer 5 27 939,00 9 313,00 0,5470 3 

Tenderer 6 5 532,33 9 563,00 0,0861 6 

 

d) In application (d), dimensionless work experience took place of work experience in 
application (c). Dimensionless work experience was limited by 3 and limit value was selected 
as positive ideal solution point. 
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Table 10 - Results of application (d) 

Tenderer WE* BP C୧∗ Rank 

Tenderer 1 0,5753 0,5778 0,5835 2 

Tenderer 2 0,6284 0,8174 0,5024 4 

Tenderer 3 2,6400 0,9682 0,6990 1 

Tenderer 4 3,0000 1,1610 0,5394 3 

Tenderer 5 3,0000 1,2230 0,4973 5 

Tenderer 6 0,5785 1,2559 0,0009 6 

 

e) In the last application, all solutions were applied together. The decreases in C* of tenderers 
with tender prices above estimated cost (Tenderer 4 and 5) are noteworthy. 

 

Table 11 - Results of application (e) 

Tenderer WE* BP C୧∗ Rank 

Tenderer 1 0,5753 0,58 0,5835 2 

Tenderer 2 0,6284 0,82 0,5024 4 

Tenderer 3 2,6400 0,97 0,6990 1 

Tenderer 4 3,0000 1,16 0,5338 3 

Tenderer 5 3,0000 1,22 0,4966 5 

Tenderer 6 0,5785 1,26 0,0009 6 

 

5. CONCLUSION 

This paper revealed some problems inherited in the present public works procurement 
processes and offered a multi-criteria evaluation model to overcome these problems in a 
timely manner. Fuzzy numbers were used in assigning criterion weight since the survey 
showed large deviations in evaluations by participants. The first step offered was putting 
tenderers’ qualifications into tender evaluation to award the contract. This method of 
evaluation can assure delivery of project of higher quality. Uncontrolled quality to price 
evaluation brought about the over-qualification problem which can result in budget overrun. 
Therefore, this step alone has proved to be insufficient. The over-qualification problem was 
successfully overcome by putting thresholds to tenderer qualifications preventing CAs from 
paying for quality beyond their necessities. Another major pitfall of procurement system is 
evaluation of abnormally low tenders which is an isolated process within tender evaluation 
process. In the model offered, this time- taking process was successfully replaced by 
assigning limit value to the positive ideal solution point. This assignment eliminated the price 
advantage of tenderers beyond the limit value. A rarely occurring phenomenon, however, 
still important for achieving financial aims is contracting with a tenderer who offered price 
above approximate cost. Similar to the case of abnormally low tenders but with some 
difference, approximate cost was assigned to negative ideal solution point providing that 
relative closeness of such tenders decreased. 
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In the paper 672 in Teknik Dergi [1], the authors write: “In this study, only the data of eight 
standard durations (D=5, 15 and 30 minutes, and 1, 3, 6, 12 and 24 hours) have been 
employed.” Hence, the data used in the study are shorter than the actually gauged durations 
of 5, 10, 15, 30 minutes, 1, 2, 3, 4, 5, 6, 8, 12, 18, 24 hours, which are 14 standard durations 
for annual maximum rainfalls (AMRs) as categorized by the Turkish State Meteorological 
Service (known by the Turkish acronym MGM). The authors did not give any explanation as 
to why they excluded those six series. Having skipped six intermediate observed AMRs series 
in their analyses has been a loss of valuable information. The intensity-duration-frequency 
(IDF) curves that would have been computed using all of the observed AMRs series of 14 
durations would have been more meaningful than the IDF curves that were computed using 
eight AMRs series. In the publications whose citation numbers in the ‘References’ section of 
the paper 672 [1] are: [6], [12], [14], [27], [30], which are all related to the IDF relationships 
for AMRs in Turkey, all of the 14 standard-duration AMRs series from 5 minutes to 24 hours 
were included. Not having taken into account the actually observed numerical values of the 
AMRs of the intermediate durations of 10 minutes, 2, 4, 5, 8, 18 hours will cause a loss of 
real-life information from the results.  

In two papers published in SCIE-covered journals, studies closely related to this paper done 
especially in Turkey are presented, which are listed as publications [2] and [3] in the 
References section of this Discussion. The authors of the paper 672 [1] overlooked these two 
papers [2] and [3] summarizing a comprehensive procedure leading to the IDF relationships. 
In the paper 672 [1], the authors cited four papers published in the journal: Hydrological 
Processes over the years between 2007 through 2020. But, somehow the authors skipped or 
ignored another relevant paper again in Hydrological Processes published in 2010 [2]. 
Incidentally, Asikoglu and Benzeden in their paper published in Hydrological Processes in 
2014, which is publication number [30] in the References list of the paper 672 [1], cited these 
two papers by Haktanır et al (2010) [2] and by Haktanır (2003) [3] and they summarized the 
procedures presented in them.  

In their study, the authors used only three probability distributions, which are: 2-parameter-
log-Normal, Gumbel, log-Pearson-type-3. The authors computed the parameters of these  
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three distributions by the method of Moments only. In a relevant report by the World 
Meteorological Organization (WMO), the probability distributions of Gumbel, 2-parameter-
log-Normal (LN2), 3-parameter-log-Normal (LN3), General Extreme Value (GEV), 
Pearson-3 (P3), log-Pearson-3 (LP3) are recommended for annual extreme rainfalls series 
[4]. In another relevant report by WMO, the parameter estimation methods of L-Moments 
and Maximum-Likelihood (ML) are also advocated along with the method of Moments [5]. 
It is a known fact that the L-Moments method gives exactly the same numerical values for 
the parameters of a distribution as the method of Probability-Weighted Moments (PWM). In 
various publications, the parameter estimation methods of ML and PWM are said to have 
peculiarities superior to the method of Moments on statistical grounds [e.g. 5, 6, 7].  

In the paper by Haktanir et al (2010) [2], a statistical model comprising the probability 
distributions of Gumbel, LN3, P3, LP3, GEV for the frequency analyses of 14 standard-
duration annual maximum rainfalls series adopted by MGM, whose ultimate product is the 
IDF curves, is presented. The reasons for having chosen these five probability distributions 
for IDF relationships are explained by Haktanir et al (2010) [2] citing quite a few relevant 
publications in their paper. The model and the resultant computer package presented by 
Haktanir et al (2010) [2], which has been the outcome of the research project 106Y192 
supported by Tübitak (acknowledged in the paper), computes the parameters of each one of 
Gumbel, LN3, P3, LP3, GEV by each one of the methods of Moments (MOM), PWM, 
SDPWM, ML. SDPWM stands for “Self-Determined Probability-Weighted Moments” and 
it is a modified version of the PWM method [8]. A distribution whose parameters are 
computed by a different method is actually another distribution. The model by Haktanir et al 
(2010) [2] comprises the probability distributions of Gumbel-MOM, Gumbel-PWM, 
Gumbel-SDPWM, Gumbel-ML, LN3-MOM, LN3-PWM, LN3-SDPWM, LN3-ML, LN3-
SC0, P3-MOM, P3-PWM, P3-SDPWM, P3-ML, LP3-MOM, LP3-PWM, LP3-SDPWM, 
LP3-ML, GEV-MOM, GEV-PWM, GEV-SDPWM, GEV-ML. LN3-SC0 is another version 
of the LN3 distribution whose parameters are computed such that the sample skewness 
coefficient of the normalized variable becomes zero [8]. By these symbols, in paper 672 [1], 
the distributions of Gumbel-MOM, LN2-MOM, LP3-MOM are used.  

Another aspect of the paper 672 [1] is that the authors ignored the scaling of the parameters 
of those three distributions by not having taken into account their regressions against the 
rainfall duration. Therefore, the paper 672 [1] ignored the possibility of some of the frequency 
curves, curves representing the (quantile)↔(probability of exceedence) or equally the 
(quantile)↔(average return period) relationships, which are known as quantile functions 
denoted by x(F), of successively-increasing-duration AMRs series to cross each other. 
Graphically, when the frequency curves of all 14 standard-duration AMRs are drawn in the 
same graph paper, they should have diverging appearances from each other over all possible 
ranges of probabilities, meaning over all possible ranges of average return periods (T’s) in 
the interval: 1<T<+∞. If each one of 14 frequency analyses of 14 standard-duration AMRs 
series are done in a straightforward manner ignoring this important constraint, then a 
frequency curve of a shorter-duration AMR may cross the frequency curve of a longer-
duration AMR and extends above it with increasing return periods. This situation is against 
the rule of conservation of mass, which states that the rainfall depth of a longer-duration 
AMR must be greater than the rainfall depth of a shorter-duration AMR for the same T. In  
 



Discussion 

169 

other words, the magnitude x2 of a longer-duration AMR, tr2, must be greater than x1, of a 
shorter-duration AMR, tr1, both having the same average return period, T, which necessitates 
that the curve of the quantile function of the tr2-duration AMR must be divergent from that 
of the tr1-duration AMR with increasing return periods. Symbolically, for any two rainfall 
durations such as tr2>tr1, x2(must be)>x1. If these constraints are not satisfied for all of 14 
AMRs, then the resultant IDF curves will incorrectly reflect the statistical behavior of AMRs. 
There have been many publications proposing measures to prevent such absurd cases which 
are against the principle of conservation of mass. Some of these are publications numbered 
[2], [3], [10], [11], [12] in the References list of this Discussion.  

Instead of scaling the parameters of the probability distributions in terms of logarithms of the 
rainfall durations, the authors of the discussed paper applied the frequency analyses on each 
one of those eight standard-duration AMRs in the conventional way. As explained by 
Burlando and Rosso (1996) [10], Benzeden (2001) [11], Porras and Porras (2001) [12], 
Haktanır (2003) [3], and Haktanır et al (2010) [2], the statistical characteristics like means, 
standard deviations, and skewness coefficients of the observed series of the successively-
increasing standard-duration AMRs must be scaled by either semi-log or log-log regressions 
of these characteristics against the rainfall durations from 5 minutes up to 1440 minutes. And 
next, the parameters of the probability distributions fitted to the successively-increasing 
standard-duration AMRs must be scaled by again similar regressions against rainfall 
duration. Apparently, in the paper 672 [1] no such scalings were done, and the numerical 
values of the original statistics and of the original parameters were used as they were obtained 
by treating each one of these eight AMRs series (5, 15, 30, 60, 180, 360, 720, 1440 minutes) 
individually.  

With the purpose of demonstrating a more rational way of obtaining the IDF curves at a 
particular location where MGM has been gauging pluviographic rainfall data with a fairly 
long record period, we have taken the case of Rize. The paper 672 [1] is somewhat like the 
summary of the M.Sc. Thesis by E. Örgün, one of the authors of this paper. Having read this 
thesis, we have understood that the authors used the recorded data of the stations gauged by 
MGM, and Rize data begin in the year 1940 and the last year of record is 2010. The length 
of each one of 14 recorded series from 5 minutes to 24 hours is 70 (instead of 71) because 
the data for the year 1951 are missing in the records. We have already obtained the same data 
from MGM. First, we typed 14 different input data files whose formats were in accordance 
with the computer program: FFA11.EXE. This particular code performs single-series 
frequency analyses comprising eight different probability distributions (including LP3) 
whose parameters are computed by the methods of MOM, PWM, ML, and a couple of special 
methods; and, it has been the outcome of related studies over a few decades [e.g. 9, 13, 14, 
15]. FFA11.EXE has been used in various research and application studies so far, and it is 
freely provided to anybody requesting it. The magnitudes of the AMRs of all durations from 
5 minutes to 24 hours having average return periods of T = 2, 5, 10, 25, 50, 100, 500 years, 
as done in the paper 672 [1], were computed by means of FFA11.EXE. The rainfall 
magnitudes divided by their durations in hours gave the same numerical values presented in 
Table 9 of the paper 672 [1]. This was a clearcut verification of two aspects: (1) FFA11.EXE 
performes the frequency analyses by LP3-MOM correctly, and more importantly (2) in the 
study by the paper 672 [1] the raw parameters were used, namely no scaling was performed.  
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Aside from the straightforward frequency analyses of 14 standard-duration AMRs series of 
70 elements each recorded at Rize, the model by Haktanir et al (20210) [2] was run with the 
same inputa data of Rize. As mentioned before, this model performs the scaling routine for 
each one of those 21 probability distributions. Figures 1, 2, 3 here show the plots of both the 
raw (original) and the scaled sample means, sample standard deviations, and sample 
skewness coefficients of 14 AMRs series of Rize. We have applied the package program 
Y.EXE, which has been the outcome of the Tübitak-supported research project 106Y192 [2], 
to the same AMRs data of Rize. In Figure 4, the frequency curves of AMRs of eight durations 
(5, 15, 30, 60 minutes, 3, 6, 12, 24 hours) computed by the LP3-MOM distribution with the 
unscaled parameters for T’s of 2, 5, 10, 25, 50, 100, 500 years are shown; and in Figure 5, 
the frequency curves of AMRs of all 14 durations (5, 10, 15, 30, 60 minutes, 2, 3, 4, 5, 6, 8, 
12, 18, 24 hours) are shown. As seen in Figure 4, the frequency curve of 3-hour-duration 
AMR goes above the the frequency curve of 6-hour-duration AMR for return periods greater 
than 200 years. As seen in Figure 5, the congestion of 14 frequency curves of durations 
greater that 3 hours are more visible. In Figure 6, the frequency curves of AMRs of all 14 
durations computed by the LP3-MOM distribution with the scaled parameters again for T’s 
of 2, 5, 10, 25, 50, 100, 500 years, given by Y.EXE, are shown. As seen in this figure, all of 
the frequency curves of successively-increasing-duration AMRs are in a diverging order as 
they should be. Figure 7 shows the IDF curves computed by the LP3-MOM distribution with 
the unscaled parameters and Figure 8 shows the IDF curves computed by the LP3-MOM 
distribution with the scaled parameters for the same T’s of 2, 5, 10, 25, 50, 100, 500 years.  

 

 
Figure 1 - Plots of (1) means of original series of the 70-year-long data of 14 successively-
increasing standard-duration AMRs series of durations of 5, 10, 15, 30, 60 minutes, 2, 3, 4, 
5, 6, 8, 12, 18, 24 hours gauged at Rize by MGM over the period of 1940 through 2010 and 

(2) the means of the same series scaled by regression. 
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Figure 2 - Plots of (1) the standard deviations of original series of the 70-year-long data of 
14 successively-increasing standard-duration AMRs series gauged at Rize by MGM and (2) 

the standard deviations of the same series scaled by regression. 

 

 
Figure 3 - Plots of (1) the skew coefficients of original series of the 70-year-long data of 14 

successively-increasing standard-duration AMRs series gauged at Rize by MGM and (2) 
the skew coefficients of the same series scaled by regression. 
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Figure 4 - Frequency curves computed by the log-Pearson-3 distribution with unscaled 

(raw) parameters computed by the method of Moments using the 70-year-long data of eight 
standard-duration AMRs series of durations of 5, 15, 30 minutes, 1, 3, 6, 12, 24 hours 

gauged at Rize by MGM. 

 

 
Figure 5 - Frequency curves computed by the log-Pearson-3 distribution with the unscaled 
(raw) parameters computed by the method of Moments using the 70-year-long data of 14 

standard-duration AMRs series gauged at Rize by MGM. 
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Figure 6 - Frequency curves computed by the log-Pearson-3 distribution with the scaled 

parameters computed by the method of Moments using the 70-year-long data of 14 
standard-duration AMRs series gauged at Rize by MGM. 

 

 
 

Figure 7 - Intensity-duration-frequency curves for Rize computed by the log-Pearson-3 
distribution with the unscaled (raw) parameters by the method of Moments using the 70-

year-long data of 14 AMRs series gauged at Rize by MGM. 
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Figure 8 - Intensity-duration-frequency curves for Rize computed by the log-Pearson-3 

distribution with the scaled parameters by the method of Moments using the 70-year-long 
data of 14 AMRs series gauged at Rize by MGM. 

 

 
Figure 9 - Frequency curves computed by the log-Normal-3 distribution with the scaled 

parameters computed by the method of Probability-Weighted Moments using the 70-year-
long data of 14 AMRs series gauged at Rize by MGM. 

 

The authors of the paper 672 [1] chose the best-fit distribution among the probability 
distributions of Gumbel-MOM, LN2-MOM, LP3-MOM based on the goodness-of-fit tests 
of Chi-square and probability-plot-correlation-coefficient (PPCC). These two tests are 
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widely used for determining the better-fitting distribution, indeed. The model by Haktanir et 
al (2010) [2] also applies these two goodness-of-fit tests plus another commonly used test of 
Kolmogorov-Smirnov and it lists so many distributions from the best-fitting down to the 
worst-fitting giving them numbers as the sum of goodness numbers of the three tests of Chi-
square, PPCC, Kolmogorov-Smirnov. Both the source listing and the EXE forms of this 
computer package will be made freely available to anybody asking for them. According to 
the conjunctive result of these three tests, the distribution of LN3-PWM with the scaled 
parameters turned out to be the best-fit one among 21 distributions for the 14 standard-
duration AMRs series of 70 elements each of Rize. In Figure 9, the frequency curves of 
AMRs of all 14 durations computed by the LN3-PWM distribution with the scaled 
parameters for so many T’s from 2 up to 10,000 years, given by Y.EXE, are shown. The 
upper limit of T is purposely taken to be such a long period in order to verify that the 
frequency curves are in a diverging formation as they should be. And, in Figure 10, the IDF 
curves computed using these frequency curves by LN3-PWM for T’s between 2 and 500 
years are shown. Such IDF figures are automatically drawn by the computer package 
developed by Haktanir et al (2010) [2] with various options for the upper limits of T between 
100 years and 10,000 years in compliance with the choice of the user of the program. In 
forming Figure 10, we opted for 500 years for the upper limit.  

 
Figure 10 - Intensity-duration-frequency curves given by the computer package by 

Haktanır et al (2010) [2] computed by the log-Normal-3 distribution with the scaled 
parameters by the method of Probability-Weighted Moments using the 70-year-long data of 

14 AMRs series gauged at Rize by MGM. 
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Authors’ Closure 
First of all, the Authors are grateful to Mr. Haktanır for His priceless discussion. In the 
following, the discussion and Authors’ replies are presented:  

 

Discussion: 

In the paper 672 in Teknik Dergi [1], the authors write: “In this study, only the data of eight 
standard durations (D=5, 15 and 30 minutes, and 1, 3, 6, 12 and 24 hours) have been 
employed.” Hence, the data used in the study are shorter than the actually gauged durations 
of 5, 10, 15, 30 minutes, 1, 2, 3, 4, 5, 6, 8, 12, 18, 24 hours, which are 14 standard durations 
for annual maximum rainfalls (AMRs) as categorized by the Turkish State Meteorological 
Service (known by the Turkish acronym MGM). The authors did not give any explanation as 
to why they excluded those six series. Having skipped six intermediate observed AMRs series 
in their analyses has been a loss of valuable information. The intensity-duration-frequency 
(IDF) curves that would have been computed using all of the observed AMRs series of 14 
durations would have been more meaningful than the IDF curves that were computed using 
eight AMRs series. In the publications whose citation numbers in the ‘References’ section of 
the paper 672 [1] are: [6], [12], [14], [27], [30], which are all related to the IDF 
relationships for AMRs in Turkey, all of the 14 standard-duration AMRs series from 5 
minutes to 24 hours were included. Not having taken into account the actually observed 
numerical values of the AMRs of the intermediate durations of 10 minutes, 2, 4, 5, 8, 18 hours 
will cause a loss of real-life information from the results. 

Reply: 

Of course, this is a right discussion. However, it has been concluded that, only the data of 
eight standard durations (D=5, 15 and 30 minutes, and 1, 3, 6, 12 and 24 hours) are sufficient 
for this kind of an analysis. However, it is obvious that, the use of data of all of the standard 
durations will enhance the quality of analysis.  

Discussion: 

In two papers published in SCIE-covered journals, studies closely related to this paper done 
especially in Turkey are presented, which are listed as publications [2] and [3] in the 
References section of this Discussion. The authors of the paper 672 [1] overlooked these two 
papers [2] and [3] summarizing a comprehensive procedure leading to the IDF 
relationships.In the paper 672 [1], the authors cited four papers published in the journal: 
Hydrological Processes over the years between 2007 through 2020. But, somehow the 
authors skipped or ignored another relevant paper again in Hydrological Processes 
published in 2010 [2]. Incidentally, Asikoglu and Benzeden in their paper published in 
Hydrological Processes in 2014, which is publication number [30] in the References list of 
the paper 672 [1], cited these two papers by Haktanır et al (2010) [2] and by Haktanır (2003) 
[3] and they summarized the procedures presented in them. 

Reply: 

The Authors have cited and have not overlooked or made little of these two papers. However, 
because of the limitations about the length of the paper (for sake of making the paper short 
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to be published), no detailed analysis is given about these papers. Moreover, it is certain that, 
the aforementioned other papers are very important.  

Discussion: 

In their study, the authors used only three probability distributions, which are: 2-parameter- 
log-Normal, Gumbel, log-Pearson-type-3. The authors computed the parameters of these 
three distributions by the method of Moments only. In a relevant report by the World 
Meteorological Organization (WMO), the probability distributions of Gumbel, 2-parameter-
log-Normal (LN2), 3-parameter-log-Normal (LN3), General Extreme Value (GEV),Pearson-
3 (P3), log-Pearson-3 (LP3) are recommended for annual extreme rainfalls series [4].  

Reply: 

A reply to this discussion has been presented in the paper as: “There are several statistical 
distributions that might be suitable for rainfall intensity-frequency (or return period, T=1/F) 
analysis. One should select a few (say 3 to 5) distributions to test the best fit distribution. 
Various studies have favored the use of three suitable distributions for annual maximum 
precipitation (and also flood) data in Turkey: Log-Normal Distribution (LN2), Gumbel 
Distribution (GM) and Log-Pearson Type 3 Distribution (LPT3) [17,25]. Therefore, in this 
study, these three distributions were tested” (in 3.1. Obtaining IDF Values). 

Discussion: 

The authors computed the parameters of these three distributions by the method of Moments 
only. In another relevant report by WMO, the parameter estimation methods of L-Moments 
and Maximum-Likelihood (ML) are also advocated along with the method of Moments [5]. 
It is a known fact that the L-Moments method gives exactly the same numerical values for the 
parameters of a distribution as the method of Probability-Weighted Moments (PWM). In 
various publications, the parameter estimation methods of ML and PWM are said to have 
peculiarities superior to the method of Moments on statistical grounds [e.g. 5, 6, 7]. 

Reply: 

The usage of various methods for parameter estimation is, of course, preferable. However, 
the use of methods of moments is also recommended in various studies and therefore is 
employed in the paper.  

Other Discussions: 

The other discussions are mainly related to the scaling of the parameters of the used three 
distributions and some statistical analyses. These are also right analyses. Of course, there 
may be similar techniques to be employed in the analysis. However, the Authors believe that 
their statistical analyses are relevant and enough.  

In the end, the use of the computer package by Haktanır et al (2010) may conclude similar, 
and probably more precise, results. 

In short, the discussion has dealt with very important issues, some of which may be used to 
outperform the study. Despite this fact, the Authors believe that the paper, as it is, has very 
great significance and has significantly contributed to the literature.  
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