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ABSTRACT 

     The corrosion protection of low carbon steel in 2.5 M HCl solution by kiwi juice was studied 

at different temperatures and immersion times by weight loss technique. To study the 

determination of the optimum conditions from statistical design in evaluation of a corrosion 

inhibitor, three variables, were considered as the most dominant variables. These variables are: 

temperature, inhibitor concentration (extracted kiwi juice) and immersion time at static 

conditions.  

These three variables are manipulated through the experimental work using central composite 

rotatable Box – Wilson Experimental Design (BWED) where second order polynomial model 

was proposed to correlate the studied variables with the corrosion rate of low carbon steel alloy 

to estimate the coefficients by nonlinear regression analysis method based on Rosenbrock and 

Quasi-Newton estimation method in as few experiments as possible to determinate of the 

optimum conditions of the proposed polynomial adopted via STATISTICA software. The 

parametric study on corrosion inhibition process using response surface methodology (RSM) is 

presented in this paper.  

     The study shows that the immersion time and temperature of corroding medium had shown 

negative dependence of great significance in increase the corrosion rate while the other studied 

variable (i.e. inhibitor concentration) had shown large positive dependence in reduce the 

corrosion rate of low carbon steel alloy. 

     Optimum conditions for achieving the minimum corrosion rate are obtained from optimizing 

the above correlation and are found as follow: 42.86 °C temperature of corroding medium, 29.29 

cm
3
/L inhibitor concentration and 2.65 h immersion time. In these circumstances, the value of 

inhibition efficiency obtained was 96.09 %. It could be concluded that Box-Wilson experimental 

design was adequately applicable in the optimization of process variables and that kiwi juice 

sufficiently inhibited the corrosion for low carbon steel at the conditions of the experiment. 
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  طبٍعًكمانع تآكل  لكٍىيإٌجاد الظروف المثلى فً تقٍٍم عصٍر ا

الهٍذروكلىرٌكحامض للحذٌذ فً   
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 الخلاصة

بأسةتفدا  صيةيس الكيةٌ   )مةٌرز  2.5) حةام  الييةدزًللٌزي فة  مللةٌ  الكةازبٌ   مةنفض حديةد  تم دزاسة حمايةة تكلة 

. التكلةة للسةا  معةدرح  بأسةتفدا  تننيةةة فنةدا  الةٌش  غمةسصنةد مفتلةد دزجةةاح اللةسازر ًفتةساح شمة  لمثةطظ لعمليةة التالة  

 متغيةساح احصتطةاز لاثلاةة بنظةس اخُةرح تكلة فة  تنيةيم ادام مثةطظ صمليةة  م  التيةميم اححيةا   تلديد الظسًف المثلى دزاسةل

mailto:alhadidikhalid@yahoo.com


Journal of Engineering Volume   21  August  2015 Number 8 
 

 

23 

 

شمة  ر فتةسً ( كيةٌ ً تسليةص المثةطظ )صيةيس الالعٌامة  المةرلاسر ىة  دزجةة اللةسازر  .تكل صملية ال صلى تألايسًا احلثس اصتطسح

  .صند ظسًف سالنة غمس

 -Box) التيةميم الةدًاز المسلةل المسلةص  طسينةة سةتفدا إب العمليةة التجاز  تيميمتم معالجتيا م  خث  الثثلاة المتغيساح 

Wilson) ًمعةد   الثثلاةة المتغيساح بي  العثقة الى تشيسالت   الثانية م  الدزجةمتعددر اللدًد  بمعادلة اصثه المتغيساح لسبظ

الثخطة  المعتمةدر ًاحزتةداد مثح بأستفدا  طسينة تللي  التساجع المعا يجادإ خث  الكازبٌ  م  منفض للديد لسطيكة ا تكل ال

بأقةة  صةةدد تجةةاز  ممكةة  لتلديةةد الظةةسًف المثلةةى للمعادلةةة  (Rosenbrock and Quasi-Newton)صلةةى طسينةةة حسةةا  

ذلةسح دزاسةة العٌامة  صلةى صمليةة تثطةيظ التالة   .STATISTICA software))در بٌاسةطة المضتسضة المتعددر اللدًد المعتمة

 بأستفدا  منيج سطح احستجابة ف  ىره المنالة.  

 ف  حةي  ا  المتغيةس ارخةس )معد  التكل  ف  شيادر  اسلطي اتألايس الي التكل ًدزجة حسازر مللٌ   غمسشم  البأ   طي تالدزاسة   

المثلةى ظةسًف السةتفسا  إ. تةم الكةازبٌ   مةنفض سةطيكة حديةد  معةد  تكلة تنلي   ف ا لطيس اايجابي اتألايس لو ( لا تسليص المثطظ

cm 29.29, تسليةص المثةطظ  C° 42.86مللةٌ  التكلة  دزجةة حةسازر  : ىة معةد  تكلة  ًتجاز  للليٌ  صلةى اقة  لل
3
/L   ً

التيةميم بةأ  مة  النتةا ج اسةتنتج  % 96.09.لانة  للتالة  , قيمةة لضةامر المةادر المانعةة ىره الظسًف ًصند  .h 2.65 غمسشم  

صلى نلةٌ تةألايسصيةيس الكيةٌ  لةو الختياز احفض  لمتغيساح العملية ًصلى نلٌ مث م ف  ا قاب  للتططيق Box-Wilsonالعمل  

 الكازبٌ  صند ظسًف التجسبة. منفض لاف  ف  تثطيظ تكل  اللديد 

 

 ، صييس ليٌ  ، مللٌ  حام  الييدزًللٌزي  تكل ، تثطيظ  RSM: الرئٍسٍهالكلمات 

 

1. INTRODUCTION 

 

In the chemical and engineering industry experimental designs are particularly applied to 

study of process variables and how they affect on the product, Perry, and Green, 2000. 

Three basic types of statistically designated experiments are most often used in chemical and 

engineering industry. These are 1. Fractional-Factorial design. 2. Box-Wilson design. 3. Factorial 

design. Box-Wilson designs and, in particular, the two-level Box-Wilson design, have been 

treated in the literature both theoretically and from application point of view, Box and Hunto, 

2005. However, it's desirable here to review briefly their major characteristics: 

Consider the weight loss resulting from corrosion of a low carbon steel specimen has to be 

determined as function of temperature, inhibitor concentration and immersion time, and let the 

two levels of temperature, inhibitor concentration and immersion time. The experiments carried 

out under these conditions are presented in the experimental design.  

Many metals and alloys which used in different human activities are susceptible to different 

mechanisms of corrosion due to their exposure to different corrosive media. Among these, low 

carbon steel is very important. One of the methods used to reduce the rate of metallic corrosion 

is addition of inhibitors. Many studies have been carried out to find suitable compounds to be 

used as corrosion inhibitors for this metal in different aqueous solutions. These studies reported 

that there are a number of organic and inorganic compounds which can inhibit corrosion of steel, 

Musa, et al., 2010, Khadom, et al., 2009, Yaro, et al., 2000. Many researchers were conducted 

to examine some naturally occurring substances as corrosion inhibitors for different metals in 

various environments, El-Etre, et al., 2005, El-Etre, 2003. 

The use of inhibitors is an important method of protecting materials against deterioration. 

Inhibitors are chemicals that often work by adsorbing themselves on the metallic surface by 

forming a film, Ebenso, et al., 2009, Noor, 2008, Ebenso, et al., 2008, Oguzie, 2006, Gazquez, 

2006. Most corrosion inhibitors are either synthesized from cheap raw materials or are chosen 

from organic compounds containing electronegative functional groups and л-electrons in triple 

or conjugated double bonds. The sites of aromatic rings and hetro atoms (such as S, N, O and P) 

are the major adsorption centers for these inhibitors, Dubey, and Sing, 2007. Broad spectra of 

organic compounds are available as corrosion inhibitors. Of these, only very few are actually 

used in practice. This is partly due to the fact that desirable properties of an inhibitor usually 
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extend beyond those simply related to metal protection. Considerations of cost, toxicity, 

availability and environmental friendliness are of considerable important. Accordingly, the 

replacement of some toxic, expensive chemical inhibitors by inhibitors obtained from natural 

sources is necessary. Apart from being readily available, cheap and a renewable source of 

materials, naturally occurring substances are eco-friendly and ecologically acceptable. Naturally 

occurring substances are biodegradable and do not contain heavy metals or other toxic 

compounds. Among the so-called “green corrosion inhibitors” are organic compounds that act by 

adsorption on the metal surface, such as extracts of natural substances, Raja, and Sethuraman, 

2008. The efficiency of these organic corrosion inhibitors is related to the presence of polar 

functional groups with S, O or N atoms in the molecule, heterocyclic compounds and л-

electrons. The polar function is usually regarded as the reaction center for the establishment of 

the adsorption process, Roberge, 1999. One of these natural compounds is fruits. Fruit is a rich 

source of chemicals such as vitamins, minerals, organic acids and phenolic compounds. The kiwi 

juice includes different level of phenolic compounds. The hydroxybenzoic acids and 

hydroxycinnamic acids are the most common compounds in kiwi fruits, Keith, 2012. Note that 

the kiwi juice extract use for the first time as natural inhibitor in this article to the corrosion of 

low carbon steel alloy in hydrochloric acid solution. Alaneme, and Olusegun, 2012 have studied the 

inhibitive property of lignin extract of sun flower (tithonia diversifolia) as green corrosion inhibitor in 1 

M H2SO4 solution using experimental design. Da Rocha, et al., 2012 have studied the inhibitive 

action of grape pomace extract as green corrosion inhibitor against the corrosion of carbon steel 

in a 1 mol L
-1

 HCl solution using weight loss measurements. Afia, et al., 2014 have studied the 

inhibitive property of acid garlic essential oil as a green corrosion inhibitor in a 1 M HCl solution 

by weight loss method of monitoring corrosion rate. 

Therefore, the present study of inhibition of kiwi juice on low carbon steel corrosion and the 

optimization of the independent variables is necessary, as well as important to the environment. 

The experiments discussed in this work were designed to optimize the inhibition of low 

carbon steel by extracted kiwi juice where several variables, including temperature, inhibitor 

concentration and immersion time would influence the corrosion rate.  

Design of experiment is a statistical procedure that can reduce significantly the number of 

experiment, keeping however, the reliability of the conclusions at high standard. The traditional 

experimental method, one factor at a time approach can hardly be used to establish relationships 

among all the experimental input factors and the output responses. Even though the traditional 

approach can be useful in finding predominate factors in this situation, it is difficult to observe 

the optimum value of the working parameters as no interaction among them is considered. To 

solve this problem and obtain a probable optimum, design of experiment (DOE) offers a better 

alternative to study the effect of variables and their responses with minimum number of 

experiments, Giovanilton, et al., 2011, Montgomery, 2005. A Box-Wilson is used to evaluate 

two or more factors simultaneously. The treatment is combination of level of the factors. The 

advantages of Box-Wilson design over one-factor-at-a-time experiment are that they are more 

efficient and they allow interactions to be detected. .  

The aim of the present work is to investigate the influence of the operating parameters 

(temperature, inhibitor concentration of extracted kiwi juice and immersion time) on corrosion 

rate of low carbon steel alloy in hydrochloric acid solution under optimum conditions that are 

obtained by using Box-Wilson techniques, then estimation of the inhibition efficiency of 

extracted kiwi juice as green corrosion inhibitor in order to find a naturally, cheap and 

environmentally safe substance that could be used for inhibition purposes. 
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2. EXPERIMENTAL WORK 
2.1 Metal Preparation 

The material of working electrodes used in this study is low carbon steel in foil coupons of a 

tag shape were used as specimens. This material is cut of specimens by dimensions of (2 3 0.2 

cm). Analysis of these specimens was carried out at National Center for Construction 

Laboratories and Research /Baghdad/Iraq. Table 4 shows the nominal and the analytical 

chemical compositions of material used in this work. This analysis indicates that the main 

elements of material are within the standard limits. 

 

2.2 Extraction of Inhibitor 

Completely fresh ripe kiwi fruit weighing 2 kg was purchased from the local market 

(Baghdad-Iraq). The fruits washed in cold running tap water followed by distilled water, dried 

with clean tissue, and extracted the crust from it and then was squeezed mechanically to get 

corresponding juice. The resulting juice nomination in order to get a homogeneous solution. In 

this process, 1/2 liter of kiwi juice was obtained. The extracted juice was kept frozen at - 4 °C in 

glass graduated cylinder until further experiment. The concentrations of inhibitor were closer as 

5, 15, 25, 35 and 45 cm
3
/L kiwi juice concentration. 

 

2.3 Box-Wilson Experimental Design (BWED) and Optimization of Variables 

  The running expense for each experiment is relatively high which leads to need of design of 

experiment. The design of experiment is a statistical tool which helps to minimize the number of 

experiments so that appropriate data will be collected, the minimum number of experiments will 

be performed to acquire the necessary technical information and suitable statistical methods will 

be used to analyze the collected data. The initial task of this stage is to find out the key process 

control parameters with their ranges and performance evaluation parameter (output) that is to be 

measured. The levels of each variable represent the range for which the effect of that variable is 

desired to be known.  

      Box-Wilson experimental design is easy to apply to many engineering situations, making it a 

powerful yet simple tool and a series of tests for characterizing a physical mechanism. These 

series of experiments have been developed which efficiently serve as a basic deriving the 

mathematical model of process, Jeff, and Michael, 2009. For three variables, the quadratic 

polynomial equation can be represented as follows:  

 

                         
       

       
                  

                                                                                                                                                                     
 

A preliminary step is to set up the relationships between the coded level and the corresponding 

real variables, which are required in the determination of experimental range by the following 

equation. 

 

       
             

            

√ 

                                                                                                                          

 

The coded variables take the value between -2 and 2 in accordance with the central composite 

rotatable suggested by Tarantino, Tarantino, 2010. 

The range of real variables for the system could be represented in Table 1. 

The expression of coded level for the system is estimated from Eq. (2) 
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Where: 

T = Temperature of corroding medium (°C) 

C = Inhibitor Concentration (cm
3
/L) 

t = Immersion Time (h) 

Table 2 shows the relationship between the coded level and corresponding real variables. 

The number of experiments that must be done shown in Table 3. 

 

2.4 Experimentation 

The cleaning procedure was as follows: The specimens were first degreased with analar 

benzene and acetone at 25 °C, and then annealed in a vacuum oven at 550 °C for 1.5 h and 

cooled to room temperature. Specimens were abraded in sequence under running tap water using 

emery paper of grade numbers 220,320,400 and 600, rinsed with running tap water followed by 

distilled water, dried with clean tissue, immersed in acetone and benzene, and kept in desiccator 

over silica gel bed until time of use. The specimens were completely submerged in 200 cm
3
 

corrosion solution at 2.5 M HCl, 30, 37.5, 45, 52.5 and 60 °C, and 5, 15, 25, 35 and 45 cm
3
/L 

kiwi juice concentration for a period of time 1, 2, 3, 4 and 5 h. After each experiment the 

specimens were washed with running tap water followed by distilled water, dried with clean 

tissue, immersed in acetone and benzene, and kept in desiccators over silica gel bed to dry, then 

weighed by high accuracy electronic balance. 

 

3. RESULTS AND DISCUSSION 

The corrosion of low carbon steel in 2.5 M HCl solution containing various concentrations 

of inhibitor at different temperatures and immersion times was studied by weight loss 

measurments. The corrosion rate of low carbon steel was determined using the relation: 

 

    
               

                      
                                                                                                                                  

 

   : Corrosion rate (g/m
2
. day) (gmd) 

 

The percentage inhibition efficiency (IE (%)) was calculated at optimum conditions using the 

relationship, Alaneme, and Olusegun, 2012: 

 

    
                  

          
                                                                                                                        

 

Where           and          are the corrosion rates in absence and presence of inhibitor 

respectively.  
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Table 5 will be first fitted through nonlinear regression analysis to estimate the coefficients 

of the proposed model. Table 5 also shows the corrosion rate of the specimens that reached 

through the experimental work and the predicated corrosion rate, which are designed according 

to the central composite rotatable design method. 

 

3.1 Response Surface Methodology: 

Response Surface Methodology (RSM) can be regarded as a statistical technique for 

optimizing the objective functions through some mathematical methods. Basically, this involves 

doing several experiments. Using the result of one experiment, direction for what to do next is 

provided, Lenth, 2010. The field of RSM consists of the experimental strategy for exploring the 

space of the process or independent variables, empirical statistical modeling to develop an 

appropriate approximating relationship between the yield and process variables and optimization 

methods for finding the values of process variables that produce desirable values of the response, 

Acherjee, et al., 2009. The main objective of RSM is to find the combination of factor levels to 

achieve the optimal response. 

In the present work the RSM is used to study the parametric effect of process parameters on 

corrosion rate. The result of experiment is used to develop the regression model as discussed in 

the following section. The effect of temperature, inhibitor concentration and immersion time on 

corrosion rate is shown graphically in Fig. 3 through Fig. 5 by constructing the response surface 

and contour diagram. 

      Multiple regression analysis (MRA) is one of the most widely used statistical techniques for 

analyzing multifactor data, Davim, et al., 2008. In the present work a regression model is 

developed by establishment of correlation between the process control parameters such as 

temperature, inhibitor concentration and immersion time with the output parameter namely 

corrosion rate, one can use this relationship in various algorithms. A quadratic regression model 

for response corrosion rate (    ) is developed based on experimental results using the coded 

data of the central composite rotatable design, Table 6 the coefficients of the 2
nd

 order 

polynomial were estimated by implementing nonlinear least squares regression analysis 

technique based on Rosenbrock and Quasi-Newton estimation method via the STATISTICA 

software of version 10.1 can be used for estimation of coefficients B0, B1,…., B23. This model 

will help to predict the response as a function of independent variables and their interactions. 

In order to obtain the second-order response surface model equation the following equation 

may be assumed: 

 

     ∑    

 

   

 ∑     
 

 

   

 ∑     

 

   

                                                                                    

 

Where Y is the predicted response,    the intercept coefficient,    the linear terms,     the 

squared terms,     the interaction terms,    and     are coded levels of the process control 

variables, the residual,    measures the experimental error of the observation number and   is the 

total number of designed variables, Jian-Ping, et al., 2007, Montgomery, 2005. The 

coefficients of the model for the corresponding response are estimated using multiple regression 

analysis technique included in RSM. The response surfaces of corrosion rate can be expressed by 

the following quadratic equation in terms of coded values and real units.  
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Where,     = Temperature (°C) 

                = Concentration of Inhibitor (cm
3
/L) 

                = Immersion Time (h) 

    

3.2 Statistical and Mathematical Analysis: 

 

From Table 5:  

               
An estimation of the experimental error variance    

   is obtained by dividing the residual sum of 

squares      by number of degree of freedom   ; where:  

                                                                                                                                                             
Where:  

  : No. of experiments 

     : No. of coefficients in the model 

                                                                                                                                                     
  
  ∑  

  ⁄                                                                                                                                                      
The estimated variance of coefficients    

   is then calculated by the following formula: 

  
    

 ∑   ⁄                                                                                                                                                  
The significant coefficient can be estimated by comparing the value of      

 ⁄   to the critical 

value                  of the F-distribution at 95% level of confidence, Jeff, and Michael, 

2009. The results of these calculations are shown in Table 7 for low carbon steel alloy. The final 

form of the proposed model was as follows: 

 

                                                                     

                                                                                                                                                     
 

The accuracy of an empirical model can also be done by means of statistical parameters, for 

example, correlation coefficient. The correlation coefficient (R
2
) is a statistical measure of the 

strength of correlation between the predicted and measured values, Devore, 2005. For the 

current problem, the following result is obtained: R
2
 = 0.895.  Fig. 2 shows predicted corrosion 

rate by Eq. (14) against experimental one. 

 

3.3 Inhibition Optimization Result and Estimating the Percentage Inhibition Efficiency: 

 

According to Eq. (14), using POLYMATH software version 4.02 in terms of minimum 

corrosion rate, the optimum values were obtained. The optimum values of the studied variables 

in coded and real form are listed in Table 8 below for low carbon steel alloy. A validation 

experiment was conducted at the specified optimized values and the results were used to 

calculate the response (corrosion rate). The practical value of the corrosion rate at the optimum 

conditions was comparable with the theoretical value and the result was closed. 

The percentage inhibition efficiency at the optimum conditions can be calculated from the 

Eq. (7). 
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3.4 Influence of Process Parameters on Corrosion Rate: 

 

The aim of this study was to find a corrosion rate whose features would have been 

previously defined from the operative conditions extracted from the quadratic mathematical 

model. 

Because the direct exploitation of the equation was delicate, it was convenient to restore it under 

a graphic representation; while fixing one of the three factors of the survey, it was possible to 

represent the response surface materializing the surface of regression in a three-dimensional 

space. It was also possible to project the equation in a design under isoresponse curves, 

interpreted as card curves level.  

 

A. Evolution of corrosion rate as a function of the temperature and the concentration of 

corrosion inhibitor: 

 

Fig. 3 shows the evolution of the corrosion rate as a function of the temperature and the 

concentration of corrosion inhibitor (extracted kiwi juice). It can be seen that the inhibitor 

concentration has a strong influence on the tentative response. The minimal corrosion rate is 

obtained for an inhibitor concentration of 0.37 in coded variable, i.e., 29.29 cm
3
/L in real 

variable. Considering simultaneous effects of temperature and inhibitor concentration is 

presented in Fig. 3 contour plot. The figure shows, in high temperature (60 °C), the increase of 

corrosion rate is higher than in lower temperature (30 °C). This is also in close agreement with the 

research done by, Da Rocha, et al., 2012.  
 

B. Evolution of corrosion rate as a function of the temperature and the immersion time: 

 

Fig. 4 shows the synergism between the two factors: the temperature and immersion time in 

corrosion rate at inhibitor concentration 29.29 cm
3
/L. It can be noted that the effect of the 

immersion time differed according to the corrosion rate’s variation. This effect becomes positive 

and even more important when the corrosion rate is degraded (reduced). Analysis of corrosion 

rate as effects of interaction between temperature and immersion time is shown in Fig. 4 contour 

plot. The model shows a decrease followed by growing of corrosion rate due to temperature and 

immersion time at the optimum condition of inhibitor concentration 29.29 cm
3
/L and this in 

agreement with, Alaneme, and Olusegun, 2012. 

 

C. Evolution of corrosion rate as a function of the concentration of corrosion inhibitor and 

the immersion time: 

 

Fig. 5 represents the evolution of the corrosion rate as a function of the inhibitor 

concentration and the immersion time. This figure shows that the corrosion rate initially 

decreased when the inhibitor concentration and immersion time increased. This evolution was 

however more accentuated up to a concentration of 29.29 cm
3
/L kiwi juice until it reaches a 

minimum value of corrosion rate at 2.65 h, which contributes to the great tendency of corrosion 

protection causes decrease in corrosion rate then it begins to increase again with increasing the 

inhibitor concentration and immersion time. Fig. 5 contour plot presents a polynomial surface 

response relating to effect of inhibitor concentration and immersion time on corrosion rate. It is 

shown that different corrosion rate is observed for inhibitor concentration and immersion time. 

Immersion time increased corrosion rate from 70-220 gmd along the immersion time setting (1-5 
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h). Concentration of inhibitor from 5-45 cm
3
/L has decreased corrosion rate from 270-70 gmd. 

This is also in close agreement with the research done by, Afia, et al., 2014.  

 

4. CONCLUSION 

 

1. The results of experiment are extended to develop the second order polynomial regression 

model of the objective function (corrosion rate) in terms of three variables (i.e., temperature 

of corroding medium, inhibitor concentration and immersion time) using response surface 

methodology (RSM) gives Eq. (14), which adequately describes the behavior of the process 

throughout the studied range. 

2. The three variables effect on the corrosion rate in following order: 

                                     Inhibitor concentration > Immersion time > Temperature. 

3. The green corrosion inhibitor made up the kiwi juice extract successfully reduced the 

corrosion rates of low carbon steel alloy in 2.5 M HCl solution. 

4. The optimum conditions as predicted from Eq. (14) is 42.86 °C temperature of corroding 

medium, 29.29 cm
3
/L inhibitor concentration and 2.65 h of immersion time for low carbon 

steel alloy. 

5. Kiwi juice extract acts as a corrosion inhibitor of low carbon steel with inhibition efficiency of 

96.09 % under the optimum conditions. 

6. The corrosion rate of low carbon steel alloy in 2.5 M HCl solution in presence of kiwi juice 

extract, increases with increasing temperature and immersion time, and decreased with 

increasing concentration of inhibitor. 

7. The analysis of statistical central composite rotatable Box–Wilson Experimental Design 

(BWED), generally, shows that the interaction effects on the corrosion rate by weight loss 

technique (within the studied range) is less pronounced compared with the main and square 

variables except the interaction effect of (T   t) in presence of extracted kiwi juice. 
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Table 1. The experimental range of variables. 
 

 

 
Table 2. Real and coded of the independent variables used in RSM study. 

Levels Variables 

2 1 0 -1 -2              

60 52.5 45 37.5 30                     

45 35 25 15 5 
                            

          

5 4 3 2 1                       

 

Table 3. Sequence of experiments according to central  

composite rotatable experimental design. 

Real Variables 
Coded 

Variables 
Exp. 

.No Immersion 

Time 

(h) 

Inhibitor 

Conc. 

(cm
3
/L) 

Temp. 

 (°C) 
         

2 15 37.5 -1 -1 -1 1 

2 15 52.5 -1 -1 1 2 

2 35 37.5 -1 1 -1 3 

2 35 52.5 -1 1 1 4 

4 15 37.5 1 -1 -1 5 

4 15 52.5 1 -1 1 6 

4 35 37.5 1 1 -1 7 

4 35 52.5 1 1 1 8 

3 25 30 0 0 -2 9 

3 25 60 0 0 2 10 

3 5 45 0 -2 0 11 

3 45 45 0 2 0 12 

1 25 45 -2 0 0 13 

5 25 45 2 0 0 14 

3 25 45 0 0 0 15 

3 25 45 0 0 0 16 

3 25 45 0 0 0 17 

3 25 45 0 0 0 18 

 

 

 

 

 

Temperature (°C) 
Inhibitor Concentration 

(cm
3
/L) 

Immersion Time  

(h)  

30-60 5-45 1-5 
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Table 4. A nominal, Astm, 2004 and analytical chemical  

composition (wt. %) of low carbon steel alloy. 

Al Ni Mo Cr S P Si Mn C Fe Metal 

0.003 0.014 0.0008 0.024 0.005 0.004 0.002 0.3-0.6 0.02-0.13 Rem. Nominal 

0.004 0.010 0.0009 0.021 0.007 0.005 0.004 0.309 0.040 Rem. Analytical 

 

Table 5. Two-level central composite rotatable experimental design of the independent variables 

with the observed, predicted values and experimental error for the response. 

Corresponding 

residual 

Predicted 

Corrosion 

Rate 

Exp. 

Corrosion 

Rate 
Real Variables 

Coded 

Variables 
Exp. 

No. 

             
C.Rp  

(gmd) 

C.RE 

(gmd) 

Immersion 

Time 

(h) 

Inhibitor 

Conc. 

(cm
3
/L) 

Temp. 

 (°C) 
         

-22.51 123.04 100.53 2 15 37.5 -1 -1 -1 1 

-0.45 126.33 125.88 2 15 52.5 -1 -1 1 2 

25.56 84.61 110.17 2 35 37.5 -1 1 -1 3 

24.91 86.54 111.45 2 35 52.5 -1 1 1 4 

3.63 126.81 130.44 4 15 37.5 1 -1 -1 5 

2.97 159.79 162.76 4 15 52.5 1 -1 1 6 

28.99 92.83 121.82 4 35 37.5 1 1 -1 7 

51.04 124.45 175.49 4 35 52.5 1 1 1 8 

-3.57 93.92 90.35 3 25 30 0 0 -2 9 

-24.97 128.84 103.87 3 25 60 0 0 2 10 

22.45 196.64 219.09 3 5 45 0 -2 0 11 

-50.98 122.87 71.89 3 45 45 0 2 0 12 

0.51 99.82 100.33 1 25 45 -2 0 0 13 

-29.05 141.49 112.44 5 25 45 2 0 0 14 

-6.95 70.41 63.45 3 25 45 0 0 0 15 

-5.09 70.41 65.32 3 25 45 0 0 0 16 

-8.54 70.41 61.87 3 25 45 0 0 0 17 

-7.96 70.41 62.45 3 25 45 0 0 0 18 

 

Table 6. The coefficient values of the predicted correlation. 

Coeff. B0 B1 B2 B3 B11 B22 B33 B12 B13 B23 

Value 70.41 8.73 -18.44 10.42 10.24 22.34 12.56 -0.34 7.42 1.11 

Correlation Coefficient 

(R
2
) 

0.895  Proportion of Variance 0.67 

Final Value of loss 

function 
10042.18  
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Table 7. Analysis of variance (ANOVA) for the fitted model. 

           

  0.29 

F-value 

        

Variance 

            

Estimated 

Coefficient (B) 
ΣX

2
 

Constant 

Estimated 

S
*

 0.97 78.4539 8.73 16 B1 

S 4.33 78.4539 -18.44 16 B2 

S 1.38 78.4539 10.42 16 B3 

S 1.34 78.4539 10.24 16 B11 

S 6.36 78.4539 22.34 16 B22 

S 2.01 78.4539 12.56 16 B33 

NS
**

 0.001 156.9078 -0.34 8 B12 

S 0.35 156.9078 7.42 8 B13 

NS 0.01 156.9078 1.11 8 B23 

            
 (*)

 Significant 

            
(**)

 Non-significant 

                             

Table 8. Optimum values of the process variables for minimum corrosion rate. 

Variables 

Optimum Values 

(low carbon steel alloy) 

Coded Real 

                    -0.25 42.86 

                                    0.37 29.29 

                      -0.30 2.65 

Function Minimum (Corrosion rate, gmd) 62.35 
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Figure 1. Experimental set-up for weight loss investigation.  
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Figure 2. Predicted corrosion rate versus experimental corrosion rate. 
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Figure 3. Response surface plot (top) and contour plot (bottom) showing  

the variation of corrosion rate as a function of the temperature and  

extracted kiwi juice concentration at the optimum value (2.65 h). 
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Figure 4. Response surface plot (top) and contour plot (bottom) showing  

the variation of corrosion rate as a function of the temperature  

and immersion time at the optimum value (29.29 cm
3
/L). 
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Figure 5. Response surface plot (top) and contour plot (bottom) showing  

the variation of corrosion rate as a function of the extracted kiwi juice  

concentration and immersion time at the optimum value (42.86 °C). 
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ABSTRACT 

One of the most important problems that faces the concrete industry in Iraq is the 

deterioration due to internal sulfate attack , since it  reduces the compressive strength and increases 

the expansion of concrete. Consequently, the concrete structure may be damage .The effects of total 

and total effective sulfate contents on high strength concrete (HSC) have been studied in the present 

study. 

The research studied the effect of sulfate content in cement , sand and gravel , as well as 

comparing  the total sulfate content with the total effective SO3 content. Materials used were divided 

into two groups of SO3 in cement ,three groups of SO3 in sand ,and two groups of SO3 in gravel. 

The results show that considering the total effective sulfate content is better than the total 

content of sulfates since the effect of sulfate in each constituent of concrete, depends on it's granular 

size .The smaller the particle size of the material the more effective is the sulfate in it. Therefore, it 

is recommended to follow the Iraqi specification for total effective sulfate content, because it gives 

more flexibility to the use of sand and gravel with higher sulfate content. 

The results of compressive strength at 90-days show that the effect of total effective SO3 

content of ( 2.647% , 2.992% , 3.424% ) that correspond to total sulfate of ( 3.778%, 3.294%, 

4.528%)  decrease the compressive strength by (7.53%, 11.44%, 14.59%) respectively. 

 

Key words: internal sulfate attack, total effective sulfate content, high strength concrete, total sulfate 

content, particle size. 
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 عالُة المقاومةانة لخرسا خىاصبعض علً  تأثُر هجىم الاملاح الكبرَتُة الداخلُة

 
  زَنة خضُر عباس                                                                                  ندي مهدٌ فىزٌ                                   

  يذسط                                                                                                 أسخار                                         

 جايؼت بغذاد                          –كهيت انهُذست                                                                    جايؼت بغذاد  –كهيت انهُذست                              

 
 حسُن علٍ جابر

 يهُذط

 جايؼت بغذاد -هيت انهُذست ك

 

 

 الخلاصة

َظشا لاَه يقهم خذهىس بسبب هجىو انكبشيخاث انذاخهيت، ان يواحذة يٍ أهى انًشاكم انخي حىاجه صُاػت انخشساَت في انؼشاق ه        

 .قذ يسبب انضشس نهًُشاء انخشساَي. وبانخاني،يٍ يقاويت الاَضغاط ويسبب حذود حًذد في انخشساَت

 انحانيت حى دساست حأريشكم يٍ الايلاح انكبشيخيت انكهيت والايلاح انكبشيخيت انكهيت انفؼانت ػهً انخشساَت ػانيت انًقاويت.  في انذساست

يغ انًحخىي انكهي  كبشيخاثنهذسط انبحذ حأريش يحخىي انكبشيخاث في انسًُج وانشيم وانحصً، وكزنك يقاسَت انًحخىي انكهي ي

في انسًُج، ورلاد يجًىػاث يٍ  SO3)) يحخىي يجًىػخيٍ يٍ انبحذ انً في انًسخخذيتحقسيى انًىاد حى وقذ . نهكبشيخاث انفؼانت

(SO3)  ٍفي انشيم، ويجًىػخيٍ ي(SO3) .ًفي انحص 

 ػهًيؼخًذ  َظشا لاَهأفضم يٍ انًحخىي انكهي يٍ انكبشيخاث  نلايلاح انكبشيخيت انفؼانتانًحخىي انكهي  يًكٍ اػخباس هبيُج انُخائج أَ

وبانخاني، فًٍ . كبشيخاثفي حأريش انيٍ انًىاد أكزش فؼانيت  حبيبي حكىٌأصغش حجى راث  اٌ انًادة.حجى انحبيبت نهًادة انًسخخذيت

لأَه يؼطي يضيذا يٍ انًشوَت لاسخخذاو  انفؼانت الايلاح انكبشيخيت انكهيت يًىاصفاث انؼشاقيت نًجًىع يحخىانانًسخحسٍ أٌ حخبغ 

 كبشيخاث.انًحخىي انؼاني يٍ انشيم وانحصً يغ ان

يغ  قابم٪( انخي حخ.7.6.7 ،٪7.997 ،٪4..7) SO3نم انفؼال أٌ حأريش انًحخىي انكهي خلال ػًش سبؼت اياو أظهشث انُخائج

 .٪( ػهً انخىاني 5..57٪، ...7٪، 5.76) انًقاويت بُسب٪( يقهم يٍ 578..٪، .4.79٪، 4.778) انكهيت كبشيخاثان

 

يحخىي الايلاح  , ػانيت انًقاويت  ,انخشساَت يحخىي الايلاح انكهيت انفؼانت  , هجىو الايلاح انكبشيخيت انذاخهي الكلمات الرئُسُة:

 .انحجى انحبيبي,انكهي 

1. INTRODUCTION 

          High strength concrete is a type of high performance concrete generally with a 

specified compressive strength of (40MPa) or higher, the production of high strength concrete 

requires a comprehensive research and more attention to quality control than the conventional  

concrete ACI 363.2R, 1998. High strength concrete is needed to implement the structural elements 

into service at much earlier age, such as maximize the spaces , construction of long span structures 

such as bridges and enhance the durability of bridge decks ACI 363.2R, 1998. New vanguard 

producers of ready mixed concrete are directing their promotion efforts toward commercialization 

of high strength concrete ( 66 MPa and more).Some of the basic concepts that need to be understood 

for high strength concrete are ; The aggregate should be strong and durable, the aggregate  need not 

necessarily be hard and of  high  strength but need to be compatible, in terms of stiffness and 

strength, with the cement paste, high strength concrete mixtures , generally , need to have a low 

water-cementitious material ratios (w/cm). W/cm ratios can be in the range of(0.23 to 0.35) and the 

use of air entrainment in high strength concrete will greatly reduce the strength potential James, 

1989, and Ron Burg, 1993. Internal  sulfate  attack  results  from  the  reaction  between  sulfate  in  

concrete  constituents ( water , cement , sand and gravel ) .The reaction between these constituents, 

which  have  calcium  aluminates, and  water forms  calcium sulphoaluminate . The  hazard  is  
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illustrated  in  the  materials  which  cause  high  tensile  stresses  leading  to  expansion  and  

disruption  of  concrete Skalny, and Odler, 2002. 

Raof, 1970  considered  Calcium  sulfate  ( gypsum ) more  dangerous  for  this  type  of  

attack  , because  of  the  addition  of  gypsum  to  the  cement  at  the  grinding  stage  to  control    

the  hydration  speed  and  setting  of  cement  paste . 

The deleterious action of internal sulfate attack is brought about by an excessive SO3 content 

in the finer material or, less often, in the aggregate used. Under these conditions , the whole volume 

of the material is affected more-or-less uniformly. The extent of damage depends on the 

composition of the mixture, the curing conditions, and the environment to which the object of 

concern is exposed Skalny, and Odler, 2002. 

 The optimum SO3 content, at which higher mechanical properties and little tendency to 

expanding are obtained, is at SO3 equal to 5 (% by weight of cement).Further increase in sulfates 

content in concrete after this optimum value shows a considerable reduction in mechanical 

properties; compressive strength, flexural strength , U.P.V and rebound number. Nonetheless, there 

is some recovering with advance in age at which the affected mixtures retrieve some of their lost 

strength Al-Ameeri, and Issa, 2013. 

 The cement made with clinker containing somewhat high percentages of SO3 and low alkali 

had relatively slower strength development and higher resistance to sulfate attack than classical 

cement with  similar chemical composition  Sayed Horkoss, et al., 2011. 

  Al-Rawi, et al., 2002 found that the allowable sulfate content in sand could be increased 

without a significant loss in strength provided that sulfate content in cement is reduced . They 

presented the theory of effective sulfate content in concrete constituents and developed the 

following Eq.(1) which is based on this theory :  

SO3(effective ) = 0.9 – 0.25  MF.                                                         ....................(1) 

    This theory implies that sulfates in cement are more effective than sulfate in sand and 

sulfates in sand are more effective than that in coarse aggregates. Sulfates in cement could be more 

than double as effective as sulfates in sand, the same is applicable with the case of sulfate in sand 

compared with sulfate in coarse aggregate .It will also be used to calculate the effective SO3 content 

in the present work Al-Rawi, et al., 2002.The different between al-Rawi work and the present work 

is the method of sulfate content in constituents of concrete which is used naturally contaminated in 

the present work. 

Sulfate problem in fine aggregate increases with time in Iraq and the construction companies 

face several difficulties to find fine aggregate within the specification with regard to sulfate content. 

The possibility of adjusting fine aggregate content in concrete mixes is studied to facilitate using 

fine aggregate with sulfate content higher than that studied by the Iraqi Specification limit to 

(0.5%), but the total sulfate content of the mix is to be within the IQS, No.45, 1984. 

In coarse aggregate, the presence of gypsum coatings is the major source of contamination 

Saco, and Rassam, 1989. Work done by Sharif, et al., 1993 indicates that no gypsum exists in the 

interior mineral composition of coarse aggregate .By using X-ray Microscopic atomic absorption , 

and Auto analyzer they found that the gypsum exists only at the external surface of coarse 

aggregate. 

The quality of mixing water plays an important role in the strength of the resulting concrete . 

Impurities in water may interfere with the setting of cement and adversely affect the strength and 
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may lead to corrosion of reinforcement . Drinking water satisfies specification of quality assurance 

for mixing and curing of concrete, most specification BS 3148, 1980 put an upper limit for sulfate 

not exceed (1000 ppm), The ASTM C94, 2003 gives the use of the wash water (SO3 not exceed 

3000 ppm )and the I.Q.S 1703, 1992 limited (SO3 not exceed 100 ppm) in water as SO3% (by 

weight ) as reported by Al-Salihi, 1994. 

 

1.1 Objectives 

 

The objectives of this research can be summarized as follows: 

1. The research is conducted to produce  high strength concrete according to ACI 

211.4R(2008) . 

2. It also demonstrates  the correlation between the total and total effective SO3% content with 

(HSC) at different ages. 

 

2. MATERIALS CHARACTERISTICS 

2.1 Cement 

Ordinary Portland cement (OPC) (Type I) as (cement 1 and cement 2) under commercial 

name of (Al-Kufa) was used for HSC mixes throughout work. The chemical analysis and physical 

properties of the cement used are given in Tables 1 and 2. The results conform to, IQS, No.5, 1984. 

 

2.2 Fine Aggregate 

Al-Obeidi (sand 1) , Al-Ekhaider (sand 2) and sand 3 which mixed from (sand 1 and sand 2) 

natural sands of 4.75 mm maximum size was used as fine aggregate in HSC mixes. Some properties 

of the three natural fine aggregates are illustrated in Table 3 according to IQS, No.45, 1984.The 

grading of fine aggregates is shown in Fig 1. 

 

2.3 Coarse Aggregate 

Aggregate predominately retained on the No.4 (4.75mm) sieve, in this work crushed coarse 

aggregate with a nominal size of (19 mm) was used and it was obtained from Al-Nibaai region as 

(gravel 1 and gravel 2). Some properties of coarse aggregate are illustrated in Table 4 according to 

IQS, No.45, 1984 ,Fig. 2 illustrate the gradation used throughout the investigation. 

 

2.4 High Range Water Reducing Admixture (HRWRA) 

A super plasticizer  which  is  known  commercially  as  Flowcrete  PC-200  was  used  as  a 

high  range  water-reducing  agent . It is a highly  effective  superplasticizer  with  a slight  set  

retarding  effect which  produces  free-flowing  concrete  in  hot  climates .  Also a substantial  

water  reducing  agent    promotes  high ,  early  and ultimate  strength .  

The  dosage  of  this  superplasticizer  that was  recommended  by  the  manufacturer  was   

(0.7-2.5) %   by  weight  of  cement . Exact  dosage  rates  depend on type  of  the  effect  required,  

quality  of  cement ,  aggregate ,  water  cement  ratio  and  ambient temperature  therefore , in  

many  cases,  it  is  advisable  to  carry  out  trial  mixes . This admixture conforms   to  the ASTM   
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C494, 2006 type G .Table 5 shows some physical and chemical analysis of the superplasticizer  

(PC-200). 

 

2.5 Water  

The water used in HSC mixes was potable water for both casting and curing of specimens. 

 

3. PREPARATION OF CUBE SAMPLES 

3.1 Mix Design 

The design of concrete mixes to achieve characteristic compressive strength of (60) MPa at 

28 days is made according to the American Method ACI 211.4R, 2008. Cement content is (512.5 

kg/m³) and W/C ratio is 0.32. The slump required for all mixes is (75-100 mm). According to the 

mix design procedure, the mix proportion is (1: 1.44: 1.87). Mixes of HSC have been investigated 

by using two percentages of SO3 in cement (type I with  SO3 content =2%) and (type I with  SO3 

content=2.75%) ,These mixes have been studied by using different percentages of  sulfate in fine 

aggregate of (0.3, 3.1, 5.3)%, and in coarse aggregate of (0.06,0.72)% and then its effect on the 

compressive strength, flexural strength, ultrasonic pulse velocity, density, and  absorption  at the 

age of 7, 28 , and 90 day. 

 

3.2 Measurement of Workability of  the HSC 

Workability is one of the most important features defining the fresh properties of concrete 

and can be defined as a measure of the ability of concrete to be mixed, handled, transported and 

most important its ability to be placed without loss in homogeneity and with less air voids. A slump 

test is a suitable test to determine the workability for all types of concrete mixes ; This test is 

performed according to ASTM C143, 2006. 

Several slump tests have been carried out to choose the appropriate dosage of  HRWRA to 

give workability of (75 -100 mm) slump for all mixes. 

 

 3.3 Cube Mould and Curing 

Mixing process was performed by manually operated mixer according to ASTM C192, 

2006. Firstly,  sand was well mixed with the cement to attain a uniform mix. then,  gravel was 

added to the mix and the whole dry materials were well mixed for about (2) minutes. The required 

amount of tap water and HRWRA were then added gradually and the whole constituents were 

mixed for further (2) minutes to get a homogenous mix. 

After mixing, the concrete mix was placed in the standard  cubic  steel moulds Specimens 

(100*100*100) mm which used  for  compressive  strength ,  ultrasonic , absorption , and density 

test. The specimens were compacted using a vibrating table for sufficient period about (20 sec), in 

addition to the use of a metal rod to remove any entrapped air as much as possible. Then , the 

concrete surface was leveled and smoothed by means of trowel, and the specimens were covered 

with nylon sheet for 24 hrs at laboratory temperature to prevent evaporation of moisture from the 

fresh concrete. After, moulds were opened and cured permanent (continuous) water curing until 

testing date. 
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4. DETERMINATION OF THE TEST RESULTS 

4.1 Compressive strength 

               Compressive strength test was measured on 100 mm cube for the determination of average 

compressive strength according to, B.S. 1881: part 116, 1983 using a compression testing machine 

with a capacity of (2000 KN).  

Specimens were kept under curing method conditions until testing. The loading rate used in 

the test was 0.3 N/mm² per second. The test was conducted at ages of 7, 28 and 90 days.  

 

4.2 Flexural strength (Modulus of rupture) 

The (100*100*400) mm concrete prisms were used for flexural strength. Test was carried 

out according to ASTM C293, 2006 .The flexural strength (modulus of rupture) is calculated using 

the formula:           

Fr = 3PL /2BD²                                                                                                  …………… (2) 

4.3 Ultrasonic Pulse Velocity 

The ultrasonic pulse velocity (U.P.V.) is one of the non-destructive tests of concrete. 

Samples of (100*100*100) mm were used in the test according to ASTM C597, 2006 using a 

device commercially known as (PUNDIT). The ultrasonic pulses have a wide range frequencies 

between (24-200) kHz, although the (55 kHz ) and the (82 kHz ) versions will normally be used for 

site or laboratory testing of concrete Bungey, and millard, 2010.  

 

4.4  Density    

Density test was performed on a (100*100*100) mm concrete cubes  according to ASTM 

C642, 2006. The density of concrete cubes is determined in dry air by measuring the dimensions 

and weight of specimens using the measurement device (vernier) and the electrical scale. 
 

4.5  Water Absorption  

This  test was carried out on (100*100*100) mm samples  according to British Standard B.S. 

1881-part 122, 1983. Three  specimens are placed in a drying oven. So that each one was not less 

than 25 mm from any heating surface or from each other.  

 

5. DISCUSSIONS of TEST RESULTS 

Table 6 shows the mix designation and sulfate content for all HSC mixes. Table7 shows the 

compressive strength and flexural strength results for all HSC mixes at different ages . Fig.3 and 

Fig.4 shows the relation between the reduction in compressive strength with the total effective 

SO3% and total SO3% at different ages. Fig.5 , Fig.6 and Fig.7 shows the relationships between the 

compressive strength and age of the HSC specimens for different percentages of sulfate content in 

cement, sand and gravel at 7 , 28 and 90 days . Fig.8 and Fig.9 shows the relation between the 

reduction in flexural strength with the total effective SO3% and total SO3% at different ages. Fig.10 

, Fig.11 and Fig.12 shows the relationships between the flexural strength and age of the HSC 

specimens for different percentages of sulfate content in cement, sand and gravel at 7 ,28 and 90 

days .The HSC specimens having low sulfate content such as reference mix  exhibit an increase in 

compressive strength with increasing of curing age, while concrete specimens having the higher 
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percentages of sulfate content such as (MCSHG) mix exhibit slight increase in compressive strength   

with increasing of curing age .This complies with studies carried out by, Al-Rawi, et al., 2002, and 

Al-Salihi, 1994.  
In general, the results show that concrete mixes with the lower sulfate content gives a good 

results for compressive strength due to fill voids by hydration products and increase the density and 

decrease permeability of concrete .This complies with studies carried out by Samaa ali, 2010. 

The highest percentages of sulfate content decreasing the compressive strength values at 

different ages from (5-40)% at 7 days, (6-41)% at 28 days , and (7-42)% at 90 day and decreasing 

the flexural strength values at different ages from (3-28)% at 7 days, (4-29)% at 28 days , and (6-

32)% at 90 day with the increase in the values of total SO3% and total effective SO3%,but total 

effective SO3% show a good correlation with the decreasing in compressive strength and flexural 

strength than the total SO3% content. The trend of (Ultrasonic pulse velocity and density) is 

compatible with the compressive strength . The trend of absorption results is adverse with the 

compressive strength results because of sulfate action which absorb more water when the 

concentration of it increase Fig.13 shows the effect of total effective SO3%  sulfate content on 

U.P.V ,density & absorption at 7 ,28 and 90 days .This fact according to the particle size of concrete 

constituent, the cement which has the higher fineness than sand and coarse make high surface area 

causing high reaction and high solubility with the sulfate Al-Rawi, et al., 2002.  

 There exist several factors that affect the strength development of concrete having different 

mixes. These factors are: fineness of the particles of the concrete constituent which are related to the 

effective SO3% in materials, The percentages of SO3% content  in cement , in coarse and in fine 

aggregate, the size and shape of aggregate, concrete porosity, and chemical attack. 

Concerning the above factors, the reference  mix whose sulfate contents SO3 )2%) in cement 

showed higher values of compressive strength , flexural strength , U.P.V and density when the 

(OPC) is of a low SO3 in cement ,Thus, the quantity of expansive ettringite becomes less in the 

cement paste of concrete Neville, 2010.  

In the fine aggregate when (SO3%) content increases, the compressive strength of concrete 

decreases as compared to the reference HSC with SO3  (0.3%), this is complies with the results of 

Al-Salihi, 1994.The (SO3) ions which react with C3A in cement to produce calcium sulphoaluminate 

causes expansion of concrete which therefore , may reduce the strength. 

 

6. CONCLUSION 
Depending on the results of the experimental work which has been done to investigate the 

effect of internal sulfate attack on HSC, the following conclusions can be drawn from analysis of 

these results: 

1. The increase in total effective sulfate content in concrete causes an decrease in density of 

concrete about (0.38 - 4.8) at 90 days, but total effective sulfate content is more related linearly 

with this decrease than the total sulfate content. 

2. The reduction in the SO3 content in cement would allow using higher percentages of sulfate in 

aggregates used in concrete. 

3. The total effective SO3 shows a good correlation with the conducted result of all tests as 

compared with the total SO3, so that the total effective SO3 gives a good indication of the 

possibility of using material in concrete. 
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4. The reduction in the compressive strength ranged about ( 7-40%) at 7-days  for mixes with total 

effective SO3 content of  (2.6-6.9%) and with total SO3 content of (3.77-11.72%) (by weight), and 

the reduction is about (11-42%) in the compressive strength at 90-days of test, these result show a 

good resistance in HSC to the sulfate action at different ages.  

5.  Increasing the SO3 content in cement has a more significant effect than increasing the SO3 

content in fine aggregate, fine aggregate has a more significant effect than increasing the SO3 

content in the coarse aggregate on the properties of concrete .This reduction is due to the surface 

area and fineness of cement .The total effective SO3 which depends on the particle size of the  

materials shows a good trend with the increment in sulfate content in concrete constituent.HSC 

mixes suffer significant deterioration in all its properties. 

6. The compressive strength, flexural strength ,U.P.V, and density results decrease at early ages 

about (5-40)% ,(3-28)% ,(1-10)% ,(0.38-4.8)% respectively with the increase in total effective 

SO3 content of (2.6-6.9%) . 

7. The absorption results increase about (-7 to -68)% with the increase in total effective SO3 

content of (2.6-6.9%) .  
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     Sharif , J.A. et al., 1993 نًىاصفت انقياسيت نخؼييٍ انًىاد انضاسة في انشكاو انخشٍ " , وصاسة الاسكاٌ " دساست يسىدة ا

 وانخؼًيش  انًشكض انقىيي نهًخخبشاث الاَشائيت , بغذاد .

 5976صيٍ انؼابذيٍ " انشيال انؼشاقيت "  يشكض بحىد انبُاء, حششيٍ أول  فو ؤس  
 

NOMENCLATURE 

 

F.M = fineness modulus of aggregate. 

Fr = flexural strength, (MPa). 

P = maximum applied load indicated by tested machine, (N). 

L = average length of specimen, (mm). 

B = average width of specimen, (mm). 

D = average depth of specimen, (mm). 

 

Table 1. Chemical composition and main compounds of cement 1& cement 2* 

 

Oxide composition 
cement 1 

% by weight 

cement 2 

% by weight 
IQS (No.5:1984) limits 

Lime (CaO) 62.14 61.55 ---- 

                       Silica (SiO2) ) Silica (SiO2 20.70 20.24 ---- 

Alumina ( Al2O3 )  5.96 6.25 ---- 

Iron oxide ( Fe2O3) 3.34 3.39 ---- 

Sulfate ( SO3) 2 2.75 ≤ 2.8% 

Magnesia ( MgO  ) 3.94 3.96 ≤ 5% 

Loss on Ignition (L.O.I.) 1.07 0.95 ≤ 4% 

Lime saturation Factor ( L.S.F.) 0.90 0.90 0.66-1.02 

Insoluble residue ( I.R.) 0.60 0.40 ≤ 1.5% 

Main compounds ( Bogue’s equations ) ** 

C3S 38.49 41.71 ---- 

C2S 28.99 27.88 ---- 

C3A 10.83 10.64 ---- 

C4AF 10.32 10.16 ---- 

* The tests were carried out in the Laboratory of the Kufa Cement Plant .. 

** According to, ASTM C 150, 2006.  
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Table 2. Physical properties of cement 1& cement 2 

Properties Physical 

Test Result 

cement 1** 

 

Test Result 

cement 2** 
 

IQS (No.5:1984) limits 

Specific surface area, Blaine method, 

m
2
/kg * 

 

313.1 321.5 ≥ 230 

Setting time , Vicat’s Method 

Initial setting , hr : min 

Final setting , hr : min 

 

90 

2:30 
90 

2:30 

≥ 45 minutes 

≤ 10 hours 

Compressive strength MPa 

3-days 

7-days 

 

27.2 

35 

28.4 

35.2 

 

≥15 

≥23 

* The tests were carried out in the Laboratory of the Kufa Cement Plant . 

** cement 1= SO3 %(2) , cement 2 =SO3 %(2.75). 

 

Table 3. Properties of fine aggregate* 

  * Performed in laboratory of Building Materials-University of Baghdad.  

** sand 1 = SO3 %(0.3) , sand 2 = SO3 %(5.3) , sand 3 (mix sand 1 & sand 2) = SO3 %(3.1). 

 

Limits of Iraqi spec.      

No.45/1984/Zone 2 

Passing% 

of sand 3** 

 

Passing% 

of sand 2** 

 

Passing% 

of sand 1** 

 

Sieve size 

(mm) 

100 100 100 100 10 

90-100 91 92 95 4.75 

75-100 85.1 83.7 79.29 2.36 

55-90 70.7 73.8 65 1.18 

35-59 48.6 49.2 45.43 0.6 

8-30 21.6 19.3 13.71 0.3 

0-10 3 4 2.71 0.15 

Limits of Iraqi spec. 

No.45/1984 

Physical properties 

of sand 3 

Physical properties 

of sand 2 

Physical properties 

of sand 1 

Physical 

properties 

 

- 2.8 2.78 2.98 Fineness 

modulus 

- 2.6 2.53 2.76 Specific 

gravity 

- 1 1.21 1.2 Absorption% 

≤ 0.5% 3.1 5.3 0.3 SO3% 

- 1672 1675 1680 Dry rodded 

density kg/m³ 
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Table 4. Properties of coarse aggregate* 

 

  * Performed in laboratory of Building Materials-University of Baghdad.  

** gravel 1 = SO3 %(0.06) , gravel 2 = SO3 %(0.72) 

 

 

Table 5. Technical description  of  superplasticizer  (PC-200) * 

 

Properties Technical description 

Type Synthetic  dispersion 

Colour Light yellow liquid 

Specific  gravity 1.05 kg/l @ 25°C 

Freezing point  - 1°C approximately 

Air entrainment  Less than 2% at normal dosage 

    * Technical description according to Don Gonstruction Products Ltd  

        www.donconstruction.eo. uk. 
 

 

 

 

 

 

 

 

Limits of Iraqi spec. 

No.45/1984  (5-20)mm 

Passing %  

of gravel 2** 

Passing % 

of gravel 1** 

 

Sieve size (mm) 

100 100 100 37.5 

95-100 96.13 95.35 20 

30-60 33.9 31.38 10 

0-10 3.4 2.48 4.75 

Limits of Iraqi spec. 

No.45/1984 

Physical properties 

of gravel 2 

Physical properties 

of gravel 1 

Physical 

properties 

 

- 2.57 2.56 Specific gravity 

- 1.14 0.56 Absorption % 

≤ 0.1% 0.72 0.06 SO3 % 

- 1550 1600 Dry rodded 

density kg/m³ 
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Table 6. Mix designation and sulfate content for all HSC mixes  
 

 

 

Table 7. Compressive strength and flexural strength results for all HSC mixes at different ages. 
 

Set No. 

 

Sulfate content % in Mix 
 

Slump of 

Mixes (75-

100) mm 

 

Total   

SO3% of  

Mixes 

Total  

effective 

SO3% of  

Mixes 

SO3%  in 

cement 
SO3%  in 

sand 
SO3%  in 

gravel 

MRef 2 0.3 0.06 100 2.544 2.238 

MG 2 0.3 0.72 99 3.778 2.669 

MC 2.75 0.3 0.06 95 3.294 2.988 

MCG 2.75 0.3 0.72 90 4.528 3.419 

MSm 2 3.1 0.06 90 6.576 4.181 

MSmG 2 3.1 0.72 87 7.810 4.61. 

MCSm 2.75 3.1 0.06 87 7.326 4.937 

MCSmG 2.75 3.1 0.72 85 8.560 5.36. 

MSh 2 5.3 0.06 83 9.744 5.779 

MShG 2 5.3 0.72 82 10.978 6.215 

MCSh 2.75 5.3 0.06 80 10.494 6.529 

MCShG 2.75 5.3 0.72 78 11.728 6.965 

Set No. 

Total 

SO3% of 

Mixes 

Compressive strength (MPa) 
 

Flexural strength (MPa) 

7 days. 28 days. 90 days. 7 days. 28 days. 90 days. 

MRef 2.544 51.72 61.7 71.7 7.47 8.47 10.26 

MG 3.778 49.0 57.98 66.3 7.23 8.13 9.68 

MC 3.294 47.87 55.2 63.5 7.13 7.85 9.44 

MCG 4.528 45.28 52.09 61.24 7.02 7.78 9.32 

MSm 6.576 43.79 51.55 59.3 6.89 7.68 9.02 

MSmG 7.810 42.2 49.68 57.08 6.73 7.26 8.67 

MCSm 7.326 39.8 47.3 54.35 6.5 7.02 8.47 

MCSmG 8.560 38.3 45.2 51.82 6.32 6.78 8.11 

MSh 9.744 36.33 42.1 48.3 6.05 6.62 7.78 

MShG 10.978 34.77 40.8 45.56 5.85 6.29 7.53 

MCSh 10.494 33.03 38.22 43.41 5.7 6.18 7.26 

MCShG 11.728 31.0 36.2 41.45 5.35 5.95 7.02 
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Figure 1. Grading curve for used fine aggregate with (sand 1),(sand 2) and (sand 3). 

   

 
 

              Figure 2. Grading curve for used coarse aggregate with (gravel 1) and (gravel 2).         
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Figure 3. Relation between total effective SO3% and reduction in compressive strength at different 

ages. 

 

 
 

Figure 4. Relation between total SO3% and reduction in compressive strength at different ages. 
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                        5.a. Cement 1                                                                       5.b. Cement 2  

Figure 5. Effect of  different sulfate content in cement on compressive strength at different ages. 

 

 

              6.a. Sand 1                                                                      6.b. Sand 2  
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 6.c. Sand 3 (mix sand 1 & sand 2) 

 

Figure 6. Effect of  different sulfate content in fine aggregate on compressive strength at different 

ages. 

 

7.a. Gravel 1                                                                 7.b. Gravel 2 

Figure 7. Effect of  different sulfate content in coarse aggregate on compressive strength at 

different ages. 
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Figure 8. Relation between total effective SO3% and reduction in flexural strength at different ages. 

 

 

 

Figure 9. Relation between total SO3% and reduction in flexural strength at different ages. 
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     10. a. Cement 1                                                                    10.b. Cement 2  

Figure 10. Effect of  different sulfate content in cement on flexural strength at different ages. 

 

 

            11.a. Sand 1                                                                    11.b. Sand 2  
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11.c. Sand 3 (mix sand 1 & sand 2) 

 

Figure 11. Effect of  different sulfate content in fine aggregate on flexural strength at different ages. 

 

 

12.a. Gravel 1                                                                 12.b. Gravel 2 

Figure 12. Effect of  different sulfate content in coarse aggregate on flexural strength at different 

ages. 
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                           13.a. U.P.V                                                                 13.b. Density 

 

 

13.c. Absorption 

Figure 13. Effect of total effective SO3%  sulfate content on U.P.V ,density & absorption at 7 , 28 

and 90 days. 
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ABSTRACT 

         The world's population growth and the increasing demand for new infrastructure facilities 

and buildings , present us with the vision of a higher resources consumption, specially in the 

form of more durable concrete such as High Performance Concrete (HPC) . Moreover , the 

growth of the world pollution by plastic waste has been tremendous. The aim of this research is 

to investigate the change in mechanical properties of HPC with added waste plastics in concrete. 

For this purpose 2.5%, 5% and 7.5% in volume of natural fine aggregate in the HPC mixes were 

replaced by an equal volume of Polyethylene Terephthalate (PET) waste , got by shredded PET 

bottles. The mechanical properties (compressive, splitting tensile, and flexural strength ) 

evaluated  at the ages of (7 ,28, 56 and 91) days while the static modulus of elasticity tested at 

(28 and 91) days . The results indicated that HPC containing PET-aggregate presented lower 

compressive strength and static elasticity . The  splitting strength displayed an arising trend at the 

initial stages, however, they have a tendency to decrease after a while. On the other hand, 

flexural strength results gave better modulus of rapture at all ages of curing , as compared with 

reference concrete specimens.  

Key words: High Performance Concrete, mechanical properties, Polyethylene Terephthalate 

(PET), PET-aggregate . 

 الاداء والمحتوٌة على المخلفات البلاستٍكٍة كركامالخواص المٍكانٍكٍة للخرسانة عالٍة 

 الحذٌثً                                                        محمود فوزي احمذ العانًعبذ الوهاب أ.م.د. عبذ القادر اسماعٍل                

 قسن الهنذسة الوذنية                                                                      هنذسة السذود والوىارد الوائيةقسن                     

  كلية الهنذسة / جاهعة بغذاد       جاهعة الانبار                                                                 كلية الهنذسة /                        

  الخلاصة 

مرافق البنٌة التحتٌة ، و المبانً الجدٌدةالطلب على  وتنامً سكان العالم المصادر الطبٌعٌة نتٌجة نموان تزاٌد استهلاك 
بالفضلات  التلوث نموان هذا ،  الى ٌضاف. لأغراض الدٌمومة   الأداء عالٌة ستخدم فٌها الخرسانةتالمنشآت التً وخاصة 

خرسانة عالٌة الخواص المٌكانٌكٌة لل التغٌٌر فً دراسة هذا البحث هو من ان الهدف .بات نموا هائلاالعالم فً البلاستٌكٌة 

%( من حجم الركام الناعم 5.2% و 2% , 5.2تم استبدال ) لهذا الغرض . المواد البلاستٌكٌةمخلفات  والمضاف الٌهاالاداء 

                               البلاستٌكٌةمكافئة من الركام البلاستٌكً الذي تم الحصول علٌه من مثروم مخلفات القنانً بنسب 
               مقاومة الانثناء( بؤعمار و) مقاومة الانضغاط , مقاومة الانشطار  الخواص المٌكانٌكٌةتقٌٌم  تم  .)بولً اثٌلٌن تٌرٌفثالٌت( 

انخفاض مقاومة  النتائج إلى أظهرت  .( ٌوم 19و  ,5) ( ٌوم فً حٌن تم قٌاس معامل المرونة بعمر19و 2,65,65)

الاداء فً مقاومة الشد  الخرسانة عالٌةومعامل المرونة عند زٌادة محتوي الركام البلاستٌكً فً حٌن كان سلوك  الانضغاط 
اعطت نتائج ، من ناحٌة أخرى . عند زٌادة نسبة الاستبدال الانشطاري ٌمٌل للزٌادة عند اضافة مخلفات البلاستٌك ثم تنخفض 

غير الوححىية على  المرجعٌة الخرسانة عٌنات معمقارنة الكسر ولكافة نسب الاستبدال  معاملمة الانثناء تحسن فً  مقاو

 هثروم الركام البلاسحيكي . 

  : الخرسانة عالية الاداء , الخىاص الويكانيكية , بىلي اثيلين جيريفثاليث , الركام البلاسحيكي الكلوات الرئيسية 

mailto:al_hadithi2000@yahoo.com
mailto:mahmodmfa81@gmail.com
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1 . INTRODUCTON  

         Concrete is the most used man-made material in the world since its invention. Worldwide, 

about three tonnes of concrete are used annually per person. Concrete comprises three major 

fractions, aggregate: binder and water. The aggregate fraction in concrete is about 75 % of its 

total volume and therefore it plays a vital role in the overall performance of concrete, Brito, and 

Saikia, 2013 . The environmental impact caused by the increase in the extraction of natural 

resources and higher CO2 emissions has given rise to the search for more efficient, 

environmentally-friendly constructions. To address these needs, high Performance Concrete 

(HPC) , has been employed to increase the durability and economic service life of slender 

structures, to decrease the specific energy consumption and to reduce the environmental impact 

of these activities , Isaia, 2000  . The improvement of mechanical and durability performances of 

concrete in their service life can indirectly reduce the CO2 emission by increasing their service 

life and reducing the requirements of materials for repairing, Brito, and Saikia, 2013 . 

         The modern life style along with the new technologies caused more waste materials 

productions for which the disposing problem exist. Most of the waste materials are                 

non-disposal and remain for hundreds and thousands of years in the environment, Rahmani, et 

al., 2013 .  

         Since plastic is a non-biodegradable material, land-filling using plastic would mean 

preserving the harmful material forever. Land-filling of plastic is also dangerous due to its slow 

degradation rate and bulky nature, Saikia ,and  Brito, 2012 .These non-biodegradable waste 

materials along with population growth have caused the environmental crisis all around the 

world, Rahmani, et al., 2013.Polyethylene Terephthalate (PET) is one of the most common 

consumer plastics used and is widely employed as a raw material to realize products such as 

blow bottles for soft-drink use and to containers for the packaging of food and other consumer 

goods, Afroz, et al., 2013.   

         Total plastic consumption has been increasing in recent years and so contributing to an 

ever-growing volume in the plastic waste stream .This is considered a serious environmental 

threat, especially in Asia , where demand has been growing in China and India . The estimated 

production of plastic bottles in India alone was about 20,000 million between 2005 and 2006 . 

Western Europe consumes about 60 million tonnes of plastics a year, resulting in about 23 

million tonnes of plastics waste
 
, Silva, et al., 2013 . 

In 2007 it is reported a world’s annual consumption of PET drink covers of approximately 10 

million tons, which presents perhaps 250 milliards bottles. This number grows about up to 15% 

every year , Afroz, et al., 2013. 

         The use of waste materials as aggregate in concrete preparation can consume vast amounts 

of waste materials. This can solve problems of lack of aggregate on construction sites and reduce 

environmental problems related to aggregate mining and waste disposal , Saikia , and  Brito, 

2014.  

 

1.1 Objective of the Study 

The objective of this study is to offer an attractive low-cost material with consistent 

properties , and improve the sustainability in concrete industry by using PET waste as an 

aggregate in HPC , which have benefits such as decreasing the usage of natural resources, the 

wastes consumption, avoiding the environmental pollution and economizing energy . 
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2. MATERIALS AND EXPERIMENTAL WORK 

2.1 Materials 

2.1.1 Cement  

         Iraqi Ordinary Portland cement manufactured in the north of Iraq with trade mark of     

(Al-Mass) was used in casting all specimens throughout the experimental work. Tables (1)      

and (2) show the physical properties and chemical analysis respectively. The results indicate 

that the cement confirms to the Iraqi Specifications I.Q.S. 5/1984.  

 

2.1.2 Fine aggregate  

         Natural  sand supplied from (Al-Ukhaydir) area was used for preparing mixes , with 

maximum aggregate size of 4.75mm. The sieve analysis and physical properties of this 

aggregate are shown in Table (3). It conforms to the Iraqi Specifications I.Q.S. No.45/1984 

Zone 2. 

  

2.1.3 Coarse aggregate  

         Crushed gravel supplied from (Al-Nibaee) region in Baghdad City was used for preparing 

mixes. It has nominal maximum aggregate size 14mm . The sieve analysis and physical 

properties of this aggregate are shown in Table (4) . It conforms to the Iraqis specifications 

I.Q.S. No.45/1984. 

  

2.1.4 Water  

         The water used for both mixing and curing  was potable water from the water-supply 

network system (tap water) . 

 

2.1.5 Silica fume  

         Silica fume of Jordanian origin densified type was used throughout this work as a partial 

replacement of cement . Tables (5) and (6) show the physical properties and chemical analysis 

of silica fume respectively. The results indicate that the properties of silica fume used are 

comply with ASTM C1240-05 standard specification. 

 

2.1.6 Superplasticizer 

         A high range water reducing admixture (superplasticizer) commercially known as 

Hyperplast PC260 , which complies with  ASTM C494-10 Type F, was used in this research . 

 

2.1.7 Waste plastic (PET-aggregate)  

2.1.7.1 Preparation of plastic PET- aggregate 

          In this study, PET particles as shown in Plate (1) are provided by grinding waste PET 

bottles and used as fine aggregates in concrete. These PET particles were produced as shown in 

the following steps: 

- Collecting the PET bottles needed for research from disposal area . 

- Removing the cover and trade label . 

- Washing the bottles and spreading them to dry out .  

-  Shredding and grinding the bottles to smaller size as that of sand by plastic granulator  

machine (blade mill) as shown in Plate (2) , used for plastic manufacturing plant located 

in Hit city west of Iraq . 
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- Then ,the obtained particles were separated ,through sieves and subsequently reassembled  

according to the sieve size (10 mm) ; the particles passed this sieve were used as fine 

aggregate , while the coarser one were re-grinded  again . 

 

2.1.7.2 Physical and mechanical properties of PET-aggregate  

          After production  of  PET-aggregate  , it was analyzed in terms of some physical properties 

such as density and sieve analysis. Table (7) and Table (8) present the sieve analysis, measured 

physical and mechanical properties of PET particles , respectively . It can noted from Table (7) 

the sieve analysis of PET-aggregate do not comply with natural sand grading as shown in                

Table (3) due to character of plastic texture and shape of plastic pieces which it is usually be 

flaky , irregular , sharp edge and angular particle , while the natural fine aggregate is usually be 

spherical and granulated particles . Moreover  it is important to focusing on sustainability of 

natural sources, negative environmental impact of plastic waste and reduce the coast of 

construction .               

 

2.2 Experimental Work 
2.2.1 Mix design and proportions of HPC  

          The mix design was made according to the American  method (ACI 211.4R-08). The 

reference concrete mixture was designed to obtain the required compressive strength of cube 

equals to (60 MPa) at 28 day. The cementitious  content ( cement + silica fume) is (510 kg/m³) 

with partial replacement of cement weight  by(10%) silica fume ,  the water to cementitious 

materials (w/cm) ratio is (0.29) , coarse aggregate is (1160 kg/m
3
) and fine aggregate is                   

(660 kg/m
3
) , the dosage of superplasticizer which was (0.8 L/100Kg of cementitious materials ) 

in order to have a required slump (175mm) for reference mix only . Finally , the waste plastic 

(PET-aggregate)  was used as partial replacement of natural sand in three volume percentage               

( 2.5 , 5 , 7.5 )% .The details of the mixes used throughout this study are given in Table (9) . 

 

2.2.2 Procedure of concrete mixing  

          An electrical rotary mixer was used to batch all specimens with 0.1 m3 capacities. The 

coarse and fine aggregate wetted to be in saturated surface dry (SSD) conditions .The ingredients 

were initially mixed by hand in dry condition (cement + silica fume) , and                               

(fine aggregate + PET-aggregate). Firstly, the coarse aggregate and some of the mixing water 

were added to the mixer and mixed thoroughly. While the mixer was running , the fine aggregate 

and PET- aggregate were added with the remaining water. Without stopping the mixer the 

cementitious materials ( cement + silica fume ) were added and the solution of  (water + SP) was 

added gradually. The concrete was mixed, after all ingredients were in the mixer, for (3-4) min , 

followed by a 2 minutes  stop, and the mixing was manually continued, especially for the 

portions not reached by the blades of the mixer. Then the mixer was operated for 2 minute to 

attain homogeneous, uniform in color and consistency concrete . 

 

2.2.3 Preparation of specimens 

          The   molds  were  well  cleaned  and  the  internal  surfaces  were  oiled  to prevent  

adhesion  with  concrete  after  hardening. The  molds were filled with concrete in layers of (50) 

mm  depth , and each layer was compacted by a vibrating table for a sufficient period  to remove  

any entrapped  air as  possible. After completing consolidation, the surfaces of the specimens 

have been leveled by hand trawling. The specimens are covered with Nylon sheets to prevent 

evaporation of mixing water from concrete, and they have been left about 24hours in the 
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laboratory. After remolding the specimens curing process was done by completely immersion the 

specimens in water storage tank until the time of testing. 

 

2.3 Testing Hardened Concrete  

2.3.1 Compressive strength test 

           The compressive strength test was determined according to (B.S.1881: part 116), using 

100 mm cubes. The compressive strength cubes were tested using a standard testing machine 

(TINIUS OLSEN). The average compressive strength value of three cubes was recorded for each 

testing age (7, 28 , 56 and 91 days). 

 

2.3.2 Splitting tensile strength  

           Splitting tensile strength was conducted on cylinders of (100mm diameter and 200mm 

height according to ASTM C496-04 . The average of three cylinders was recorded for each 

testing age (7, 28 , 56 and 91) days respectively for splitting tensile strength. 

 

2.3.3 Flexural strength (modulus of rapture)  

           Flexural strength of concrete was measured on (100×100×400 mm) prism specimens in 

conformity with ASTM C293-10, at ages of (7 , 28 ,56 and 91 days) . The prisms were subjected 

to center-point loading using the testing machine (SANS Testing Machine), and the average 

value of three specimens in each mix was taken . 

 

2.3.4 Static modulus of elasticity 

           The static modulus of elasticity was performed according to the ASTM C469-02 , The 

test was carried out at age of 28, and 91 days using cylinders of (150×300) mm , and the cylinder 

specimens were grinding top surface to be smooth and level. The average value of three 

cylinders was calculated at each result.  

3. RESULTS AND DISCUSSTION  

3.1 Compressive Strength  

           The effect of PET-aggregate content as partial replacement of sand on the compressive 

strength in comparison to concrete without plastic aggregate illustrated in Fig.(1) , the results 

indicate that the compressive strength decreases with the increase of PET-aggregate content . 

This trend can be attributed to the reduction in adhesive strength between the surface of the     

PET- aggregate and the cement paste. Another factor is the mismatch of particle size and shape 

between natural and plastic waste aggregates, , Saikia , and  Brito, 2014. Additionally,                  

PET-aggregate is considered to be a hydrophobic material, so this property may restrict the water 

movement necessary for cement hydration from entering through the structure of the concrete 

specimens during the curing period, Ismail, and AL-Hashmi, 2008.  

           On the other hand , It is observed from Table (10) and Fig.(2) , that the all specimens 

exhibit an increase in compressive strength with the progress of age. This increase in 

compressive strength is due to the continuity of cement hydration process which forms a new 

hydration  product within the concrete matrix . 

3.2 Static Modulus of Elasticity  

            The Fig.(3) indicated that the value of modulus of elasticity decreased with the increase 

in plastic aggregate content , and the minimum value was (40.53 , 42.16 GPa) for mix(M7.5) at 

28 and 91 days respectively. The values of  modulus of elasticity for all HPC mixes shown                   
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in Table (11) . The reduction in modulus of elasticity can be attributed  to the small modulus of 

elasticity of PET particles; the poor bond between the matrix and plastic aggregates can also 

contribute to this drop and can be nominated as another reason for this phenomenon, Rahmani, 

et al., 2013 . 

  

3.3 Splitting Tensile Strength 

            The results of splitting tensile strength for various types of HPC specimens at age                     

(7, 28, 56 and 91) days are presented in Table (12) . The relationship between splitting tensile 

strength and various ratios of waste plastic aggregate is shown in Fig.(4) . Generally while the 

rate of sand replacement with PET-aggregate particles increases, the splitting strength have an 

increasing tendency at first, but it declines after a while . As shown in Fig.(4) ,                                      

the 2.5% replacement of sand volume with PET particles, leads to                                                            

increases in splitting strength with compared to (M0), while the substitution of (5% and 7.5%)  

of the sand volume with PET particles caused sharply reduction in splitting tensile strength.                 
In fact , for (M2.5) with low percentages of PET-aggregate content, when the load reaches to its 

maximum the probability of inter locking between the PET-aggregate on the fractured surfaces 

increases due to the special shape of the PET particles and their flexibility . But when the                

PET-aggregate percentage increases, because of the weak cohesion between the texture and the                

PET particles, the smooth surface of the plastic particles and the fact that the strength of the 

PET-aggregate is lower than that of the natural aggregate , cause a weaker bonding between 

these particles and the cement paste.  As a result, the splitting tensile strength decreases 

gradually, (Yadav,2008. Rahmani, et al., 2013 . Brito, and Saikia, 2013 . Saikia , and  Brito, 

2014. ) 

 

3.4 Flexural Tensile strength   

           The results of the flexural strength tests for the all HPC mixtures M0 ,M2.5, M5, and 

M7.5 are illustrated in Fig.(5). As shown in Fig.(5) and Table (13) , the maximum values of 

flexural strength was for mix (M2.5), then the strength of flexural trend to drops for mixes                

(M5 and M7.5) , but still in values higher than control HPC ( M0) . This behavior is mainly 

attributed to the fibro-form, flaky shape and particles size of PET-aggregate , which acts as a 

fibers role in concrete by the increase in crack resistance of the composite and ability of fibers to 

resist forces after the concrete matrix has cracked. Furthermore , The plastic PET-aggregates can 

delay crack initiation and prolong the crack propagation interval thereby increasing structural 

strength, Brito, and Saikia, 2013 .  

 

4 . CONCLUSIONS 

The main conclusions that can be drawn from this study are: 

 The compressive strength values of all waste plastic HPC mixtures tend to decrease 

below the values for the reference concrete mixtures with increasing the PET-aggregate  

ratio at all curing ages. The percentage of decreasing in compressive strength for plastic 
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HPC were ( 12.49, 17.49 and 27.02) % for M2.5 , M5 and M7.5 respectively compared 

with M0 at 28 days . 

 Regardless of the percentage content of PET-aggregate and curing time, the modulus of 

elasticity of HPC containing PET-aggregate are lower than those of the reference 

concrete. This property decrease as the content of PET-aggregate increases. The 

minimum values were (40.53 , 42.16 GPa) for mix (M7.5) at 28 and 91 days , 

respectively. 

 The HPC specimens containing various amounts of PET particles , exhibited different 

behaviors in splitting tensile strength. So that 2.5% replacement of fine aggregates with 

PET particles yielded the optimum splitting tensile strength (4.01 MPa) at 28 days .                  

On the other hand, with further increase of PET-aggregate contents, the splitting tensile 

strengths were decreased by (11.6 and 13.17)% for M5 and M7.5 at 28 days respectively. 

 HPC containing PET-aggregate  gives better modulus of rapture at all ages of curing , as 

compared with reference concrete specimens. The maximum increase was (20.85)% for 

M2.5 at 28 days with respect to M0 , while the flexural strength for mixes (M5 and M7.5) 

decrease below M2.5 , but were still higher than (M0) by (11.36 and 10.42) %  . 
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List of Abbreviations  

M0 High performance concrete content (0)% PET-aggregate 

replacement  of sand by volume   

M2.5 High performance concrete content (2.5)% PET-aggregate 

replacement  of sand by volume   

M5 High performance concrete content (5)% PET-aggregate 

replacement  of sand by volume   

M7.5 High performance concrete content (7.5)% PET-aggregate 

replacement  of sand by volume   
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                     Table 1. Physical properties of cement used throughout this work.
 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

Table 2. Chemical composition and main compounds of ordinary portland cement.  

 
 

 

 

 

 

 

 

 

Limits of Iraqi 

spec. No.5/1984 
Test result Physical properties 

> 230 300 Specific surface area, Blaine Method, 

(m²/kg). 

 

≥ 45 min 

≤ 10 hrs 

 

 

1:40 

4:00 

Setting time : 

-Initial setting (hrs: min) 

-Final setting (hrs: min) 

 

≥ 15 

≥ 23 

 

 

21 

27 

 

Compressive strength of mortar (MPa):                                          

3-days 

7-days 

≤ 0.8 0.02 Soundness % (Autoclave) 

Limits of Iraqi spec. 

No.5/1984 
by weight% Abbreviation Oxide composition 

- 61 CaO Lime 

- 19.84 SiO2 Silica 

- 5.28 Al2O3 Alumina 

- 4.2 Fe2O3 Iron oxide 

≤ 5% 2.49 MgO Magnesia  

≤ 2.8% , when  C3A  

more than 5% 

2.48 SO3 Sulphate 

≤ 4% 3.8 L.O.I. Loss on Ignition 

0.66-1.02 0.92 L.S.F. Lime saturation Factor 

≤ 1.5% ** 1.13 I.R. Insoluble residue 

by weight of cement% Main compounds (Bogues eq.) 

48.9 Tricalcium silicate (C3S) 

20.26 Dicalcium silicate (C2S) 

6.89 Tricalcium aluminate (C3A) 

12.77 Tetracalcium aluminoferrite (C4AF) 
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Table 3. Grading and physical properties of fine aggregate. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 4. Grading and physical properties of coarse aggregate. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 

 
 
 
 

Limits of Iraqi spec.      

No.45/1984/Zone 2 
Passing% Sieve size (mm) 

100 100 10 

90-100 94 4.75 

75-100 79.4 2.36 

55-90 65.4 1.18 

35-59 51.5 0.6 

8-30 19 0.3 

0-10 3.7 0.15 

Limits of Iraqi spec. No.45/1984 Physical properties 

- Fineness modulus :     2.87 

- Specific gravity:         2.68 

- Absorption :               1.66% 

- Dry rodded density: 1800 kg/m³ 

Limits of Iraqi spec. No.45/1984 Sulfate Content 

≤ 0.5% SO3:                            0.2 % 

Limits of Iraqi spec.      No.45/1984 

Nominal size (5-14)mm 
Passing% Sieve size (mm) 

100 100 20 

90-100 99.9 14 

50-85 72 10 

0-10 8.5 5 

Limits of Iraqi spec. No.45/1984 Physical properties 

- Specific gravity:         2.76 

- Absorption :               0.23 % 

- Dry rodded density: 1650 kg/m³ 

Limits of Iraqi spec. No.45/1984 Sulfate content 

≤ 0.1% SO3:                          0.02  % 
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                                     Table 5. physical properties of SF.  

 

 

                                  Table 6. Chemical analysis of SF. 

  

 

 

 

Table 7. Sieve analysis of PET-aggregate. 

 

 

 

 

 

 

 

 

 

 

 

ASTM C1240-05 

requirements 
SF Results Physical properties 

≤ 10 7 Percent retained on 45µm (No. 325) sieve, max, %  

≥ 105 116 
Strength Activity Index with Portland cement at 7 

days, min % of control 

≥ 15 20 Specific surface area   (m
2
/g) 

 480 Bulk density (kg/ m³) 

≤ 3 % 0.74 Moisture content 

grey to dark grey powder Physical form and Color 

ASTM C1240-05 

Requirements  
Oxide content % Oxide Composition 

Min. 85.0% 91.44 SiO2 

- 0.05 Al2O3 

- 0.03 Fe2O3 

- 0.24 MgO 

- 1.04 CaO 

- 0.11 SO3 

Max. 6.0% 4.12 L.O.I 

Passing% Sieve size (mm) 

100 10 

98 4.75 

35 2.36 

4.2 1.18 

1 0.6 

0.7 0.3 

0.4 0.15 
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Table 8. PET –aggregate particles specification. 

 

 

Table 9. HPC mix proportions used through this work 

 

 

                      Table 10. Compressive Strength Test Results for all HPC mixes 

Results Physical properties 

447  kg/m
3
 

Bulk Density 

( ASTM C29 -09 / Dry Rodded) 
 

1.285 Specific gravity 

0.00% Water Absorption (24 hr)   

(1 – 0.14) mm Thickness   

Flaky and fiberform particles  and some 

pellets  pieces  with max. size 4.75 mm 
Shape of particles  

crystalline white to blue sky Color  

M7.5 M5 M2.5 M0 Items 

459 459 459 459 Cement  kg/m
3

 

51 51 51 51 Silica fume  kg/m
3

 

148 148 148 148 Water  l/m
3

 

0.8 0.8 0.8 0.8 SP  Liters/100 kg of 

cementitious materials  

0.29 0.29 0.29 0.29 w/cm 

1160 1160 1160 1160 Coarse Aggregate  kg/m
3

 

609.8 626.3 642.8 660 Fine Aggregate  kg/m
3

 

23.7 15.8 7.9 0 PET-aggregate  kg/m
3

 

50.35 56.93 60.38 69 Average compressive 

strength at 28 days (MPa)  

Compressive Strength MPa PET-

aggregate(%) 
Mix Symbol 

91 days 56 days 28 days 7 days 

74.17 71.15 69 59.73 0 M 0 

66.8 64.1 60.38 53.9 2.5 M 2.5 

62.1 58.22 56.93 49.6 5 M 5 

61.23 56.1 50.35 45.44 7.5 M 7.5 
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                         Table 11. Static modulus of elasticity for all HPC mixes 

 

 

                      Table 12. Splitting tensile strength test results for all HPC mixes 

 

 

                  Table 13. Flexural tensile strength test results for all HPC mixes 

 

Static Modulus of Elasticity (GPa) PET-

aggregate(%) 
Mix Symbol 

91 days 28 days 

46.94 43.08 0 M 0 

43.72 40.81 2.5 M 2.5 

43.45 40.77 5 M 5 

42.16 40.53 7.5 M 7.5 

Splitting Tensile Strength (MPa) 
PET-

aggregate(%) 
Mix Symbol 

91 days 56 days 28 days 7 days 

4.08 3.95 3.87 3.74 0 M 0 

4.2 4.12 4.01 3.83 2.5 M 2.5 

3.95 3.78 3.42 3.23 5 M 5 

3.64 3.52 3.36 3.18 7.5 M 7.5 

Flexural Tensile Strength (MPa) PET-

aggregate(%) 
Mix Symbol 

91 days 56 days 28 days 7 days 

11.38 10.48 9.11 8.62 0 M 0 

12.04 11.87 11.51 10.64 2.5 M 2.5 

11.65 10.89 10.31 10.17 5 M 5 

11.57 10.62 10.17 10.03 7.5 M 7.5 
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Plate 1. Sample of (PET- aggregate). 

 

 

 
Plate 2. Plastic granulator machine. 
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Figure 1. The effect of PET-aggregate content on compressive strength of HPC  at different 

curing ages. 

 

 
Figure2.: Compressive strength development at different curing ages for all types of HPC. 

 

 

Figure 3. Effect of PET-aggregate  on static modulus of  elasticity at different curing ages. 
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Figure 4. Relationship between splitting tensile strength and PET-aggregate  content at different 

curing ages. 

 

Figure 5. Relationship between flexural strength and PET-aggregate  content at different curing 

ages. 
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 تأثير المخاطر عمى تحقيق المشاريع الانشائيةتطوير برنامج عمل ل

 رشيد انتصار كاظمأ.م.د. 
 قسم اليندسة المدنية

 كمية اليندسة / جامعة بغداد
 

 :الخلاصة
لمواجية المخاطر الناجمة عن نشاطات المنظمة معينة حاول المختصون في ادارة الانتاج والعمميات تطوير استراتيجية      

مختمف انواعو وبناءً عمى ذلك فإن ادارة المخاطر في اطارىا المعاصر تمثل ظاىرة نوعية جديدة، ولايمكن بوالمتمثمة باليدر 
وترسم السبل الكفيمة  ليذه الظاىرة ان تأخذ ابعادىا التطبيقية إلا بتطوير ثقافة المنظمة تجاه المخاطر وتتعامل مع كافة جوانبيا

لمعالجتيا ضمن برنامج تكاممي، ويستمزم ذلك توفر ميارات جديدة ونظم معمومات دقيقة قادرة عمى التنسيق بين الاطراف 
 المتعددة داخل المنظمة.

علاقة تاثير و العلاقة بين تاثير المخاطر ومراحل تحقيق المشروع ، لتحميل  الى تطوير برنامج عمل ييدف البحث     
ذا البحث عدد من علاقة تاثير المخاطر مع نوع الاعمال الانشائية. لقد حددت في ى واخيراً المخاطر مع نوع العقد الانشائي، 

لمبحوث والمصادر العممية السابقة النظرية  ةالدراسوتمت فعلًا من دراسة عدد من مشاريع البناء المنجزة حدثت المخاطر التي 
الثلاثة في المشاريع  ىذه المحاورعدد من خبراء صناعة التشييد لتحديد مدى تأثير ىذه المخاطر في كل من ن واستبياومقابمة 

اىميا وجود اسبقية متباينة توصمت الدراسة الى مجموعة من الاستنتاجات  .وادارتيا لاستجابة لياغرض افي العراق ل الانشائية 
وعمى ضوء ما تم ىذه الاسبقية ومرحمة المشروع ونوع العقد والعمل الانشائي،  ن ىناك علاقة بينمما يثبت بألحدوث المخاطر 

 Vanguard Software)حاسوبي البرنامج استخدام الالتوصل اليو ولغرض الاستفادة من مميزات الحاسوب الآلي فقد تم 
System  ) الحدوث.في  لبناء شجرة القرار وااتخاذ اجراءات الاستجابة لممخاطر حسب اسبقيتيا 

 ممخاطر، مراحل تحقيق المشروع، العقود الانشائية، الاعمال الانشائيةل الاستجابةادارة المخاطر،  الكممات الرئيسية:
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ABSTRACT 

     In Production and Operations Management the specialists  have  tried to develop a strategy 

to counter the risks arising from the activities of the organization and of waste of various types 

and therefore the risk management in the contemporary framework represents a phenomenon of 

new quality, and can not be this phenomenon to take practical dimensions, but the development 

of culture of the organization towards the risks and deal with all aspects and paint ways to 

address them within an integrated program, and requires new skills and systems provide accurate 

information capable of coordination between the various parties within the organization. 

     The research aims to develop a blue print to analyze the relationship between the impact of 

risk and stages of implementing of the project and, the effect of risk relationship with the type of 

contract, and the impact of risks to do with the type of construction works. In this paper a 

number of risks has been identified   that have already occurred from the study of a number of 

construction projects completed and theoretical studies and interview a number of construction 

industry experts to determine the extent of the impact of these risks in each of these three axes in 

construction projects in Iraq for the purpose of responding and management. 

     The study found a set of conclusions such as existing of priority in happiness of risks which 

proof that there is an relationship between the risks and sort of stage, contract and constructional 

work. In the light of what has been reached for the purpose of benefiting from the computer 

automated features a program have been used ( Vanguard Software System ) to build the 

decision tree in order to manage the risks according to their priority in happiness.  

Key words: risk management, risk response, the stages of implementing of the project, 

construction contracts, construction works 

 :المقدمة. 1
ان مشاريع التشييد تصمم وتنفذ حسب احتياجات صاحب العمل وضمن برنامج عمل وكمفة معقولة واذا لم يكن صاحب      

ان التحديات التي  .العمل ىو المنفذ فانو يحتاج الى مقاول ذي خبرة كافية لتحمل المسؤولية ومنيا مسؤولية ادارة المخاطر
اق وخاصة في الظروف الحالية تحتم عمى العاممين فييا التفكير الجدي من اجل دفع عجمة التقدم تواجو صناعة التشييد في العر 

بناء المشروع المعرض لمعديد من المخاطر ضمن الميزانية  مسؤوليةتعترض مدير المشروع  في مجال المقاولات نحو الأفضل.
، وبناءً عمى ما تقدم المشروع كمفةاجة الكبيرة لمتحسينات في مجال المحددة لممشروع. ويدرك ميندسو الكمفة والانشاء الح

 لتحقيق أىداف المشروع ومنيا الكمفة. اصبحت الحاجة ضرورية لتحميل وادارة المخاطر في كل مشروع من المشاريع الانشائية
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لمشاريع الانشائية المنفذة مع نوع لتحميل علاقة تاثير مخاطر فعمية تم جمعيا من عدد من ا برنامج عمليقدم ىذا البحث      
بالاعتماد عمى التحميل و  كل مرحمة من مراحل تحقيق المشروع الانشائي معتاثيرىا  علاقةالعقد والعمل الانشائي فضلًا عن 

وتحديد اسبقية حدوثيا مبيانات المستقاة من استمارات الاستبيان لعدد من الخبراء في مجال صناعة التشييد لالاحصائي 
لبناء  (  Vanguard Software System)حاسوبي البرنامج ال استخدام مع(  ANPتخدام برنامج التحميل الشبكي ) باس

لتقنين ىذه المخاطر بصورة وذلك المناسبة وحسب اسبقية المخاطر في حدوثيا اجراء الاستجابة  اتخاذلغرض  شجرة القرار
 وىذا ما يعرف بادارة المخاطر. مسبقة

 بقة:االبحوث السمراجعة . 2
  :طرامفهوم المخ 1.2
بر تعوعي لاستيعاب دورىا ومياميا ، وتطر امراً بالغ الاىمية لانو يمثل الاساس الموضايعد التحديد الواضح لمفيوم المخ     

من المصطمحات التي ترد دائماً في ادبيات ادارة الاعمال فيناك مخاطر صناعية في مجال ادارة الانتاج والعمميات  ةر المخاط
ومخاطر تسويقية في مجال ادارة التسويق ومخاطر مالية في مجال ادارة الموارد المالية وفي الحياة العممية فان مصطمح 

)محفوظ حمدون الصواف  عرف في ىذا الصددو  ،( Uncertainty)التاكد تخدامو ليدل عمى حالة عدم يتكرر اسالمخاطرة 
( المخطر بأنو اي فعالية او نشاط لا يضيف قيمة لمسمعة او الزبون او انو اي نشاط غير مرغوب في العممية 2013واخرون، 

 والفاقد والوقت الضائع.  الانتاجية يؤدي الى اليدر في الموارد المختمفة لممنظمة كالمعيب والمعاد والمرتجع والتالف
حدث محتمل لو تأثير سمبي فقط في اىداف مشروع معين. وقد نشأت ىذه  يىالمخاطرة ر تشير الى ان ىناك وجية نظ     

الفرصة التي ينجم عنيا الربح أو ضياع ن، اما ان مختمفتا( الذي ينتج عنو نتيجت Uncertaintyالفكرة من مفيوم عدم التأكد )
حادث يؤدي الى  يىالمخاطرة ( عمى ان 1978كما اشار )العداي ، ، (Malcolm,1997الخسارة، ) اي ينجم عنيتالالمخاطرة 

 ( بأنو التباين غير المستحب عن الواقع. Allen & Duvall, 1987خسارة في حين عرفو )
اي تأثير ضار عمى الكمفة،  اي شئ قد يحدث ويمكن ان ينشأ عنو (James, 2001من وجية نظر )المخاطرة مثل كما ت

( بأنو الحدث غير المؤكد أو مجموع الملابسات والتي عند Duncan, 2009وعرفو ) جدولة الوقت، الجودة، نطاق المشروع.
تم تعريف المخاطر بانيا احتمالية حدوث أية حادثة مستقبمية والتي يمكن أن تؤثر و  وقوعيا ستؤثر عمى اتمام اىداف المشروع.

، ان ىذا البحث يميل (2013علاء،) وبالتالي الانحراف عما مخطط لو الموضوعة لممشروع ومنيا المالية والزمنية عمى الخطط
 ؤيده.الى التعريف الاخير لممخطر وي

 مفهوم ادارة المخاطر: 2.2
، فالإدارة وفق المفيوم الشائع تعني التخطيط والتنظيم مخاطرة ادارة والثاني  لطر يضم شقين الاو اان مصطمح ادارة المخ     

تعرف ادارة وتحميل المخاطر بأنيا العممية التي  (.2004التباين في ماىو متوقع ) محمد عمي ،  يفيالمخاطرة والرقابة ، الما 
مك تسب الذي يزيل ثم وضع الحل المنا تمكن من معرفة المخاطر وتحميل تمك المخاطر باستخدام الطريقة المناسبة ومن

ان تحميل وادارة . ( Taylor et al, 1997) وبذلك تزيد من نجاح المشروع وتحقيق اىدافو ىااو يقمل من تأثير المخاطرة 
المخاطر في المشروع تعتبر عممية مستمرة ويمكن ان تبدأ في اي مرحمة من دورة المشروع ويمكن ان تدوم وتستمر الى ان 
تصبح تكاليف استخداميا اكثر من فائدتيا المحتممة والتي يمكن كسبيا، وكمما تقدم المشروع  تقل المخاطر وبيذا فان فعالية 

رة المخاطر تميل الى التقمص لذلك فانو من المستحسن استخداميا في الاطوار المبكرة من دورة حياة استخدام تحميل وادا
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والعمل  اوالتقميل من حجم الخسائر عند حدوثيالمخاطرة . كما تعرف بأنيا مجال التوصل لمنع (Malcolm,1997) المشروع
مستقبلًا ، كما تمتد ادارة المخاطر الى تدبير الاموال  التلافييمخاطرة من خلال دراسة اسباب حدوث كل  اعمى عدم تكرارى

 (.2008)عاطف،  لتعويض المشروع عن الخسائر التي تحدث كي لا يتوقف عن العمل والانتاج
 مراحل ادارة المخاطر: 3.2
تتطمب ادارة المخاطر وجود ادارة فعالة لوضع استراتيجية يتأشر من خلاليا تحديد وتشخيص المخاطر التي يتعرض ليا      

من ىذه المخاطر ومن ثم تحديد الطريقة المناسبة لمواجية كل منيا المخاطرة المشروع ثم تقييم حجم الخسائر المحتممة لكل 
 ( مراحل ادارة المخاطر كما يمي:2004اق حدد )الياشمي ،بالتنسيق مع اطراف المشروع، وفي ىذا السي

 مرحمة تحديد الاىداف ●
 مرحمة التحديد والاكتشاف ●

 مرحمة تقييم المخاطر ●            
 المخاطرةمرحمة اختيار استراتيجية لمواجية  ●            
 مرحمة التنفيذ ●         

 .مرحمة الرقابة ●
ما مواجية، أمار الستراتيجية الملائمة لفيي تعتبر بمثابة التمييد الأولي لمرحمة اختي الاولى الثلاثةمراحل فما يتعمق بال    

في و المرحمة الخامسة فانيا تيتم بتنفيذ الاستراتيجية التي تم اختيارىا من قبل المنظمة من خلال إشراك كافة العاممين بتنفيذىا، 
سياسات التي تتعامل مع ابعة والمراقبة لملاحظة التغييرات التي تتطمب مراجعة وتنقيح الالاخيرة يتم اجراء المتالسادسة و المرحمة 
 ونتائج ىذه السياسات.المخطر 

 تصنيف المخاطر: 4.2
مة بالمدة والكمفة والجودة وتحول ثتتعرض المشاريع الانشائية الى العديد من المخاطر التي تؤثر عمى اىداف المشروع المتم     

( تمك المخاطر الى عدة Mohammad A.Mustafa, 1991) ومنيم الباحث دون تحقيقيا ويصنف العديد من الباحثين 
 اصناف وكما يمي:

 الخ ----يق ر مخاطر القضاء والقدر وتشمل: فيضان، زلزال، ح ●
 عدات، إصابات العمال، السرقة لممواد والمعداتالمخاطر الطبيعية وتشمل: الأضرار لممنشأ، الأضرار لمم ●
او التدفق المالي لدى صاحب العمل،  لالمخاطر المالية والاقتصادية وتشمل: التضخم اللاقتصادي، مشاكل التموي ●

 الخ ----لممقاول  يالعجز المال
ت المدنية، تأخر المصادقات المخاطر السياسية والبيئية وتشمل: تغيير القوانين والتعميمات، الحروب والاضطرابا ●

 الخ ---والموافقات والتراخيص، التموث وتعميمات التأمين، نزاعات الممكية 
 مخاطر التصميم وتشمل: نقص في التصميم، عيوب في التصميم، نقص في المواصفات، تغيير في التصميم ●
ضراب العمال، ضعف انتاجية  ● العمال، عيوب في العمل، اختلاف مخاطر متعمقة بالموقع وتشمل: نزاعات وا 

 ظروف الموقع
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وبناءً عمى ماسبق فقد صنف البحث المخاطر الفعمية المستقاة من المشاريع الانشائية المنفذة كمخاطر يتم دراستيا في ىذا 
 .مخاطر ماليةو   كانية، مخاطر فنية، مخاطر سياسيةالبحث، الى مخاطر تنظيمية، مخاطرم

 اع التشييد:المقاولات في قطعقود . 3
القانون المدني عقد المقاولة بانو )عقد يتعيد بو أحد الطرفين أن يصنع شيئاً أو يؤدي عملًا لقاء أجر يتعيد بو  عرف     

ية والذي يعرف ومنياعقد المقاولات الانشائ التعريف انواع عديدة من العقود( ويشمل ىذا 1951الطرف الآخر( )القانون المدني،
شخص بإنشاء و/أو صيانة و/أو تشغيل مشروع ىندسي لحساب شخص لقاء أجر معين بموجب الشروط بأنو عقد يتعيد بو 

 الى الانواع التالية:الانشائية المقاولات عقد ويمكن تصنيف (، 1985، انطوانوالخرائط المعدة لتنفيذه )
 Lump Sum Contract) جممة (  مقاولة المبمغ المقطوع   1.3
وتسمى ايضاً مقاولة الكمفة الكمية ويكون المبمغ الكمي ثابتاً ويغطي مصاريف العمل كافة بموجب وثائق المناقصة وفي      

مثل ىذه المقاولات تكون الأعمال المطموب تنفيذىا محددة ابتداءً وموصوفة وصفاً كاملًا من خلال توفير المخططات الكاممة 
، Edward Whitticks)لمقاول من تسعير المقاولة وتحديد المبمغ المقطوع الذي سيتم التعاقد عميو والمواصفات وبذلك يتمكن ا

في المشاريع المستعجمة ييا من مقاولات الجممة، ويمجأ ال(   TurnKey Contract) مقاولة تسميم المفتاح  تعتبر (.2005
قاول فييا بإعداد التصاميم صناعية أو عسكرية والتي يتعيد المالتخصصية جداً أو الستراتيجية مثل مخازن خاصة أو مشاريع 

، لذا يمكن اعتبار عقد تسميم المفتاح الكاممة والتنفيذ والصيانة وذلك وفقاً لمتطمبات صاحب العمل لممشروع المطموب تنفيذه
 .ايضاً ىو من عقود التصميم والبناء مع بعض الفروقات

 Bill of Quantities and Rates Contractر مقاولة جدول الكميات والاسعا   2.3
م المقاولات الإنشائية تكون عمى أساس تسعير جداول الكميات يوعاً في العراق حيث ان معظإن ىذا النوع ىو الأكثر ش     

تتوافر  وتتوافر في ىذه الحالة تصاميم تفصيمية كاممة مع المواصفات الفنية لممواد والعمل والشروط العامة والخاصة وبذلك
معمومات كاممة لغرض تسعير جميع الأعمال وفي ىذا النوع تقل الخلافات حول تسعير التغييرات وتقييم المطالبات مالياً أثناء 

 (.Edward Whitticks ،2005التنفيذ )
 Schedule of Rates Contractمقاولة جدول الأسعار    3.3
التنفيذ مع عدم وجود تصور عن كميات الفقرات التنفيذية بشكلِ  يستخدم ىذا الاسموب في الحالات التي تتطمب سرعة     

دقيق حيث يتم الاتفاق مع المقاول عمى جدول بأسعار وحدات فقرات الأعمال المتوقع تنفيذىا في المشروع، وتكون ىذه 
درجات الدقة في الاسعار أساساً لحساب كمفة العمل المنجز أو إحتساب السمف، وفي ىذا الاسموب يستوجب إعتماد أقصى 

اختيار المقاول المتمرس ذي الخبرة الجيدة لتفادي سوء التخمين للاسعار ومن ثم وقوع المقاول بمشاكل الخسارة وعرقمة تقدم 
 (.Edward Whitticks,2005العمل )

  Cost – plus Contractمقاولة الكمفة زائداً    4.3
الكمية إذ ان صاحب العمل يدفع تكاليف التنفيذ كافةً من شراء المواد أن ىذا النوع من المقاولات لا يعطي حداً لمكمفة      

وتشغيل الأيدي العاممة والمعدات وكمف المقاولات الثانوية مضافاً الييا مبمغ معين تعويضاً عن الخدمات والمعمومات التقنية 
غل ويكون المبمغ المضاف اما حسب مبدأ التي يقدميا المقاول ولتغطية النفقات الإدارية وفوائد إستثمار رأس المال المست

 ويقسم ىذا النوع من المقاولات الى ثلاثة أنواع:، (1995)راجي، التنافس أو التفاوض بين المقاول وصاحب العمل 
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 مقاولة الكمفة زائداً مبمغ مقطوع كأجور وأرباح يتفق عمييا إبتداءً. ●
 مقاولة الكمفة زائداً نسبة معينة من المصروفات يتفق عمييا إبتداءً. ●
 مقاولة الكمفة زائداً نسبة معينة من الكمفة بسقف أعمى. ●

 Design and Build Contractمقاولة التصميم والتنفيذ    5.3
خبرتيا في مرحمة التصميم اليندسي عمى  الاستفادة منمحددة و شركة إنشاءات  النعاقد معىذه الطريقة من التعاقد يتم  وفي     

وجو الخصوص، حيث يكمف صاحب العمل المقاول الرئيسي لمقيام بأعمال التصميم والتنفيذ وبذلك فان المسؤولية التقنية 
 تنحصر من ناحية التصميم والتنفيذ في جية واحدة )المقاول(، وتكون احتمالية تنفيذ المشروع في زمن قياسي، ويكثر استخدام

 ىذه الطريقة في المشاريع الكبيرة وذات الطبيعة الصناعية كمحطات تكرير النفط. 
 جمع البيانات وتحميمها :. 4

 تحديد المخاطر: 1.4
المشاريع الانشائية قيد الدراسة  والتي وذلك بتجميعيا من عقود مقاولات لعدد من تم تحديد اىم المخاطر التي حدثت فعلًا      

الطرق والجسور، المباني، المستشفيات، المشاريع النفطية، شبكات الماء والمجاري، الابنية الكيرباء، شممت ) مشاريع 
المدرسية( في عموم المحافظات في العراق اضافة الى المراجعة النظرية لمبحوث والادبيات وعدد من المقابلات مع خبراء في 

والتي ادت الى تغييرات مخطر ( 42ف ىذه المخاطر والبالغ عددىا )ينمجال صناعة التشييد ونتائج الاستبيان، وبذلك تم تص
  مخاطر سياسيةو مخاطر مالية  ،مخاطر فنية، مخاطر مكانية ،مخاطر تنظيمية في الكمفة والوقت وجودة المشروع وكما يمي:

     ىذه المشاريع مايمي:من جمعت التي ىذه و يتضح من الدراسة الاولية لمبيانات الحقمية   .(1جدول رقم )ما موضحة في ك
 توزعت بشكل متباين عمى جميع انواع الاعمال الانشائية.ان المخاطر  ●
ان اكثر عدد مرات حدوث لممخاطر في ىذه المشاريع ىي المخاطر الفنية  تمييا المخاطر المكانية ثم التنظيمية ثم السياسية  ●

 المالية،  المخاطرواخيراً 
لممخاطر مجتمعة كانت في مشاريع المعالجة وشبكات المياه أما المشاريع الاخرى فكان العدد  ان العدد الكمي كحد اعمى  ●

 اقل.
 :وعلاقتها مع مرحمة المشروع الانشائي تحميل المخاطر 2.4 

 قيق اي مشروع انشائي فانو يمر بأربعة مراحل وكما يمي : لغرض تح     
   Decision phaseمرحمة تحديد الفكرة ) مرحمة القرار(  ●
 Design phaseمرحمة التصميم  ●
 Contracting and contract documents phase مرحمة التعاقد واعداد مستندات المقاولة ●
  Execution phaseمرحمة التنفيذ  ●

استمارة لدراسة العلاقة بين تاثير المخاطر ومراحل تحقيق المشروع الانشائي تم تصميم ، و  والصيانةومن ثم التشغيل      
: ييدف الى الحصول عمى معمومات عامة لافراد العينة المختارة من المستبينين محورين المحور الاول  تتضمناستبيان 

لسؤال عن تضمن ااما المحور الثاني ف رةكالاختصاص، التحصيل الدراسي، قطاع العمل، المركز الوظيفي وعدد سنوات الخب
وزعت عدد من استمارات الاستبيان الى مدراء ، راي الخبير عن اي مرحمة من مراحل تحقيق المشروع الانشائي تؤثر المخاطر
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عم المشاريع الانشائية وميندسين في المكاتب الاستشارية وفي شركات المقاولات القطاع العام والخاص واساتذة الجامعات ود
 ( استمارة اعتمدت لاغراض التحميل. 34استرد منيا ) ىؤلاء الخبراء وقد  عمالاستبيان بالمقابلات الشخصية 

 تحميل البيانات: 1.2.4
( نسبة المستبينين من حيث 3و) (2رقم ) نيوضح الجدولا( لمعالجة البيانات،  Excelاستخدم البرنامج الحاسوبي )      

سنة مما  (15)نصف حجم العينة من المستبينين لدييم خبرة اكثر من  اكثر من انتبين  لقد وسنوات الخبرة . طبيعة عمميم
  .يزيد من وثوقية المعمومات التي وفرىا المستبينون لتصوير الواقع من خلال خبرتيم في مجال صناعة التشييد

المقياس الكيفي بأرقام عند التحميل الاحصائي وقد اعتمد المقياس عند استبدال لممخاطر ىناك عدة مقاييس للاحتمال والتأثير 
 :(2012منى واخرون،الآتي )

 
 المقياس منخفض جدا   منخفض متوسط عالي
 المجال  % 10 - 0 30 - 11 60 - 31 ˂ 60

 
 :وعلاقتها مع مرحمة المشروع الانشائي المخاطرنتائج تأثير تحميل  2.2.4

 اجابة اختيرتوقد  ،مة من مراحل تحقيق المشروع الانشائيحجابات المستبينين لكل مر المئوية لااحتساب النسبة تم      
 كأساس لإجراء البحث، اي تأثير متوسط او عالي ( أعلاهمقياس ال% وفق 30أكبرمن )لمتاثير  المئويةنسبة  اتذ ةطر االمخ

 مايمي : تحميل الاجوبة ما يمييتضح من 
في مرحمة  ياتأثير حدوث اشارت الى ان النسبة الأكبر ليذه المخاطر يكون من اجابات المستبينين  %( 97.6نسبة )ان  ●

عدم توفر المخططات لمشبكات الخدمية ) المخاطرةلية( حسب المقياس أعلاه عدا التنفيذ لممشروع وبنسبة )متوسطة الى عا
تبديل موقع ) المخاطرة( اختلاف طبيعة الارض) المخاطرة( رىا المارة خلال الموقع كالمخططات الكيربائية, الياتف, الماء,وغي

 .يكون في مرحمة التصميميمكن ان نسبة الاجابات الى ان تاثير حدوث ىذه المخاطر  فأشارت ( العمل
)سوء الظروف الجوية( والبالغة  لممخاطرةكما ويتضح ايضاً ان اكبر نسبة للاجابات لتاثير المخاطر في مرحمة التنفيذ كانت  ●
 %(. 94.11765)المناسبات الدينية والعطل المفاجئة( والبالغة ) المخاطرة%( يميو  97.05882)

ارض المشروع مستممكة من قبل الدولة ولكن لم يتم تسديد ) المخاطرة( عدم وضوح الالتزامات التعاقدية) المخاطرةاما  ●
 ن اكثر في مرحمة التعاقد لممشروع . الاجابات الى ان تأثير حدوثيما يكو ( فأشارت استحقاقات المالكين

برغم ان النسب المئوية للاجابات في مرحمة القرار كانت منخفضة الا ان ذلك لايمنع من التخطيط لتحديد اجراءات  ●
حل المشروع الاخرى وبنسب منخفضة ، اما المخاطر الاخرى فقد توزعت بين مراالاستجابة المناسبة ليا ابتداءً من ىذه المرحمة

 الى منخفضة جداً.
انتباه المعنيين الى اتخاذ اجراءات الاستجابة المطموبة لمعالجة ىذه المخاطر في تمك   ان ىذه النتائج تعني ضرورة     

  قدماً وقبل حدوثيا.مالمراحل وتدريب العاممين عمى ىذه الاجراءات ورصد الميزانية المطموبة 
 Analytic Network Process  (ANP :) التحميل الشبكيعممية . 5
توماس الاستاذ والعالم العراقي التي وضعيا و  والاعتماد عمييا في التغذية الاسترجاعيةتخاذ القرارات وىي عممية إ      

يير ىرمي مع ىدف، ومعامشكمة القرار في تسمسل تضع  AHP  (Analytic Hierarchy Process ) ساعاتي، ان ىياكل
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لقياس المزدوجة لمييكل لمقارنات انظام  ىما يستخدمأنيا شبكة. كلا تضعيا عمى ANPىياكل القرار، وبدائل، في حين أن 
 ( 648 )( حيث اجريت  ANP استخدم برنامج ). البدائل في القرار) اسبقية ( رتبة تحديد أوزان مكونات الييكل، وأخيرا إلى 

( لممخاطر وبترتيب تنازلي لكل صنف عمى حدة من   priorityمقارنة مزدوجة لمنسب المئوية للاجوبة لايجاد الاسبقية )
وقد لوحظ من البرنامج والذي يوضح نموذج من عممية التحميل الشبكي ىذه،  (1وكما في الشكل رقم ) اصناف المخاطر

كما في الجدول رقم  مع نوع المرحمة المخاطرةعلاقة  يثبتما  مرحمة واخرى اختلاف قيمة ىذه الاسبقية لممخطر الواحد بين كل
 (.5في الجدول رقم ) الشبكيتم عرض جميع نتائج التحميل  وكذلك ( الذي يعرض نموذجاً ليذا الاختلاف في الاسبقية،4)

 العلاقة بين تأثير المخاطر ونوع العقد الانشائي:. 6
انواع العقود عدد من ل، صمم استبيان مغمق ونوع العقد الانشائي لممشروع  المخاطرة( 42تأثير ىذه المخاطر )لدراسة      

وذلك لان عقد تسميم المفتاح يعتبر وكما ذكر سابقاً من  ) التقميدية وىي: عقد الجممة، عقد تسميم المفتاح لممقاولات الانشائية
عقد جداول  ( اضافة الى؟ الاستبيان لبيان ىل ىناك فرق في تاثير المخاطر في كل منيماعقود مقاولات الجممة لذا تضمنو 

عن نسبة الأول الكميات والاسعار، عقد جدول الاسعار، عقد الكمفة زائداً وعقد التصميم والتنفيذ، حيث تضمن الاستبيان السؤال 
اختيرت خمسة قد و . لمخاطرليذه ااجراءات الاستجابة  لاتخاذ في كل نوع من انواع ىذه العقود وذلك  مخاطرةتأثير كل 

 مخاطرةوالسؤال الثاني عن نسبة تأثير كل اجابات وىي : نسبة التأثير منخفضة جداً، منخفضة، متوسطة، عالية، عالية جداً، 
في صناعة التشييد عمى عدد من الخبراء  وزعت استمارات الاستبيانثم في كل نوع من أنواع الأعمال الانشائية في المشاريع، 

 %( من حجم 60)عدد سنوات الخبرة لممستبينين اذ لوحظ ان اكثر من و  التحصيل الدراسي وقد اختمف( استمارة 38) استردادتم 
) عالية  انتخاب اجوبة المستبينين لممخاطر تم  لقد ( سنة وىذا مؤشر الى موثوفية اجاباتيم.15العينة كانت خبرتيم اكثر من )

خاطر ولكل عقد من لكل مخطر من الم ( أعلاهمقياس ال% وفق 30من  أكبرالاجابة لمتاثير نسبة  اتذاي ومتوسطة الاىمية 
 .ليتم تحميميا ومعرفة الاسبقية لممخاطر عقود المقاولات

 : نوع العقد الانشائيعلاقتها مع تأثير المخاطر و نتائج تحميل  .7
عمى ان نسبة تأثير المخاطر في عقد التصميم والتنفيذ تأكيدىا جميعاً  جوبة المستبينينالمئوية لا تحميل النسبيتضح من      

وقد يعزى ذلك الى تحمل المقاول المسؤولية كاممة وبذلك عميو مواجية ىذه المخاطر  (منخفضة جداً منخفضة الى )تكون نسبة 
وقد يكون ذلك )منخفضة الى منخفضة جداً( تكون نسبة عقد الكمفة زائداً فان نسبة المخاطر في كذلك  ،واتخاذ ما يمزم لإدارتيا

وان صاحب العمل ىو الذي يتحمل  بسبب طبيعة ىذا العقد حيث لاتوجد مخططات او أية بيانات يعتمد عمييا المقاول
كانت بنسب بشكل عام ة . أما بقية العقود فقد توزعت المخاطر بنسب مختمفة بينيا حيث يلاحظ ان المخاطر الماليالمخاطر

منخفضة الى ))متوسطة الى عالية( تمييا المخاطر المكانية والفنية ثم التنظيمية ، اما المخاطر السياسية فكانت نسب تأثيرىا 
 .(منخفضة جداً 

وبترتيب  الاسبقيةلايجاد ( مقارنة مزدوجة لمنسب المئوية للاجوبة  972 ) ( حيث اجريت ANP استخدم برنامج )وقد      
قيمة اختلاف من البرنامج وقد لوحظ  (،5وكما في الجدول رقم ) بين مخاطر كل صنف عمى حدة من اصناف المخاطرتنازلي 
 .وىذا يثبت علاقة المخطر بنوع العقد الانشائي اخرو عقد  بين كل ةالواحد لممخاطرة الاسبقيةىذه 
 
 الانشائي:العلاقة بين تأثير المخاطر ونوع العمل في المشروع  .8
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مختمفة لممشاريع  الفي كل نوع من انواع اعمىذه  مخاطرة( 42السؤال الثاني للاستبيان اعلاه كان لدراسة تاثير الـ )     
الانشائية وىي: اعمال الكيرباء، شبكات الماء والمجاري، الابنية السكنية، المستشفيات، ابنية المدارس، ابنية المعامل، والطرق 

لقد تم انتخاب  فضة، متوسطة، عالية، وعالية جداً.اختيرت خمسة اجوبة ىي: نسبة تأثير منخفضة جداً، منخوقد ، والجسور 
لكل  ( أعلاهمقياس ال% وفق 30من  أكبرالاجابة لمتاثير نسبة  اتذاي ) عالية  ومتوسطة الاىمية اجوبة المستبينين لممخاطر 

 .ليتم تحميميا ومعرفة الاسبقية لممخاطر نشائيةمخطر من المخاطر ولكل نوع  من انواع الاعمال الا
 : نوع العمل الانشائي في المشروعمع المخاطر وعلاقتها نتائج تأثير . تحميل 9

لكن المخاطر ان المخاطر توزعت عمى جميع انواع الاعمال الانشائية تحميل النسبة المئوية لاجوبة المستبينين يتضح من     
وىذا لايتطابق مع التحميل لبيانات المخاطر الفعمية  الاولى حيث بمغت نسبة تأثيرىا )متوسطة( في الغالبالمالية كانت بالمرتبة 

طر اساسية االبحث ان المخاطر المالية ىي مخ ويتضح منلممشاريع التي ظيرت فييا ان المخاطر المالية بالمرتبة الاخيرة 
،  المعقول ان تحتل المرتبة الاولى كما توصل ليا تحميل نتائج الاستبيانوليا الدور الكبير في جميع الاعمال الانشائية فمن 

تأثيرىا منخفضة الى منخفضة جداً  تمييا المخاطر الفنية ثم التنظيمية ثم المكانية وأخيراً المخاطر السياسية حيث كانت نسب
 المخاطر الفعمية. ترتيبتتطابق الى حد ما مع النتائج وىذه 
وبترتيب  الاسبقية( مقارنة مزدوجة لمنسب المئوية للاجوبة لايجاد  1134 ( حيث اجريت )ANPبرنامج ) ايضاً استخدم     

وقد لوحظ من البرنامج اختلاف قيمة  (،5وكما في الجدول رقم ) تنازلي بين مخاطر كل صنف عمى حدة من اصناف المخاطر
  .بنوع العمل الانشائي المخاطرةوىذا يثبت علاقة  بين كل نوع عمل انشائي الى اخر ةالواحد لممخاطرة الاسبقيةىذه 
 البرنامج الحاسوبي:. 11

لو خاصية بناء شجرة القرار، ىذه  الذي (  Vanguard Software System)لقد تم استخدام البرنامج الحاسوبي      
المدخلات التي زود ىذه عمى اعتماداً ىذه البيانات في شجرة من عدد من الفروع  تعرضالشجرة تجمع المدخلات وتنظميا ثم 

وتتألف من الجذر الذي يظير الاساس والعنوان لممشكمة ثم الفروع حيث تظير المعمومات مفصمة حول كيفية بيا البرنامج 
اخر حيث ان ىذا البرنامج يستخدم في  وذلك لمتوصل الى القرار النيائي حول اية مشكمة تواجو الميندس او اي مختصالحل 

والجودة في تنظيم  الاستخدامان السبب في استخدام شجرة القرار ىو سيولة  عدة اختصاصات كالادارة والطب والعموم الاخرى.
 (Diagram)وانشاء  اثم يقوم البرنامج بالتعامل معيبداية الى جزئين بسيطين او اكثر  االمشكمة المعقدة حيث يتم تقسيمي

الحل  ىذا مشكمة العمل بل ايضاً الى عرضلمجرد حلًا  نكون الحل بشكل شجرة ىرمية متدرجة لاتكو وي يتماشى مع المشكمة
 عمى الآخرين. 

في تحديد الاسبقية لممخاطر  ANPعممية التحميل الشبكي نتائج الاستبيان وما تم التوصل اليو من نتائج اعتمدت لقد     
 (5وكما مبين في الجدول رقم )وعلاقتيا مع نوع مرحمة المشروع ثم مع نوع العقد الانشائي واخيراً مع نوع العمل الانشائي 

لمتوصل الى القرار حول ( 4( و )3( و )2وكما مبين في الاشكال رقم ) رار ىذهناء شبكة القكقاعدة معمومات عند باعتمدت و 
من خلال عدة خطوات تم بناء شجرة القرار باستخدام البرنامج  .الاسبقية لممخاطر من اجل اتخاذ الاجراءات اللازمة لادارتيا

 من بين الاختيارات ثم النقر عمى(  Decision Tree )ثم اختيار(  New ) ثم(   File)الاختيارابتداءً من النقر عمى 
(Long Names   )لًا لجذر الشجرة والذي يعبر كما ذكر أعلاه عن المشكمة المراد حميا ثم يبدأ فيظير اول مستطيل ممث

البرنامج برسم الفروع حيث ان كل فرع يمثل أحد تصنيفات المخاطر ثم انواعيا وصولًا الى القرار الذي يجب اتباعو من خلال 
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المقترح البرنامج الحاسوبي تتابع خطوات  (5الشكل رقم )ويبين  كمدخلات تغذية الفروع بنتائج الاستبيان والتحميلات ىذه
عد الانتياء ، فب(مع نوع العقد الانشائي اسبقية المخاطر وعلاقتيا عمى سبيل المثالمخاطر )الاسبقية لم اتقرار أحد ناعة لص

لتحديد أ(  -5في الشكل )موضحة كما تظير الشاشة (   Run) لعمى ايكونة التشغي النقرمن مرحمة بناء شجرة القرار وب
عمى سبيل المثال تظير الشاشة الثانية كما في (   Organizational ) اختيار المخاطر التنظيميةفاذا تم تصنيف المخاطرة 

جـ( وىي  – 5تظير الشاشة الثالثة كما في الشكل )(  OK ) ب( لتأكيد تصنيف المخاطرة وبالضغط عمى – 5الشكل )
لتنظيمية( المخاطر ا) وىي تصنيف المخاطر المختارةعن نوع المخاطر المتوقع حدوثيا في ذلك المشروع ضمن  الاستفسار

تمك المخاطر. ان  لادارة د( لتمثل القرار الذي يجب اتباعو  – 5تظير الشاشة الاخيرة كما في الشكل )(  OK ) وبالنقر عمى
 رة المخاطر.االاطراف الاخرى المعنية باد يمكن استخدامو من قبل صاحب العمل او ىذا البرنامج

 . الاستنتاجات والتوصيات:11
دراسة تأثير المخاطر التي حدثت فعلًا في عدد من المشاريع الانشائية وقد توصل البحث الى العديد من  لقد تم     

 الاستنتاجات من اىميا مايمي:
 في مرحمة التنفيذ. تحقيق المشروع وتتركزلوحظ ان المخاطر تحدث في جميع مراحل  -1
 .التي تناوليا البحث الاعمال الانشائيةالعقود و توزعت بشكل متباين عمى جميع انواع ان المخاطر  -2
ان اكثر عدد مرات حدوث لممخاطر في ىذه المشاريع ىي المخاطر الفنية  تمييا المخاطر المكانية ثم التنظيمية ثم  -3

 المالية،  المخاطرالسياسية واخيراً 
الكمي كحد اعمى  لممخاطر مجتمعة كانت في مشاريع المعالجة وشبكات المياه أما المشاريع الاخرى فكان العدد  ان العدد -4

 اقل.
يشير الى ضرورة اتخاذ اجراءات الاستجابة ليا تم تنظيميا في برنامج عمل لكي لوحظ ان ىناك اسبقية لحدوث المخاطر  -5

 قبل غيرىا.
باختلاف المرحمة وباختلاف العقد والعمل الانشائي مما يدل عمى العلاقة الوثيقة قيمة الاسبقية تختمف  كذلك لوحظ ان -6

 بين المخاطر وىذه المحاور
 
 كما ويوصي البحث بعدد من التوصيات منيا:     

 ضرورة الاىتمام بدراسة المخاطر وتاثيرىا منذ المراحل الاولى لممشروع. -1
 رة الاىم منيا ثم الميم.المتركيز عمى ادضرورة الانتباه الى اسبقية حدوث ىذه المخاطر  -2
 ضرورة الانتباه الى العلاقة بين اسبقية حدوث المخاطر ومرحمة تحقيق المشروع ونوع العقد والعمل الانشائي. -3
 المقترح لتسييل معرفة اسبقية حدوث المخاطر وادارتيا.استخدام البرنامج  -4

 
في حل مشاكل انشائية اخرى كمشكمة تحديد  (  Vanguard Software System)استخدام البرنامج ويقترح البحث      

 الموارد في المشاريع الانشائية.
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 البحثيع الانشائية قيد ( المخاطر التي حدثت فعلا  في المشار 1جدول رقم )
 

تصُُف  د انًخبغز

 انًخبغز
تصُُف  د انًخبغز

 انًخبغز

 تأخز اكًبل انتصبيُى او تغُُز فٍ انتصًُى

  -22و

ػذو تىفز انًخططبد نهشجكبد انخذيُخ انًبرح 

خلال انًىلغ كبنًخططبد انكهزثبئُخ, انهبتف, 

 انًبء,وغُزهب ( 

 تُظًُُخ -1و

اَشبئٍ , يؼًبرٌ ( او وثبئك ػذو تطبثك انًخططبد ) 

  -23و انؼمذ

  -2و انًُبسجبد انذَُُخ وانؼطم انًفبجئخ

 َشاػبد خلال يزدهخ انتشُُذ ثٍُ اغزاف انؼًم

  -24و

ظؼف انتُسُك والاتصبلاد ثٍُ صبدت انؼًم 

 وانًمبول

  -3و

 جذونخ غُز دلُمخ نهًشزوع

  -25و

تصُُغ انمطغ انكىَكزَتُخ انجبهشح فٍ ايبكٍ 

 ػٍ انؼًم ثؼُذح

  -4و

تذهىر الاوظبع الايُُخ فٍ انًشزوع ثبلاظبفخ انً 

 سُبسُخ -26و تكزار تفجُز انًؼذاد

ػذو تىفز انًؼهىيبد انعزورَخ ) تأخز وصىل 

 انًخبغجبد انزسًُخ انً يىلغ انؼًم (

  -5و

  -6و ػذو وظىح الانتشايبد انتؼبلذَخ  -27و تأخز وصىل انًىاد ثسجت الاجزاءاد الايُُخ

 ثسجت ادذاث ايُُخ نى َستطغ انًمبول استلاو انًىلغ

  -28و

تأخز انًصبدلخ ػهً انًخططبد انتُفُذَخ يٍ 

 لجم انجهخ الاستشبرَخ

  -7و

ظزوف انذزة ) استمزار ودذح ػسكزَخ فٍ انًشزوع 

  -29و نًذح غىَهخ (

  -8و تأخز انًجبشزح ثبنؼًم فٍ انًشزوع

ثسجت دذوث اظزار فٍ ثؼط اجشاء انًشزوع 

  -33و الادذاث الايُُخ

  -9و دذوث يشبكم داخهُخ ثٍُ اػعبء فزَك انًمبول

تؼزض انًشزوع انً اغلالبد َبرَخ َتُجخ ادذاث 

  -31و ايُُخ

ى انًىلغ انً انًمبول ثسجت ػذو ُتأخز فٍ تسه

 تهُئخ انًىلغ

 يكبَُخ -13و

 ػذو كفبَخ انتخصُصبد انًبنُخ لاكًبل الاػًبل

 يبنُخ -32و

ػىائك فٍ انًىلغ كبنًُبِ انجىفُخ, وجىد 

 انخ ---اَبثُت انًُبِ, تبسُبد كهزثبئُخ 

  -11و

تبخُزاَجبس انفمزاد ثسجت ػذو تىفزانسُىنخ انًبنُخ 

  -33و نذي انًمبول )ػذو انتذكى ثبنتذفك انُمذٌ(

  -12و ػذو تخصُص يكبٌ نزيٍ الاَمبض

  -13و سىء انظزوف انجىَخ   -34و نتعخى وتمهجبد الاسؼبرخلال فتزح تُفُذ انًشزوع                        ا

  -14و اختلاف غجُؼخ الارض  -35و ارتفبع كجُز فٍ اسؼبر دذَذ انتسهُخ

ػذو ايكبَُخ الاستفبدح يٍ انًشزوع ثسجت وجىد 

  -36و َىالص كبنًصبػذ

  -15و تجذَم يىلغ انؼًم
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يطبنجخ انًمبول ثفزق سؼز لارتفبع اسؼبر انًىاد 

 ثسجت انتبخُز

  -37و

ظُك انًسبدخ داخم انًىلغ وصؼىثخ دزكخ 

انًؼذاد وػذو تىفز يكبٌ نتجهُش انًىاد، 

 اظبفخ انً انشخى انًزورٌ فٍ انًُطمخ 

  -16و

تأخز استلاو انسهف انتشغُهُخ وفك انؼمذ نذٍُ اكًبل 

  -38و الاجزاءاد انمبَىَُخ

صؼىثخ انىصىل انً انًىلغ ) انًىلغ فٍ 

 يُطمخ َبئُخ (

  -17و

ارض انًشزوع يستًهكخ يٍ لجم انذونخ ونكٍ نى َتى 

  -39و تسذَذ استذمبلبد انًبنكٍُ

فزولبد ثٍُ انتُفُذ وانًىاصفبد انًطهىثخ 

 َتُجخ نسىء فهى انًخططبد وانًىاصفبد

 فُُخ -18و

  -19و تهشَى انؼًم نًمبول غُز كفىء         -43و وفبح انًمبول

تأخز تُفُذ ثؼط انفمزاد ثسجت ػذو استًلان 

  -41و انًُبغك انًذزيخ نهًشزوع

تأخز وصىل ثؼط انًىاد وانتجهُشاد يٍ ثهذ 

 انًُشأ

  -23و

 تأخز اجزاءاد تذىَم انؼًم انً انىرثخ

  -42و

ػذو دلخ انًسىدبد انًتؼهمخ ثًىلغ انًشزوع 

 انطزف الاوليٍ لجم 

  -21و

 
 ( : التحصيل الدراسي لافراد العينة2ول رقم )جد

 
 التحصيل الدراسي التكرار النسبة المئوية

 بكالوريوس هندسة 23 68
 

 ماجستير هندسة 4 12
 

 دكتوراه هندسة 7 20
 

 المجموع 34 100%
 

 
 ( : سنوات الخبرة لافراد العينة3جدول رقم )

 
 
 
 
 
 
 
 
 
 
 
 

 سنوات الخبرة التكرار النسبة المئوية 
 11 – 5 6 18 سنة 15% اقل من  44

 
26 9 11 – 15 

 
 15اكثر من  19 56  سنة 15اكثر من  % 56

 
 المجموع 34 100% 
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 ANP(: نموذج من عممية التحميل الشبكي 1شكل رقم )

 
 
 
 

 لعلاقة تاثير المخاطر ومرحمة المشروع الانشائي ANPنتائج تحميل الشبكة التحميمية نموذج من (: 4جدول رقم )
 

 مرحمة التنفيذ مرحمة التصميم مرحمة التعاقد (مرحمة تحديد الفكرة )مرحمة القرار المخاطر
 (3333688) 1و (3341753) 1و (3341724) 1و (3345532) 1و تنظيمية

 (3326735) 2و (3317363) 2و (3322673) 2و (3318434) 2و 
 (3315717) 3و (3312964) 3و (3312321) 3و (3314123) 3و 
 (3339829) 4و (3312362) 4و (3333333) 4و (3311666) 4و 
 (3336376) 5و (3337388) 5و (3335373) 5و (3334862) 5و 
 (3333392) 6و (3333275) 6و (3313393) 6و (3333333) 6و 
 (3333333) 7و (3331393) 7و (3334286) 7و (3333333) 7و 
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  الاسجمُخ نهًخبغز – ANP(: َتبئج ػًهُخ انتذهُم انشجكٍ 5جذول رلى )

 يزدهخ انًشزوع / َىع انؼمذ / َىع انؼًم الاَشبئٍ يخبغز تُظًُُخ يخبغز يكبَُخ يخبغز فُُخ
12و 12و  21و  21و  21و  21و  25و  21و  21و  21و  22و  22و  1و  1و  1و  1و  5و  1و  1و  1و  2و   

 انمزار ● ● ● ● ●      ● ●  ● ● ● ● ●  ● ●
 انتؼبلذ ● ● ●  ● ● ●   ● ● ●  ● ●   ● ● ● ●
 انتصًُى ● ● ● ● ● ● ●   ● ● ● ● ● ●   ● ● ● ●
 انتُفُذ ● ● ● ● ● ●    ● ● ● ● ● ●   ● ● ● ●

 انجًهخ ● ● ● ● ● ●    ● ● ● ● ●    ● ● ● ●
تسهُى انًفتبح + جذول انكًُبد والاسؼبر + جذول الاسؼبر  ● ● ● ● ● ●    ● ● ● ● ● ●   ●  ● ●

سائذاً + انتصًُى وانتُفُذ+ انكهفخ   

يشبرَغ انكهزثبء + شجكبد انًبء وانًجبرٌ + الاثُُخ  ● ● ● ● ● ●    ● ● ● ● ● ●   ● ● ● ●

 انسكُُخ + انًستشفُبد + اثُُخ انًؼبيم + انطزق وانجسىر
 الاثُُخ انًذرسُخ ● ● ● ● ● ● ●   ● ● ● ● ● ●   ● ● ● ●

فُُخيخبغز  يخبغز سُبسُخ يخبغز يبنُخ   
11و 12و  12و  11و  11و  11و  11و  15و  11و  11و  11و  12و  12و  11و  11و  11و  11و  15و  11و  11و  11و    

 انمزار ●      ● ● ●  ●      ● ● ● ● ●
 انتؼبلذ ● ●   ● ● ● ● ●  ● ● ● ● ● ● ● ●   
 انتصًُى ● ●   ●  ● ● ● ● ● ● ● ● ●      
 انتُفُذ ● ●   ● ● ● ● ●  ● ● ● ● ● ● ●    

 انجًهخ ● ●   ● ● ● ● ●  ● ● ● ● ● ● ● ●   
تسهُى انًفتبح + جذول انكًُبد والاسؼبر + جذول الا سؼبر  ● ●   ● ● ● ● ●  ● ● ● ● ● ● ●    

 + انكهفخ سائذاً + انتصًُى وانتُفُذ

الاثُُخ يشبرَغ انكهزثبء + شجكبد انًبء وانًجبرٌ +  ● ●   ● ● ● ● ●  ● ● ● ● ● ● ●    

 انسكُُخ + انًستشفُبد + اثُُخ انًؼبيم + انطزق وانجسىر
 الاثُُخ انًذرسُخ ● ●   ● ● ● ● ●  ● ● ● ● ● ● ●    
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 لممخاطر مع نوع  لصناعة القرار لادارة الاسبقية Vanguard Software System(: شجرة القرار لبرنامج 2شكل رقم )

 المرحمة لممشروع
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 لممخاطر لصناعة القرار لادارة الاسبقية Vanguard Software System(: شجرة القرار لبرنامج 3شكل رقم )
 العقدمع نوع  
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 لصناعة القرار لادارة الاسبقية Vanguard Software System(: شجرة القرار لبرنامج 4شكل رقم )
 الانشائي في المشروع العمللممخاطر مع نوع 
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 تصنيف المخاطر  تحديدأ(:  – 5) رقم الشكل

 

 
 

 ب(: لتأكيد اختيار تصنيف المخاطرة – 5الشكل رقم )
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 ختارجـ(: انواع المخاطر ضمن التصنيف الم – 5الشكل رقم )
 

 
 

 د(: القرار المطموب لادارة المخاطر – 5الشكل رقم )
 خطوات البرنامج المقترح لصناعة قرار الاسبقية لممخاطر مع نوع العقد الانشائي :(5الشكل رقم )

 ) عمى سبيل المثال ( بعد بناء شجرة القرار 
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ABSTRACT 

     The corrosion protection of low carbon steel in 2.5 M HCl solution by kiwi juice was studied 

at different temperatures and immersion times by weight loss technique. To study the 

determination of the optimum conditions from statistical design in evaluation of a corrosion 

inhibitor, three variables, were considered as the most dominant variables. These variables are: 

temperature, inhibitor concentration (extracted kiwi juice) and immersion time at static 

conditions.  

These three variables are manipulated through the experimental work using central composite 

rotatable Box – Wilson Experimental Design (BWED) where second order polynomial model 

was proposed to correlate the studied variables with the corrosion rate of low carbon steel alloy 

to estimate the coefficients by nonlinear regression analysis method based on Rosenbrock and 

Quasi-Newton estimation method in as few experiments as possible to determinate of the 

optimum conditions of the proposed polynomial adopted via STATISTICA software. The 

parametric study on corrosion inhibition process using response surface methodology (RSM) is 

presented in this paper.  

     The study shows that the immersion time and temperature of corroding medium had shown 

negative dependence of great significance in increase the corrosion rate while the other studied 

variable (i.e. inhibitor concentration) had shown large positive dependence in reduce the 

corrosion rate of low carbon steel alloy. 

     Optimum conditions for achieving the minimum corrosion rate are obtained from optimizing 

the above correlation and are found as follow: 42.86 °C temperature of corroding medium, 29.29 

cm
3
/L inhibitor concentration and 2.65 h immersion time. In these circumstances, the value of 

inhibition efficiency obtained was 96.09 %. It could be concluded that Box-Wilson experimental 

design was adequately applicable in the optimization of process variables and that kiwi juice 

sufficiently inhibited the corrosion for low carbon steel at the conditions of the experiment. 

 

Keywords: RSM; corrosion inhibition; kiwi juice; hydrochloric acid solution  

 

  طبٍعًكمانع تآكل  لكٍىيإٌجاد الظروف المثلى فً تقٍٍم عصٍر ا

الهٍذروكلىرٌكحامض للحذٌذ فً   

 
 خالذ حامذ رشٍذ

 مذرس
بغداد – الجامعة التكنلٌجية - قسم اليندسة الكيمياًية  

 

 الخلاصة

بأسةتفدا  صيةيس الكيةٌ   )مةٌرز  2.5) حةام  الييةدزًللٌزي فة  مللةٌ  الكةازبٌ   مةنفض حديةد  تم دزاسة حمايةة تكلة 

. التكلةة للسةا  معةدرح  بأسةتفدا  تننيةةة فنةدا  الةٌش  غمةسصنةد مفتلةد دزجةةاح اللةسازر ًفتةساح شمة  لمثةطظ لعمليةة التالة  

 متغيةساح احصتطةاز لاثلاةة بنظةس اخُةرح تكلة فة  تنيةيم ادام مثةطظ صمليةة  م  التيةميم اححيةا   تلديد الظسًف المثلى دزاسةل

mailto:alhadidikhalid@yahoo.com
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شمة  ر فتةسً ( كيةٌ ً تسليةص المثةطظ )صيةيس الالعٌامة  المةرلاسر ىة  دزجةة اللةسازر  .تكل صملية ال صلى تألايسًا احلثس اصتطسح

  .صند ظسًف سالنة غمس

 -Box) التيةميم الةدًاز المسلةل المسلةص  طسينةة سةتفدا إب العمليةة التجاز  تيميمتم معالجتيا م  خث  الثثلاة المتغيساح 

Wilson) ًمعةد   الثثلاةة المتغيساح بي  العثقة الى تشيسالت   الثانية م  الدزجةمتعددر اللدًد  بمعادلة اصثه المتغيساح لسبظ

الثخطة  المعتمةدر ًاحزتةداد مثح بأستفدا  طسينة تللي  التساجع المعا يجادإ خث  الكازبٌ  م  منفض للديد لسطيكة ا تكل ال

بأقةة  صةةدد تجةةاز  ممكةة  لتلديةةد الظةةسًف المثلةةى للمعادلةةة  (Rosenbrock and Quasi-Newton)صلةةى طسينةةة حسةةا  

ذلةسح دزاسةة العٌامة  صلةى صمليةة تثطةيظ التالة   .STATISTICA software))در بٌاسةطة المضتسضة المتعددر اللدًد المعتمة

 بأستفدا  منيج سطح احستجابة ف  ىره المنالة.  

 ف  حةي  ا  المتغيةس ارخةس )معد  التكل  ف  شيادر  اسلطي اتألايس الي التكل ًدزجة حسازر مللٌ   غمسشم  البأ   طي تالدزاسة   

المثلةى ظةسًف السةتفسا  إ. تةم الكةازبٌ   مةنفض سةطيكة حديةد  معةد  تكلة تنلي   ف ا لطيس اايجابي اتألايس لو ( لا تسليص المثطظ

cm 29.29, تسليةص المثةطظ  C° 42.86مللةٌ  التكلة  دزجةة حةسازر  : ىة معةد  تكلة  ًتجاز  للليٌ  صلةى اقة  لل
3
/L   ً

التيةميم بةأ  مة  النتةا ج اسةتنتج  % 96.09.لانة  للتالة  , قيمةة لضةامر المةادر المانعةة ىره الظسًف ًصند  .h 2.65 غمسشم  

صلى نلةٌ تةألايسصيةيس الكيةٌ  لةو الختياز احفض  لمتغيساح العملية ًصلى نلٌ مث م ف  ا قاب  للتططيق Box-Wilsonالعمل  

 الكازبٌ  صند ظسًف التجسبة. منفض لاف  ف  تثطيظ تكل  اللديد 

 

 ، صييس ليٌ  ، مللٌ  حام  الييدزًللٌزي  تكل ، تثطيظ  RSM: الرئٍسٍهالكلمات 

 

1. INTRODUCTION 

 

In the chemical and engineering industry experimental designs are particularly applied to 

study of process variables and how they affect on the product, Perry, and Green, 2000. 

Three basic types of statistically designated experiments are most often used in chemical and 

engineering industry. These are 1. Fractional-Factorial design. 2. Box-Wilson design. 3. Factorial 

design. Box-Wilson designs and, in particular, the two-level Box-Wilson design, have been 

treated in the literature both theoretically and from application point of view, Box and Hunto, 

2005. However, it's desirable here to review briefly their major characteristics: 

Consider the weight loss resulting from corrosion of a low carbon steel specimen has to be 

determined as function of temperature, inhibitor concentration and immersion time, and let the 

two levels of temperature, inhibitor concentration and immersion time. The experiments carried 

out under these conditions are presented in the experimental design.  

Many metals and alloys which used in different human activities are susceptible to different 

mechanisms of corrosion due to their exposure to different corrosive media. Among these, low 

carbon steel is very important. One of the methods used to reduce the rate of metallic corrosion 

is addition of inhibitors. Many studies have been carried out to find suitable compounds to be 

used as corrosion inhibitors for this metal in different aqueous solutions. These studies reported 

that there are a number of organic and inorganic compounds which can inhibit corrosion of steel, 

Musa, et al., 2010, Khadom, et al., 2009, Yaro, et al., 2000. Many researchers were conducted 

to examine some naturally occurring substances as corrosion inhibitors for different metals in 

various environments, El-Etre, et al., 2005, El-Etre, 2003. 

The use of inhibitors is an important method of protecting materials against deterioration. 

Inhibitors are chemicals that often work by adsorbing themselves on the metallic surface by 

forming a film, Ebenso, et al., 2009, Noor, 2008, Ebenso, et al., 2008, Oguzie, 2006, Gazquez, 

2006. Most corrosion inhibitors are either synthesized from cheap raw materials or are chosen 

from organic compounds containing electronegative functional groups and л-electrons in triple 

or conjugated double bonds. The sites of aromatic rings and hetro atoms (such as S, N, O and P) 

are the major adsorption centers for these inhibitors, Dubey, and Sing, 2007. Broad spectra of 

organic compounds are available as corrosion inhibitors. Of these, only very few are actually 

used in practice. This is partly due to the fact that desirable properties of an inhibitor usually 
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extend beyond those simply related to metal protection. Considerations of cost, toxicity, 

availability and environmental friendliness are of considerable important. Accordingly, the 

replacement of some toxic, expensive chemical inhibitors by inhibitors obtained from natural 

sources is necessary. Apart from being readily available, cheap and a renewable source of 

materials, naturally occurring substances are eco-friendly and ecologically acceptable. Naturally 

occurring substances are biodegradable and do not contain heavy metals or other toxic 

compounds. Among the so-called “green corrosion inhibitors” are organic compounds that act by 

adsorption on the metal surface, such as extracts of natural substances, Raja, and Sethuraman, 

2008. The efficiency of these organic corrosion inhibitors is related to the presence of polar 

functional groups with S, O or N atoms in the molecule, heterocyclic compounds and л-

electrons. The polar function is usually regarded as the reaction center for the establishment of 

the adsorption process, Roberge, 1999. One of these natural compounds is fruits. Fruit is a rich 

source of chemicals such as vitamins, minerals, organic acids and phenolic compounds. The kiwi 

juice includes different level of phenolic compounds. The hydroxybenzoic acids and 

hydroxycinnamic acids are the most common compounds in kiwi fruits, Keith, 2012. Note that 

the kiwi juice extract use for the first time as natural inhibitor in this article to the corrosion of 

low carbon steel alloy in hydrochloric acid solution. Alaneme, and Olusegun, 2012 have studied the 

inhibitive property of lignin extract of sun flower (tithonia diversifolia) as green corrosion inhibitor in 1 

M H2SO4 solution using experimental design. Da Rocha, et al., 2012 have studied the inhibitive 

action of grape pomace extract as green corrosion inhibitor against the corrosion of carbon steel 

in a 1 mol L
-1

 HCl solution using weight loss measurements. Afia, et al., 2014 have studied the 

inhibitive property of acid garlic essential oil as a green corrosion inhibitor in a 1 M HCl solution 

by weight loss method of monitoring corrosion rate. 

Therefore, the present study of inhibition of kiwi juice on low carbon steel corrosion and the 

optimization of the independent variables is necessary, as well as important to the environment. 

The experiments discussed in this work were designed to optimize the inhibition of low 

carbon steel by extracted kiwi juice where several variables, including temperature, inhibitor 

concentration and immersion time would influence the corrosion rate.  

Design of experiment is a statistical procedure that can reduce significantly the number of 

experiment, keeping however, the reliability of the conclusions at high standard. The traditional 

experimental method, one factor at a time approach can hardly be used to establish relationships 

among all the experimental input factors and the output responses. Even though the traditional 

approach can be useful in finding predominate factors in this situation, it is difficult to observe 

the optimum value of the working parameters as no interaction among them is considered. To 

solve this problem and obtain a probable optimum, design of experiment (DOE) offers a better 

alternative to study the effect of variables and their responses with minimum number of 

experiments, Giovanilton, et al., 2011, Montgomery, 2005. A Box-Wilson is used to evaluate 

two or more factors simultaneously. The treatment is combination of level of the factors. The 

advantages of Box-Wilson design over one-factor-at-a-time experiment are that they are more 

efficient and they allow interactions to be detected. .  

The aim of the present work is to investigate the influence of the operating parameters 

(temperature, inhibitor concentration of extracted kiwi juice and immersion time) on corrosion 

rate of low carbon steel alloy in hydrochloric acid solution under optimum conditions that are 

obtained by using Box-Wilson techniques, then estimation of the inhibition efficiency of 

extracted kiwi juice as green corrosion inhibitor in order to find a naturally, cheap and 

environmentally safe substance that could be used for inhibition purposes. 
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2. EXPERIMENTAL WORK 
2.1 Metal Preparation 

The material of working electrodes used in this study is low carbon steel in foil coupons of a 

tag shape were used as specimens. This material is cut of specimens by dimensions of (2 3 0.2 

cm). Analysis of these specimens was carried out at National Center for Construction 

Laboratories and Research /Baghdad/Iraq. Table 4 shows the nominal and the analytical 

chemical compositions of material used in this work. This analysis indicates that the main 

elements of material are within the standard limits. 

 

2.2 Extraction of Inhibitor 

Completely fresh ripe kiwi fruit weighing 2 kg was purchased from the local market 

(Baghdad-Iraq). The fruits washed in cold running tap water followed by distilled water, dried 

with clean tissue, and extracted the crust from it and then was squeezed mechanically to get 

corresponding juice. The resulting juice nomination in order to get a homogeneous solution. In 

this process, 1/2 liter of kiwi juice was obtained. The extracted juice was kept frozen at - 4 °C in 

glass graduated cylinder until further experiment. The concentrations of inhibitor were closer as 

5, 15, 25, 35 and 45 cm
3
/L kiwi juice concentration. 

 

2.3 Box-Wilson Experimental Design (BWED) and Optimization of Variables 

  The running expense for each experiment is relatively high which leads to need of design of 

experiment. The design of experiment is a statistical tool which helps to minimize the number of 

experiments so that appropriate data will be collected, the minimum number of experiments will 

be performed to acquire the necessary technical information and suitable statistical methods will 

be used to analyze the collected data. The initial task of this stage is to find out the key process 

control parameters with their ranges and performance evaluation parameter (output) that is to be 

measured. The levels of each variable represent the range for which the effect of that variable is 

desired to be known.  

      Box-Wilson experimental design is easy to apply to many engineering situations, making it a 

powerful yet simple tool and a series of tests for characterizing a physical mechanism. These 

series of experiments have been developed which efficiently serve as a basic deriving the 

mathematical model of process, Jeff, and Michael, 2009. For three variables, the quadratic 

polynomial equation can be represented as follows:  

 

                         
       

       
                  

                                                                                                                                                                     
 

A preliminary step is to set up the relationships between the coded level and the corresponding 

real variables, which are required in the determination of experimental range by the following 

equation. 

 

       
             

            

√ 

                                                                                                                          

 

The coded variables take the value between -2 and 2 in accordance with the central composite 

rotatable suggested by Tarantino, Tarantino, 2010. 

The range of real variables for the system could be represented in Table 1. 

The expression of coded level for the system is estimated from Eq. (2) 
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Where: 

T = Temperature of corroding medium (°C) 

C = Inhibitor Concentration (cm
3
/L) 

t = Immersion Time (h) 

Table 2 shows the relationship between the coded level and corresponding real variables. 

The number of experiments that must be done shown in Table 3. 

 

2.4 Experimentation 

The cleaning procedure was as follows: The specimens were first degreased with analar 

benzene and acetone at 25 °C, and then annealed in a vacuum oven at 550 °C for 1.5 h and 

cooled to room temperature. Specimens were abraded in sequence under running tap water using 

emery paper of grade numbers 220,320,400 and 600, rinsed with running tap water followed by 

distilled water, dried with clean tissue, immersed in acetone and benzene, and kept in desiccator 

over silica gel bed until time of use. The specimens were completely submerged in 200 cm
3
 

corrosion solution at 2.5 M HCl, 30, 37.5, 45, 52.5 and 60 °C, and 5, 15, 25, 35 and 45 cm
3
/L 

kiwi juice concentration for a period of time 1, 2, 3, 4 and 5 h. After each experiment the 

specimens were washed with running tap water followed by distilled water, dried with clean 

tissue, immersed in acetone and benzene, and kept in desiccators over silica gel bed to dry, then 

weighed by high accuracy electronic balance. 

 

3. RESULTS AND DISCUSSION 

The corrosion of low carbon steel in 2.5 M HCl solution containing various concentrations 

of inhibitor at different temperatures and immersion times was studied by weight loss 

measurments. The corrosion rate of low carbon steel was determined using the relation: 

 

    
               

                      
                                                                                                                                  

 

   : Corrosion rate (g/m
2
. day) (gmd) 

 

The percentage inhibition efficiency (IE (%)) was calculated at optimum conditions using the 

relationship, Alaneme, and Olusegun, 2012: 

 

    
                  

          
                                                                                                                        

 

Where           and          are the corrosion rates in absence and presence of inhibitor 

respectively.  
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Table 5 will be first fitted through nonlinear regression analysis to estimate the coefficients 

of the proposed model. Table 5 also shows the corrosion rate of the specimens that reached 

through the experimental work and the predicated corrosion rate, which are designed according 

to the central composite rotatable design method. 

 

3.1 Response Surface Methodology: 

Response Surface Methodology (RSM) can be regarded as a statistical technique for 

optimizing the objective functions through some mathematical methods. Basically, this involves 

doing several experiments. Using the result of one experiment, direction for what to do next is 

provided, Lenth, 2010. The field of RSM consists of the experimental strategy for exploring the 

space of the process or independent variables, empirical statistical modeling to develop an 

appropriate approximating relationship between the yield and process variables and optimization 

methods for finding the values of process variables that produce desirable values of the response, 

Acherjee, et al., 2009. The main objective of RSM is to find the combination of factor levels to 

achieve the optimal response. 

In the present work the RSM is used to study the parametric effect of process parameters on 

corrosion rate. The result of experiment is used to develop the regression model as discussed in 

the following section. The effect of temperature, inhibitor concentration and immersion time on 

corrosion rate is shown graphically in Fig. 3 through Fig. 5 by constructing the response surface 

and contour diagram. 

      Multiple regression analysis (MRA) is one of the most widely used statistical techniques for 

analyzing multifactor data, Davim, et al., 2008. In the present work a regression model is 

developed by establishment of correlation between the process control parameters such as 

temperature, inhibitor concentration and immersion time with the output parameter namely 

corrosion rate, one can use this relationship in various algorithms. A quadratic regression model 

for response corrosion rate (    ) is developed based on experimental results using the coded 

data of the central composite rotatable design, Table 6 the coefficients of the 2
nd

 order 

polynomial were estimated by implementing nonlinear least squares regression analysis 

technique based on Rosenbrock and Quasi-Newton estimation method via the STATISTICA 

software of version 10.1 can be used for estimation of coefficients B0, B1,…., B23. This model 

will help to predict the response as a function of independent variables and their interactions. 

In order to obtain the second-order response surface model equation the following equation 

may be assumed: 

 

     ∑    

 

   

 ∑     
 

 

   

 ∑     

 

   

                                                                                    

 

Where Y is the predicted response,    the intercept coefficient,    the linear terms,     the 

squared terms,     the interaction terms,    and     are coded levels of the process control 

variables, the residual,    measures the experimental error of the observation number and   is the 

total number of designed variables, Jian-Ping, et al., 2007, Montgomery, 2005. The 

coefficients of the model for the corresponding response are estimated using multiple regression 

analysis technique included in RSM. The response surfaces of corrosion rate can be expressed by 

the following quadratic equation in terms of coded values and real units.  
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Where,     = Temperature (°C) 

                = Concentration of Inhibitor (cm
3
/L) 

                = Immersion Time (h) 

    

3.2 Statistical and Mathematical Analysis: 

 

From Table 5:  

               
An estimation of the experimental error variance    

   is obtained by dividing the residual sum of 

squares      by number of degree of freedom   ; where:  

                                                                                                                                                             
Where:  

  : No. of experiments 

     : No. of coefficients in the model 

                                                                                                                                                     
  
  ∑  

  ⁄                                                                                                                                                      
The estimated variance of coefficients    

   is then calculated by the following formula: 

  
    

 ∑   ⁄                                                                                                                                                  
The significant coefficient can be estimated by comparing the value of      

 ⁄   to the critical 

value                  of the F-distribution at 95% level of confidence, Jeff, and Michael, 

2009. The results of these calculations are shown in Table 7 for low carbon steel alloy. The final 

form of the proposed model was as follows: 

 

                                                                     

                                                                                                                                                     
 

The accuracy of an empirical model can also be done by means of statistical parameters, for 

example, correlation coefficient. The correlation coefficient (R
2
) is a statistical measure of the 

strength of correlation between the predicted and measured values, Devore, 2005. For the 

current problem, the following result is obtained: R
2
 = 0.895.  Fig. 2 shows predicted corrosion 

rate by Eq. (14) against experimental one. 

 

3.3 Inhibition Optimization Result and Estimating the Percentage Inhibition Efficiency: 

 

According to Eq. (14), using POLYMATH software version 4.02 in terms of minimum 

corrosion rate, the optimum values were obtained. The optimum values of the studied variables 

in coded and real form are listed in Table 8 below for low carbon steel alloy. A validation 

experiment was conducted at the specified optimized values and the results were used to 

calculate the response (corrosion rate). The practical value of the corrosion rate at the optimum 

conditions was comparable with the theoretical value and the result was closed. 

The percentage inhibition efficiency at the optimum conditions can be calculated from the 

Eq. (7). 
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3.4 Influence of Process Parameters on Corrosion Rate: 

 

The aim of this study was to find a corrosion rate whose features would have been 

previously defined from the operative conditions extracted from the quadratic mathematical 

model. 

Because the direct exploitation of the equation was delicate, it was convenient to restore it under 

a graphic representation; while fixing one of the three factors of the survey, it was possible to 

represent the response surface materializing the surface of regression in a three-dimensional 

space. It was also possible to project the equation in a design under isoresponse curves, 

interpreted as card curves level.  

 

A. Evolution of corrosion rate as a function of the temperature and the concentration of 

corrosion inhibitor: 

 

Fig. 3 shows the evolution of the corrosion rate as a function of the temperature and the 

concentration of corrosion inhibitor (extracted kiwi juice). It can be seen that the inhibitor 

concentration has a strong influence on the tentative response. The minimal corrosion rate is 

obtained for an inhibitor concentration of 0.37 in coded variable, i.e., 29.29 cm
3
/L in real 

variable. Considering simultaneous effects of temperature and inhibitor concentration is 

presented in Fig. 3 contour plot. The figure shows, in high temperature (60 °C), the increase of 

corrosion rate is higher than in lower temperature (30 °C). This is also in close agreement with the 

research done by, Da Rocha, et al., 2012.  
 

B. Evolution of corrosion rate as a function of the temperature and the immersion time: 

 

Fig. 4 shows the synergism between the two factors: the temperature and immersion time in 

corrosion rate at inhibitor concentration 29.29 cm
3
/L. It can be noted that the effect of the 

immersion time differed according to the corrosion rate’s variation. This effect becomes positive 

and even more important when the corrosion rate is degraded (reduced). Analysis of corrosion 

rate as effects of interaction between temperature and immersion time is shown in Fig. 4 contour 

plot. The model shows a decrease followed by growing of corrosion rate due to temperature and 

immersion time at the optimum condition of inhibitor concentration 29.29 cm
3
/L and this in 

agreement with, Alaneme, and Olusegun, 2012. 

 

C. Evolution of corrosion rate as a function of the concentration of corrosion inhibitor and 

the immersion time: 

 

Fig. 5 represents the evolution of the corrosion rate as a function of the inhibitor 

concentration and the immersion time. This figure shows that the corrosion rate initially 

decreased when the inhibitor concentration and immersion time increased. This evolution was 

however more accentuated up to a concentration of 29.29 cm
3
/L kiwi juice until it reaches a 

minimum value of corrosion rate at 2.65 h, which contributes to the great tendency of corrosion 

protection causes decrease in corrosion rate then it begins to increase again with increasing the 

inhibitor concentration and immersion time. Fig. 5 contour plot presents a polynomial surface 

response relating to effect of inhibitor concentration and immersion time on corrosion rate. It is 

shown that different corrosion rate is observed for inhibitor concentration and immersion time. 

Immersion time increased corrosion rate from 70-220 gmd along the immersion time setting (1-5 
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h). Concentration of inhibitor from 5-45 cm
3
/L has decreased corrosion rate from 270-70 gmd. 

This is also in close agreement with the research done by, Afia, et al., 2014.  

 

4. CONCLUSION 

 

1. The results of experiment are extended to develop the second order polynomial regression 

model of the objective function (corrosion rate) in terms of three variables (i.e., temperature 

of corroding medium, inhibitor concentration and immersion time) using response surface 

methodology (RSM) gives Eq. (14), which adequately describes the behavior of the process 

throughout the studied range. 

2. The three variables effect on the corrosion rate in following order: 

                                     Inhibitor concentration > Immersion time > Temperature. 

3. The green corrosion inhibitor made up the kiwi juice extract successfully reduced the 

corrosion rates of low carbon steel alloy in 2.5 M HCl solution. 

4. The optimum conditions as predicted from Eq. (14) is 42.86 °C temperature of corroding 

medium, 29.29 cm
3
/L inhibitor concentration and 2.65 h of immersion time for low carbon 

steel alloy. 

5. Kiwi juice extract acts as a corrosion inhibitor of low carbon steel with inhibition efficiency of 

96.09 % under the optimum conditions. 

6. The corrosion rate of low carbon steel alloy in 2.5 M HCl solution in presence of kiwi juice 

extract, increases with increasing temperature and immersion time, and decreased with 

increasing concentration of inhibitor. 

7. The analysis of statistical central composite rotatable Box–Wilson Experimental Design 

(BWED), generally, shows that the interaction effects on the corrosion rate by weight loss 

technique (within the studied range) is less pronounced compared with the main and square 

variables except the interaction effect of (T   t) in presence of extracted kiwi juice. 
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Table 1. The experimental range of variables. 
 

 

 
Table 2. Real and coded of the independent variables used in RSM study. 

Levels Variables 

2 1 0 -1 -2              

60 52.5 45 37.5 30                     

45 35 25 15 5 
                            

          

5 4 3 2 1                       

 

Table 3. Sequence of experiments according to central  

composite rotatable experimental design. 

Real Variables 
Coded 

Variables 
Exp. 

.No Immersion 

Time 

(h) 

Inhibitor 

Conc. 

(cm
3
/L) 

Temp. 

 (°C) 
         

2 15 37.5 -1 -1 -1 1 

2 15 52.5 -1 -1 1 2 

2 35 37.5 -1 1 -1 3 

2 35 52.5 -1 1 1 4 

4 15 37.5 1 -1 -1 5 

4 15 52.5 1 -1 1 6 

4 35 37.5 1 1 -1 7 

4 35 52.5 1 1 1 8 

3 25 30 0 0 -2 9 

3 25 60 0 0 2 10 

3 5 45 0 -2 0 11 

3 45 45 0 2 0 12 

1 25 45 -2 0 0 13 

5 25 45 2 0 0 14 

3 25 45 0 0 0 15 

3 25 45 0 0 0 16 

3 25 45 0 0 0 17 

3 25 45 0 0 0 18 

 

 

 

 

 

Temperature (°C) 
Inhibitor Concentration 

(cm
3
/L) 

Immersion Time  

(h)  

30-60 5-45 1-5 
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Table 4. A nominal, Astm, 2004 and analytical chemical  

composition (wt. %) of low carbon steel alloy. 

Al Ni Mo Cr S P Si Mn C Fe Metal 

0.003 0.014 0.0008 0.024 0.005 0.004 0.002 0.3-0.6 0.02-0.13 Rem. Nominal 

0.004 0.010 0.0009 0.021 0.007 0.005 0.004 0.309 0.040 Rem. Analytical 

 

Table 5. Two-level central composite rotatable experimental design of the independent variables 

with the observed, predicted values and experimental error for the response. 

Corresponding 

residual 

Predicted 

Corrosion 

Rate 

Exp. 

Corrosion 

Rate 
Real Variables 

Coded 

Variables 
Exp. 

No. 

             
C.Rp  

(gmd) 

C.RE 

(gmd) 

Immersion 

Time 

(h) 

Inhibitor 

Conc. 

(cm
3
/L) 

Temp. 

 (°C) 
         

-22.51 123.04 100.53 2 15 37.5 -1 -1 -1 1 

-0.45 126.33 125.88 2 15 52.5 -1 -1 1 2 

25.56 84.61 110.17 2 35 37.5 -1 1 -1 3 

24.91 86.54 111.45 2 35 52.5 -1 1 1 4 

3.63 126.81 130.44 4 15 37.5 1 -1 -1 5 

2.97 159.79 162.76 4 15 52.5 1 -1 1 6 

28.99 92.83 121.82 4 35 37.5 1 1 -1 7 

51.04 124.45 175.49 4 35 52.5 1 1 1 8 

-3.57 93.92 90.35 3 25 30 0 0 -2 9 

-24.97 128.84 103.87 3 25 60 0 0 2 10 

22.45 196.64 219.09 3 5 45 0 -2 0 11 

-50.98 122.87 71.89 3 45 45 0 2 0 12 

0.51 99.82 100.33 1 25 45 -2 0 0 13 

-29.05 141.49 112.44 5 25 45 2 0 0 14 

-6.95 70.41 63.45 3 25 45 0 0 0 15 

-5.09 70.41 65.32 3 25 45 0 0 0 16 

-8.54 70.41 61.87 3 25 45 0 0 0 17 

-7.96 70.41 62.45 3 25 45 0 0 0 18 

 

Table 6. The coefficient values of the predicted correlation. 

Coeff. B0 B1 B2 B3 B11 B22 B33 B12 B13 B23 

Value 70.41 8.73 -18.44 10.42 10.24 22.34 12.56 -0.34 7.42 1.11 

Correlation Coefficient 

(R
2
) 

0.895  Proportion of Variance 0.67 

Final Value of loss 

function 
10042.18  
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Table 7. Analysis of variance (ANOVA) for the fitted model. 

           

  0.29 

F-value 

        

Variance 

            

Estimated 

Coefficient (B) 
ΣX

2
 

Constant 

Estimated 

S
*

 0.97 78.4539 8.73 16 B1 

S 4.33 78.4539 -18.44 16 B2 

S 1.38 78.4539 10.42 16 B3 

S 1.34 78.4539 10.24 16 B11 

S 6.36 78.4539 22.34 16 B22 

S 2.01 78.4539 12.56 16 B33 

NS
**

 0.001 156.9078 -0.34 8 B12 

S 0.35 156.9078 7.42 8 B13 

NS 0.01 156.9078 1.11 8 B23 

            
 (*)

 Significant 

            
(**)

 Non-significant 

                             

Table 8. Optimum values of the process variables for minimum corrosion rate. 

Variables 

Optimum Values 

(low carbon steel alloy) 

Coded Real 

                    -0.25 42.86 

                                    0.37 29.29 

                      -0.30 2.65 

Function Minimum (Corrosion rate, gmd) 62.35 
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Figure 1. Experimental set-up for weight loss investigation.  
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Figure 2. Predicted corrosion rate versus experimental corrosion rate. 
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Figure 3. Response surface plot (top) and contour plot (bottom) showing  

the variation of corrosion rate as a function of the temperature and  

extracted kiwi juice concentration at the optimum value (2.65 h). 
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Figure 4. Response surface plot (top) and contour plot (bottom) showing  

the variation of corrosion rate as a function of the temperature  

and immersion time at the optimum value (29.29 cm
3
/L). 
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Figure 5. Response surface plot (top) and contour plot (bottom) showing  

the variation of corrosion rate as a function of the extracted kiwi juice  

concentration and immersion time at the optimum value (42.86 °C). 
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ABSTRACT 

Fuzzy logic is used to solve the load flow and contingency analysis problems, so decreasing 

computing time and its the best selection instead of the traditional methods. The proposed  method 

is very accurate with outstanding computation time, which made the fuzzy load flow (FLF) suitable 

for real time application for small- as well as large-scale power systems. In addition that, the FLF 

efficiently able to solve load flow problem of ill-conditioned power systems and contingency 

analysis. The FLF method using Gaussian membership function requires less number of iterations 

and less computing time than that required in the FLF method using triangular membership function. 

Using sparsity technique for the input Ybus sparse matrix data gives reduction in overall 

computation time and storage requirements. The performance of the used methods had been tested 

on two typical test systems being the IEEE 14-bus and 30-bus systems in addition to the 362-bus 

Iraqi National Grid. All the obtained results under normal operating conditions show that the 

computation time of the fuzzy Load Flow (FLF) is less than the fast decoupled load flow (FDLF).  

Keywords: Fast decoupled method, Fuzzy Load Flow, Fuzzy Contingency Analysis, Fuzzy Logic. 
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 الخلاصة

في يُظىياخ انمذسج انكهشتائيح تاسرخذاو أَيا و ذحهيم الاضطشاتاخ الاحًال يسأنح سشياٌ  ذى في هزا انثحث الرشاح طشيمح نحساب

شثكاخ انمذسج   ورنك لاٌانطشق انعذديح غيش كفؤج نحم يسأنح سشياٌ الاحًال و ذحهيم الاضطشاتاخ انًضثة. َظشيح انًُطك 

عهى نهحم هي انثذيم الافضم ورأنك نعذو اعرًادها  َظشيح انًُطك انًضثةاسرخذاو نزا, فأٌ  .انكهشتائيح اصثحد اكثش ذعميذ

يع َرائج انحم تاسرخذاو  انًرحصهحذى اخرثاس انطشيمح انًمرشحح عهى يُظىيح لذسج لياسيح و ذًد يماسَح انُرائج  خصائص انًسأنح.  

. انشثكح انىطُيح انعشاليحانطشيمح انًمرشحح نهعًم عهى  ياٌ الاحًال تهذف انرحمك يٍ صحح وثىليهنحم يسأنح سش انطشق انعذديح 

َظًح انمذسج صغيشج و كثيشج انحجى خاصيح انحم انهحظي تًا يىصى تاسرخذايها في اتاسرخذاو انطشيمح انًمرشحح ُرائج اناوضحد 

 انى الايكاَيح انرطثيميح نظشوف عًم اعرياديح و طاسئح. تالإضافح
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 .انًُطك انًضثة, حم يسأنح سشياٌ الاحًال و ذحهيم الاضطشاتاخ تاسرخذاو انًُطك انًضثة :الكلوات الوفتاحية

 

 

1. INTRODUCTION 

    The load flow problem is one of the basic problems in the field of power system engineering. The 

development of numerical methods to solve the load flow problem has been continuing for many 

years. One of the most common computational procedures used in power system analysis is the load 

flow calculations Grisby, 2012.  

The mathematical model of load flow problem is a set of non-linear simultaneous equations. The 

solution for these equations can be implemented using iterative methods, the traditional methods of 

repeating the solutions became inefficient as need a lot of calculations at any iteration so that the 

computational time will be large Kubba, 1987.  

Contingency Analysis behaves like a fictitious test performs on a list of postulated contingency 

cases (single or multiple outages). The most important simulation of contingency analysis is to give 

the operators an indication of what might happen to the power system if an event occurs. The 

contingency analysis is time consuming as it involves the computation of complete AC load flow 

calculations following every possible outage events like outages occurring at various generators and 

transmission lines Mishra and Khardenvis, 2012. 

Uncertainty is one of the most important issues in power system planning when decisions are made 

regarding the future system expansion and operation. The uncertainties in the power system come 

from the errors in input data of the power systems due to error in measurements and errors in the 

load demand for the system load buses Grisby, 2012.  

In trying to include uncertainty into the solution process, analysis have tried different approaches. A 

better solution would be to provide solutions over the range of uncertainties included, i.e., solutions 

that are sets of values instead of single points. Fuzzy systems have been increasingly used to 

develop more efficient schemes for the power system operation, planning, control, and management. 

Fuzzy systems rely on a set of rules. These rules allow the input to be fuzzy Tomsovic, et al., 1995. 

A brief survey of solving the load flow problem and contingency analysis by the fuzzy logic theory,  

J.G. Vlachogiannis, made a new FLF method based on fuzzy logic controller (FLC) to solve the load 

flow problem using triangular membership functions to represent the fuzzy input and fuzzy output 

signal of the FLC Vlachogiannis, 2001. P. K. Satpathy, et al., proposed the fuzzy set theory that has 

been implemented for performing the power flow analysis in a fuzzy environment. A trapezoidal 

fuzzy membership function has been selected for this purpose Satpathy, 2004. P.Gajalakshmi and 

S.Rajesh, proposed fuzzy logic based power flow method. The input signals are fuzzified into 

corresponding fuzzy signals and output fuzzy signals represented in triangular membership function 

Gajalakshmi and Rajesh, 2007. P. Acharjee and Kawsar Ali, proposed the decoupled fuzzy load 

Flow, the fuzzy load flow algorithm (FLF) has been built up considering the decoupling properties 

of the power flow variables. Both power mismatche and summation of power mismatche are taken 

as two inputs for fuzzy logic controller Acharjee and Ali, 2011. K. L Lo and A. K. I. Abdewlall, 

applied fuzzy logic on contingency selection for voltage ranking Lo and Abdewlall, 2000. 

A.Y.Abdelaziz, et al., presented Fuzzy logic based algorithm for contingencies ranking Abdelaziz, 

et al., 2013. A load flow solution and contingency analysis methods based on the fuzzy control 

theory is developed in this paper. The proposed method is demonstrated on the IEEE 14 buses and 

30 buses typical test systems and Iraqi National Grid for different normal and contingent operating 

conditions.  
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2. FUZZY LOGIC 

    Most of our traditional tools for formal modeling, reasoning, and computing are crisp, 

deterministic, and precise in character. By crisp we mean dichotomous, that is yes-or-no-type rather 

than more-or-less type. In conventional dual logic, for instance, a statement can be true or false-and 

nothing in between. In set theory, an element can either belong to a set or not; and in optimization, a 

solution is either feasible or not. The traditional way of representing elements u of a set A is through 

the characteristic function. Zimmermann, 1996 :                                                                                       

 

1)( uA             if u is an element of the set A                                                                                 (1)  

0)( uA  if u is not an element of the set A                                                                           (2) 

                                                                                    

In fuzzy sets, an object can belong to a set partially. The degree of membership is defined through a 

generalized characteristic function called the membership function: 

 

]1,0[:)( UuA                                                                                                                                (3)  

Where U is called the universe, and A is a fuzzy subset of U. The values of the membership function 

are real numbers in the interval [0, 1], where 0 means that the object is not a member of the set and 1 

means that it belongs entirely to the set Lee, 2005. 

The main phases to solve any problem using the fuzzy logic approach are as follows: 

1. Identifying the problem and choosing the type of fuzzy system which best suits the problem 

requirements. 

2.  Defining the input and output variables, their fuzzy values, and their membership functions. 

3.  Articulating the set of heuristic fuzzy rules. 

4. Choosing the fuzzy inference method, fuzzification and defuzzification methods if necessary. 

Experimenting with the fuzzy system prototype; drawing the goal function and output fuzzy 

variables; changing membership functions and fuzzy rules if necessary; tuning the system and 

validation of results Zimmermann, 1996. 

  

3.  SOLUTION OF THE LOAD FLOW PROBLEM 

3.1 Fast Decoupled Load Flow (FDLF) Method 

       Fast decoupled load flow method, possibly the most popular method used by utilities, is well 

known for its speed of solution, reduced memory, and reliable convergence Stott and Alsac, 1974. 
The algorithm is simpler, faster and more reliable than Newton's method and has lower storage 

requirements. The fast decoupled load flow method is based on Newton's load flow method with the 

modifications of neglecting J2 and J3 Jacobian sub matrices due to the weak coupling between ″P-V″ 

and ″Q-δ″ quantities in power transmission system. Together with other approximations, the fast 

decoupled load flow equations become Vlachogiannis, 1994:    

 

*
  

 
+   [  ] [  ]                                                                                                                          (4)                                                                                                          
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*
  

 
+   [   ] [  ]                                                                                                                        (5)                                                                                                                          

4. PROPOSED FUZZY LOAD FLOW METHOD 

       The fuzzy power flow equations are derived from fast decoupled load flow set of equations, 

being Eq. (4) and (5) respectively. In Eq. (4), the state vector δ is updated but state vector V is fixed. 

Eq. (5) is used to update the state vector V while state vector δ is fixed. The whole calculation will 

terminate if the errors of both these equations are within the desired error tolerance. 

The above system of equations can be expressed as 

 

                                                                                                                                              (6)                                                                                                                                        

The last equation states that the correction of state vector    at each bus of the system is directly 

proportional to the vector   . The proposed fuzzy load flow method is based on the previous FDLF 

equation, but the repeated update of the state vector of the system is being performed using fuzzy 

logic control instead of using the classical load flow approach. This can be expressed by 

 

                                                                                                                                             (7) 

Where     represents a fuzzy logic function.  

The FLF algorithm is illustrated schematically in Fig. 1 that the power parameters     and     are 

calculated and introduced to the     fuzzy logic controller FLCP-δ and the     fuzzy logic 

controller FLCQ-V, respectively. The FLCs generate the correction of the state vectors ΔX namely, 

the correction of the voltage angle    for the     cycle and the correction of voltage magnitude 

   for the     cycle. 

The proposed fuzzy load flow controller (FLFC) has a structure that may be traced easily in Fig.2 

that comprises four principal components: a fuzzification interface, a rule base, process logic and a 

defuzzification interface. The fuzzification interface involves the following functions during 

iteration: 

1. Calculate and per unit the power parameters  FP and  FQ at each bus of the system. 

2. The above parameters are elected as crisp input signals. The maximum power parameter ( FPmax 

or  FQmax) determines the range of scale mapping that transfers the input signals into corresponding 

universe of discourse at every iteration. 

3. The input signals are fuzzified into corresponding fuzzy signals ( FPfuz or  FQfuz) with seven 

linguistic variables; large negative (LN), medium negative (MN), small negative (SN), zero (ZR), 

small positive (SP), medium positive (MP) and large positive (LP) Vlachogiannis, 2001. They are 

being represented in Gaussian membership function forms. Fig.3 gives sketches of these 

membership functions. Each two points (width and center) are designed. These seven linguistic 

variables are designed by two points (width and center):    LN : [2 Fm/3, - Fm], MN : [2 Fm/3, -

2 Fm/3], SN : [2 Fm/3, - Fm/3], ZR : [2 Fm/3, 0], SP : [2 Fm/3,  Fm/3], MP: [2 Fm/3, 2 Fm/3], LP  

: [2 Fm/3,  Fm].  

The rule base involves seven rules tallying with seven linguistic variables: 

Rule 1: if ΔFfuz is LN then ΔXfuz is LN, Rule 2: if ΔFfuz is MN then ΔXfuz is MN 

Rule 3: if ΔFfuz is SN then ΔXfuz is SN, Rule 4: if ΔFfuz is ZR then ΔXfuz is ZR 

 Rule 5: if ΔFfuz is SP then ΔXfuz is SP, Rule 6: if ΔFfuz is MP then ΔXfuz is MP 
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  Rule 7: if ΔFfuz is LP then ΔXfuz is LP 

4. Design of these fuzzy rules is based upon two observations. The first of them is that when the 

computed value obtained in each iteration is far away from the specified one, it will require more 

compensation from the fuzzy logic controller. The second is that these fuzzy rules are consistent 

with the observation that corrective action to state vector  X is directly proportional to power vector 

 F Eq. (7) at every iteration Lo K., et al., 1999. 

5. The fuzzy signals  Ffuz are sent to process logic, which generates the fuzzy output signals  Xfuz 

based on the previous rule base and are represented by seven linguistic variables similar to input 

fuzzy signals.  

The output fuzzy signals  Xfuz are then sent to the defuzzification interface, which performs the 

following function: The maximum corrective action  Xmax of state variables determines the range of 

scale mapping that transfers the output signals into the corresponding universe of discourse at every 

iteration. The maximum correction of these variables can be calculated by: 

 

       (
   

   
)
  

                                                                                                                      (8)                                                                                              

Where FI expresses the real or reactive power balance equations at bus-I with maximum real or 

reactive power mismatches of the system, XI represents the voltage angle or magnitude at bus-I 

Vlachogiannis, 2001. Therefore, each two points (width and center) of the Gaussian membership 

functions of  Xfuz is designated in a similar way to Fig.3 as may be shown in Fig.4. Hence, the 

output fuzzy membership classes are redesigned in similar way to Fig.2 and are listed as: 

LN : [2  m/3, -  m], MN: [2  m/3, -2  m/3], SN: [2  m/3, -  m/3], ZR: [2  m/3, 0], SP: 
[2  m/3,   m/3], MP:[2  m/3, 2  m/3], LP : [2  m/3,   m]. 

Finally, the defuzzifier will transform fuzzy output signals  Xfuz into crisp values  X for every bus 

of the network. The centroid-of-area (COA) defuzzification strategy is being adopted. This strategy 

finds the geometrical center Zo in the universe C of an output variable Z, which center ″balances″ 

the inferred membership function (z)C as a fuzzy value for Z. The following formula is used Ross, 

2010. 

   
∑          

 
   

∑       
 
   

                                                                                                                                (9) 

The second method is the Mean-of-Maxima (MOM), Sugeno method; this method finds the value 

Zo which has max(z)C is the maximum membership degree according to the fuzzy output variable Z. 

The following formula is used 
                                                                                                                      

    ∑
         

 

 
                                                                                                                           (10)  

and the state vector is being updated as 

  

                                                                                                                                        (11)                                                                                                                            

where the index i depicts the number of iterations. The number of Gaussian fuzzy-membership 

functions used and fuzzy rules are selected heuristically to minimize the overall computing time 

required for convergence. 
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5. IMPLEMENTATION RESULTS 

    The FLF method was implemented on the IEEE 14 buses shown in Fig.5 and 30 buses typical test 

systems in for the following cases of normal operation and contingent operation. The power 

mismatches (active and reactive) are given for each case of operation as shown below: 

1. Normal operating condition with power mismatch of (0.001 p.u, equivalent to 0.1 MW/MVAr). 

2. Single-line, double-line, and triple-line outage with power mismatches of 0.001 p.u. 

3. Single generator outage with power mismatches of (0.001 p.u.). 

4. Overload of the active power demand of a load (PQ) bus in percentage of 125% of rated bus load 

demand with power mismatches of 0.001 p.u.                                                                                            

5. In addition to the cases mentioned above, the performance of the system was studied in the case 

of adding series capacitance to three branches of the system. Robustness of the proposed method is 

studied in the later step.  

 The obtained results are exhibited in the Table.1 for 14 Buses IEEE Typical Test System, Power 

Mismatches (Active / Reactive) = 0.001per unit (0.1 MW/MVAr), Normal Condition. 

For contingent conditions (Single, Double and Triple-lines out of the service) the required number 

of iterations and the total computation time increases by a considerable amount. The FLF solution 

using GMF at these types of contingent conditions is remained sufficient for on-line operation. In a 

single-line outage, the line connecting buses (1) and (5) was brought out-of-service. In double-lines 

outage case, the lines connecting buses (1) and (5), and buses (4) and (9) were brought-of-service. 

The last case of line outages is the triple-lines outage. In this case, lines connecting buses (2) and 

(4), (7) and (8), and (10) and (11) were the faulty lines in respective order.     

     Tables.2 through 4 shows the results of the FLF solutions with (single, double and triple) lines 

outage using GMF. The required number of iterations and the total computation time increases by a 

considerable amount for contingent conditions (Single, Double and triple-lines out of the service). 

The importance of these studies is to know whether the system voltage magnitudes and voltages 

phase angles cross their limits (±5%) or not, causing unstable operation of the system or not. 

      Table.5 shows the system′s performance when the FLF algorithm using GMF is implemented 

under contingent operation of single generator outage. In this step, generator at bus number 3 was 

brought out-of-service. A generator outage is meant that its voltage magnitude, voltage angle, 

generated active/ reactive powers are all set to zero. It is noted that even with the voltage magnitude 

and voltage angle set initially to zero for the faulty generator bus, the final values of the voltage 

magnitude and angle of the faulty bus after the load flow calculations are implemented include non-

zero values in the both cases. 

This may be explained by assuming that the system tries to compensate for the lost generator 

voltage to keep the normal operating point unchanged as possible. For a contingent operation of two 

generators outage, the solution diverged. It means that the system could not compensate for the lost 

of two generators voltage to keep the system in a stable condition. It can be seen that FLF algorithm 

using GMF is faster from the other. 

To explore the performance of the FLF algorithm using GMF under conditions of over-loading bus, 

the active power demand of load bus number (13) was increased. In the first case, the active power 

demand was increased from 13.5 MW to 16.875 MW, i.e. an increment by 25% above the rated 

load. The test results of these studies are presented in Table.6 for 14-bus IEEE system for the FLF 

algorithm.  

The FLF success to solve ill-conditioned power systems by adding a series capacitor of capacitive 

reactance 0.04 p.u on the same bases to branches connecting buses (2) and (3), (4) and (7), as well as 
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(7) and (9).The results are show in the Table.7. The FLF based on GMF was converged without 

facing any problems.  

      From Tables.1 to 7, it is concluded that the total computing time for load flow solution is the 

least in case of normal operating condition. As well as the number of iterations for most contingent 

conditions is larger than the normal condition. But, the time per iteration for the latter cases is too 

much such that the overall computing time is more than the normal operating condition. These 

depend on the configuration of the network and the type and location of faulted elements. These 

were demonstrated from the tables.  

Implementing the fuzzy load flow method on the 362 buses Iraqi National Grid(two main 

connection grids: 132 and 400 KV connection grids) gave satisfactory results for both voltage 

magnitudes and angles. For a power mismatch of 0.001, the total time required to obtain a solution 

was about 1.0628 seconds with an iteration number of 25. Due to huge tabulations of the Iraqi 

National Grid results, they are omitted and not shown in this paper.  

     The FLF method based on GMF is faster and more accurate than TMF for on-line applications, 

planning as well as control of electrical power systems. The total computing time and number of 

iterations of the FLF algorithm based on GMF are less than FLF algorithm based on TMF for load 

flow solutions under normal and contingent conditions. 

      Table.8 shows a comparison between fuzzy load flow″ FLF″ (Triangular and Gaussian 

membership functions), fast decoupled load flow ″FDLF″, and Newton-Raphson ″NR″ methods 

according to the following criteria; number of iterations and percentage computing time under 

normal conditions. From the table, it can be observed that FLF requires more iteration as compared 

to FDLF and NR methods for the tested systems. However, the total computation time is much less 

than FDLF and NR method. In the table, the % computation time is taken relative to NR method.     

      Table.9 illustrates the reduction in computational time and storage requirements for different 

power systems by using the proposed fuzzy load flow method using Gaussian function with sparsity 

technique. The reduction in computation time and storage requirements increases as the matrix 

density decreases. While the nodal admittance matrix is the main input data which is a sparse 

matrix.     

      Defuzzification interface is very important part of the FPF controller structure as it will 

transform fuzzy output signals ΔXfuz into crisp values ΔX for all buses of the network. There are 

many defuzzification techniques but primarily only two of them are in common use, first the 

centroid-of-area (COA) defuzzification technique, secondly the Mean-of-Maxima Method (MOM) 

defuzzification techniques. These two defuzzification techniques are implemented. The comparison 

between them for major two criteria which are computational time and accuracy, are shown in 

Table.10 shows that the defuzzification technique Mamdani-type (COA) is more accurate than the 

Mean-of-Maxima Method (MOM), Sugeno-type. The computing time required for both methods are 

comparably the same to providing the crisp output values. 

 

6. CONCLUSION 

     A robust method based on the fuzzy logic controller to solving the load flow problem under 

normal and contingent conditions is presented and could be used as a base to incorporate all the 

modern power control strategies designed using fuzzy logic. All the obtained results show that the 

computation time of the Fuzzy Load Flow (FLF) is less than the Fast Decoupled Load Flow (FDLF) 

according to the following analysis.  
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     Fuzzy Logic was used efficiently to solve the load flow problem due to its solution speed are 

simple and very fast, respectively.  It simplifies the complexity of obtaining a solution by 

incorporating the uncertainties in input data processed. The proposed method provides faster 

solution; it can be implemented at real-time operation in electric power control centers having either 

small- or large-scale power system configurations on the IEEE 14 buses and 30 buses test system. In 

addition to the test system, the proposed method is tested on the 362 buses Iraqi National Grid to test 

its on-line characteristic.  

     The most important feature to mark is the capability of solving ill-conditioned cases of inserting 

series capacitors to certain lines of the transmission network. The FLF method using Gaussian 

membership function requires less number of iterations and slightly less computing time than that 

required in the FLF method using Triangular membership function due to the smoothly varying 

curve of the Gaussian function. The defuzzification strategy of the FLF method for both 

membership functions (Triangular and Gaussian) was implemented by using Center of Gravity 

(Centroid of Area) and the Mean-of-Maxima method, it is found that the first method is more 

accurate but the computing time is very slightly more. The reduction in overall computational time 

and storage requirements by using sparsity technique for the input sparse matrix data. All the points 

mentioned above recommend the use of the proposed method in power control centers.  
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LIST OF SYMBOLS AND ABBREVIATIONS 
ΔP: active power mismatch.               FLFC: Fuzzy Load Flow Controller. 

ΔQ: reactive power mismatch.            FLC : Fuzzy Logic Controller. 

 V : voltage magnitude                        FLF : Fuzzy Load Flow        

  δ : voltage phase angle.                      FDLF: Fast Decoupled Load Flow. 

µA : membership function.                   COA: Centroid of Area. 

  : The correction of the voltage angle. 

  : The correction of voltage magnitude. 

MOM: mean of maxima   
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ΔF: real or reactive power mismatches per voltage magnitude vector  

ΔX: correction of state vector (voltage angle or magnitude vector) 

  :  sparse-constant matrix of P-   cycle 

   : sparse-constant matrix of Q- V cycle 

B :  represents either B' or B" matrix           

 

 

 
                     
     

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure1.  Fuzzy Power flow algorithm. 
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Check convergence:                                      
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Figure2.Structure of the fuzzy load flow controller. 

 

 

 
Figure3. Membership functions for input signals  Ffuz. 

 

 

 

 
Figure4. Membership functions for output signals  Xfuz. 
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Figure5. Single-line Diagram of 14-Bus IEEE Test System. 

Table1. Fuzzy load flow solution for 14 buses IEEE typical test system, power mismatches (Active / 

Reactive) = 0.001per unit (0.1 MW/MVAr), normal condition. Bus Type:(1: Stands for Slack bus;  

2: Defines PV bus; 0: Defines PQ buses).    

Bus Num. Bus Type 
Voltage  

Mag. (p.u.) 

Voltage  

Angle (deg.) 
   (p.u)    (p.u) 

1 1 1.060 0.000 0.0 0.0 

2 2 1.045 -3.734 0.000022 0.0 

3 2 1.010 -9.929 0.000333 0.0 

4 0 1.41 -8.341 0.000250 0.0009689 

5 0 1.043 -6.156 0.000227 0.0009599 

6 2 1.070 -5.836 0.000216 0.0 

7 0 1.071 -6.691 0.000081 0.0004656 

8 2 1.090 -6.424 0.000003 0.0 

9 0 1.066 -8.390 0.000260 0.0000190 

10 0 1.063 -6.823 0.000110 0.0001055 

11 0 1.063 -7.406 0.000004 0.0000149 

12 0 1.062 -7.543 0.000038 0.0000031 

13 0 1.059 -6.994 0.000085 0.0000059 

14 0 1.056 -6.433 0.000142 0.0000270 

Number of iterations                                                                                                         9                                                                                      

Computation time                                                                                                       0.093410 sec                                                                                       
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  Table2. Fuzzy load flow solution for 14 buses IEEE typical test system, single-line outage. 

 Table3. Fuzzy load flow solution for 14 buses IEEE typical test system, double-lines outage. 

 

Bus Num. Bus Type 
Voltage 

Mag.(p.u.) 

Voltage  

Angle(deg.) 
   (p.u)    (p.u) 

1 1 1.060 0.000 0.0 0.0 
2 2 1.045 -3.519 0.000003 0.0 
3 2 1.010 -8.464 0.00025 0.0 

4 0 1.037 -10.033 0.000219 0.000317 

5 0 1.037 -9.761 0.000238 0.000950 

6 2 1.070 -7.655 0.000236 0.0 

7 0 1.073 -8.544 0.000110 0.000011 

8 2 1.090 -8.456 0.000062 0.0 

9 0 1.069 -10.661 0.000231 0.0000018 

10 0 1.065 -8.745 0.000123 0.0000722 

11 0 1.065 -8.634 0.000018 0.0000091 

12 0 1.061 -9.888 0.000024 0.0000072 

13 0 1.059 -9.149 0.000074 0.0000095 

14 0 1.058 -8.204 0.000156 0.0000230 

Number of iterations                                                                                                     10                                                                                      

Computation time                                                                                                   0.109894sec 

Bus Num. Bus Type 
Voltage  

Mag. (p.u.) 

Voltage  

Angle (deg.) 
   (p.u)    (p.u) 

1 1 1.060 0.000 0.0 0.0 

2 2 1.045 -5.905 0.000021 0.0 

3 2 1.010 -14.181 0.000187 0.0 

4 0 1.035 -10.393 0.000188 0.000953 

5 0 1.037 -10.390 0.000180 0.000974 

6 2 1.070 -8.085 0.000184 0.0 

7 0 1.072 -9.016 0.000133 0.000093 

8 2 1.090 -8.587 0.000007 0.0 

9 0 1.062 -10.807 0.000177 0.000015 

10 0 1.063 -9.439 0.000153 0.000094 

11 0 1.064 -9.773 0.000013 0.000060 

12 0 1.061 -10.508 0.000048 0.000014 

13 0 1.059 -9.742 0.000108 0.000064 

14 0 1.056 -8.758 0.000155 0.000061 

Number of iterations                                                                                                     11 

Computation time                                                                                                   0.114429sec 
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Table4. Fuzzy load flow solution for 14 buses IEEE typical test system, triple-lines outage. 

Table5. Fuzzy load flow solution for 14 buses IEEE typical test system, generator (3) outage. 

 

Bus Num. Bus Type 
Voltage  

Mag. (p.u.) 

Voltage  

Angle (deg.) 
   (p.u)    (p.u) 

1 1 1.060 0.000 0.0 0.0 

2 2 1.045 -6.685 0.000027 0.0 

3 2 1.010 -14.327 0.000239 0.0 

4 0 1.015 -12.175 0.000253 0.0009994 

5 0 1.018 -14.287 0.000221 0.0001395 

6 2 1.070 -12.706 0.000239 0.0 

7 0 1.058 -13.951 0.000114 0.000032 

8 2 1.090 -11.256 0.0 0.0 

9 0 1.048 -11.152 0.000234 0.000023 

10 0 1.054 -14.585 0.000118 0.000098 

11 0 1.063 -15.410 0.000007 0.000008 

12 0 1.050 -16.425 0.000031 0.000032 

13 0 1.038 -15.174 0.000077 0.000031 

14 0 1.041 -13.619 0.000152 0.000051 

Number of iterations                                                                                                     12 

Computation time                                                                                                   0.121348 sec 

Bus Number Bus Type 
Voltage  

Mag. (p.u.) 

Voltage  

Angle (deg.) 
   (p.u)    (p.u) 

1 1 1.060 0.000 0.0 0.0 

2 2 1.045 -4.425 0.000026 0.0 

3 2 1.000 -0.000 0.000001 0.0 

4 0 1.038 -10.844 0.000042 0.000285 

5 0 1.040 -10.523 0.000009 0.000910 

6 2 1.070 -9.436 0.000203 0.0 

7 0 1.070 -9.797 0.000082 0.000068 

8 2 1.090 -9.386 0.000005 0.0 

9 0 1.065 -12.356 0.000189 0.000028 

10 0 1.063 -9.124 0.000157 0.000085 

11 0 1.062 -10.319 0.000055 0.000023 

12 0 1.060 -11.118 0.000033 0.000015 

13 0 1.058 -10.005 0.000097 0.000012 

14 0 1.054 -9.747 0.000157 0.000006 

Number of iterations                                                                                                      12 

Computation time                                                                                                    0.128729 sec 
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Table6. FLF solution for 14 buses IEEE typical test system, 125% active power overloading. 

Table7. FLF solution for 14 buses IEEE typical test system, Addition of Series   Capacitance. 

Bus Num. Bus Type 
Voltage 

 Mag. (p.u.) 

Voltage  

Angle (deg.) 
   (p.u)    (p.u) 

1 1 1.060 0.000 0.0 0.0 

2 2 1.045 -9.327 0.000008 0.0 

3 2 1.010 -13.610 0.000426 0.0 

4 0 1.030 -11.868 0.000264 0.000273 

5 0 1.032 -13.216 0.000241 0.000847 

6 2 1.070 -12.141 0.000213 0.0 

7 0 1.064 -14.644 0.000083 0.000006 

8 2 1.090 -13.855 0.000006 0.0 

9 0 1.059 -16.505 0.000246 0.000016 

10 0 1.055 -14.218 0.000120 0.000020 

11 0 1.054 -14.653 0.000009 0.000016 

12 0 1.061 -15.892 0.000025 0.000023 

13 0 1.040 -13.651 0.000135 0.000024 

14 0 1.049 -13.439 0.000144 0.000008 

Number of iterations                                                                                                     9 

Computation time                                                                                                    0.100163sec 

Bus Num. Bus Type 
Voltage 

Mag.(p.u) 

Voltage  

Angle (deg.) 
   (p.u)    (p.u) 

1 1 1.060 0.000 0.0 0.0 

2 2 1.045 -3.266 0.000038 0.0 

3 2 1.010 -7.608 0.000213 0.0 

4 0 1.039 -7.811 0.000210 0.000180 

5 0 1.042 -6.683 0.000194 0.000992 

6 2 1.070 -5.755 0.000216 0.0 

7 0 1.072 -6.136 0.000133 0.000115 

8 2 1.090 -5.928 0.000035 0.0 

9 0 1.068 -7.945 0.000227 0.000047 

10 0 1.065 -6.237 0.000135 0.000038 

11 0 1.064 -7.030 0.000032 0.000411 

12 0 1.061 -7.184 0.000037 0.000012 

13 0 1.060 -6.580 0.000086 0.000031 

14 0 1.058 -5.890 0.000156 0.000013 

Number of iterations                                                                                                 16 

Computation time                                                                                                 0.146616 sec 
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Table8. Comparison of fuzzy load flow and numerical methods according to number of iterations 

required & percentage computing time 

 

Type of test system 

No. of iterations required % computing time 

FLF 

GMF 

FLF 

TMF 
FDLF N-R 

FLF 

GMF 

FLF 

TMF 
FDLF N-R 

14-bus IEEE 9 16 3 4 8 19 32 100 

30-bus IEEE 11 17 4 5 10 21 39 100 

362-bus ING 28 34 7 8 12 22 51 100 

 

Table9. Comparison of reduction in computation time and storage requirement for different power 

systems using the FLF with sparsity technique method 

Table10. Comparison of reduction in computational time and accuracy requirement for different 

defuzzification technique methods. 

 

Type of 

power system 

Matrix density            

of  [Y] 

 

%Reduction in 

Computational 

Time 

 

%Reduction in 

Storage    Requirement 

(FLF With sparsity 

technique) 

14-bus IEEE 17.34% 38% 55% 

30-bus IEEE 78.8% 56% 69% 

362-bus  ING 0.628% 84% 88% 

Type of 

power system 

at normal 

condition 

 

 

Fuzzy Load Flow Controller Structure 

using Defuzzification technique   COA 

 

Fuzzy Load Flow Controller Structure  

Using Defuzzification technique MOM 

Computational 

Time 
% Accuracy 

Computational 

Time 
% Accuracy 

14-bus IEEE 0.093410 sec 80% 0.087745 sec 76% 

30-bus IEEE 0.108791sec 74% 0.101423sec 68% 

362-bus  ING 1.062819 sec 65% 1.017269 sec 59% 
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ABSTRACT 

         In this paper an atmometer apparatus were used in the greenhouses for estimating 

reference evapotranspiration values. Experimental work was conducted in the agriculture 

research center in the College of Agriculture-University of Baghdad west of the city of 

Baghdad. One atmometer was used in eggplant greenhouse and in cucumber greenhouse 

through the winter growing season 2013-2014. FAO Penman-Monteith equation was applied 

outside the greenhouse and used only 65% from the value of ETo in the greenhouses for 

estimating the reference evapotranspiration in the greenhouse. Moreover, Penman-Monteith 

equation was applied in greenhouses for the evaluating the performance of the atmometer. 

The results show that the error analyses between FAO Penman-Monteith equation in 

greenhouse and the atmometer readings, the root mean square difference (RMSD), mean bias 

error (MBE) and relative error (RE) for eggplant and cucumber greenhouses were: 

1.163mm/day, 0.933mm/day, 30.19%, and 0.688mm/day, 0.518mm/day and 22.93%, 

respectively. A fair agreement was found. While the error analyses between 65% from 

outdoor ETo of FAO Penman-Monteith equation and the atmometer readings, the RMSD, 

MBE and RE for eggplant and cucumber greenhouses were: 0.930mm/day, 0.743mm/day, 

24.27%, and 0.374mm/day, 0.289mm/day and 12.47%, respectively. A good agreement was 

found. The atmometer apparatus could be used successfully by researchers and farmers in 

estimation daily or weekly reference evapotranspiration in greenhouses as well as in low 

technology greenhouses. 

Keywords: Greenhouse, reference evapotranspiration, atmometer, Penman-Monteith. 
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هىًتيث لتقيين أداء جهاز الاتوىهيتر في البيىت الخضراء لتخويي الاستهلاك -تطبيق هعادلة بٌواى

 الوائي الكاهي

 
 صباح أًىر داود الوصرف.أ.م                                                         الشيخرفاٍ زهير داود                                   

 لسُ هٕذست اٌّىاسد اٌّبئٍت                                               لسُ هٕذست اٌّىاسد اٌّبئٍت /طبٌبت ِبجسخٍش                   

 جبِعت بغذاد   /وٍٍت اٌهٕذست                                                         جبِعت بغذاد /وٍٍت اٌهٕذست                              

 

 

 الخلاصة

لاسخهلان اٌّبئً اٌىبِٓ, حٍث اخذاَ أجهضة الاحّىٍِخش داخً اٌبٍىث اٌخضشاء ٌخخٍّٓ لٍُ حُ أسخفً هزا اٌبحث        

جبِعت بغذاد غشبً ِذٌٕت بغذاد. أسخخذَ  –أجشٌج اٌذساست اٌعٍٍّت فً اٌّشوض اٌبحثً اٌضساعً اٌخببع اٌى وٍٍت اٌضساعت 

-3102جهبص الاحّىٍِخشداخً اٌبٍىث اٌخضشاء اٌّضسوعت بّحصىًٌ اٌببرٔجبْ واٌخٍبس وخلاي اٌّىسُ اٌضساعً اٌشخىي 

% ِٓ اٌمٍُ اٌّحسىبت ٌلاسخهلان اٌّبئً اٌىبِٓ. ببلاضبفت اٌى 56وأسخخذَ ِٕهب فمظ  ,ِىٔخٍث -ٌت بّٕبْ. طبمج ِعبد3102

ِىٔخٍث داخً اٌبٍج الاخضش وببلاعخّبد عٍى اٌّخغٍشاث اٌجىٌت اٌّمبست داخٍٍب ورٌه ٌخمٍٍُ  –أه لذ اسخخذِج ِعبدٌت بّٕبْ 

ث الاحصبئٍت ٌمٍُ الاسخهلان اٌّبئً اٌىبِٓ اٌٍىٍِت ِٓ جهبص اٌخحٍٍلاث واٌّمبسٔب أداء جهبص الاحّىٍِخش. أظهشث

ِىٔخٍث اٌّمبست داخً اٌبٍج الاخضش ٌٕببث اٌببرٔجبْ واٌخٍبس بأْ اٌجزس  –الاحّىٍِخش وِع ِثٍلاحهب ِٓ ِعبدٌت بّٕبْ 

 1.922ٌىَ و\ٍُِ 0.052: اٌخشبٍعً ٌّعذي ِشبع اٌفشق, ِطٍك ِعذي اٌفشق وإٌسب اٌّئىٌت ٌٍفشولبث وبٔج عٍى اٌخىاًٌ

. بٍّٕب أظهشث . حشٍش إٌخبئج اٌى حىافك ضعٍف%22.93ٌىَ و \ٍُِ 1.600ٌىَ و \ٍُِ 1.500% و 30.19ٌىَ و \ٍُِ

اٌخحٍٍلاث واٌّمبسٔبث الاحصبئٍت ٌمٍُ الاسخهلان اٌّبئً اٌىبِٓ اٌٍىٍِت ِٓ جهبص الاحّىٍِخش ِع ِثٍلاحهب ِٓ لٍُ ٔسبت 

ِىٔخٍث اٌخبسجٍت ٌٍبٍج الاخضش ٌٕببحً اٌببرٔجبْ واٌخٍبس بأْ اٌجزس اٌخشبٍعً ٌّعذي ِشبع  –% ِٓ ِعبدٌت بّٕبْ 56

% و 24.27ٌىَ و \ٍُِ 0.734ٌىَ و \ٍُِ 0.930اٌفشق, ِطٍك ِعذي اٌفشق وإٌسب اٌّئىٌت ٌٍفشولبث وبٔج عٍى اٌخىاًٌ: 

ٌّىٓ الاعخّبد عٍى اٌمشاءاث اٌٍىٍِت أو  .ك جٍذإٌخبئج اٌى حىافحٍث حشٍش %. 03.21ٌىَ و \ٍُِ 0.289ٌىَ و \ٍُِ 0.374

ٌجهبص الاحّىٍِخش ِٓ لبً اٌببحثٍٓ واٌّضاسعٍٓ ٌخخٍّٓ الاسخهلان اٌّبئً اٌىبِٓ فً اٌبٍىث اٌخضشاء ببلاضبفت الاسبىعٍت 

 اٌى اٌبٍىث اٌخضشاء واطئت اٌخىٍٕىجٍب.

 

 هىًتيث-الاتوىهيتر, بٌواىالبيىت الخضراء, الاستهلاك الوائي الورجعي, : الرئيسية تالكلوا

1. INTRODUCTION 

       Evapotranspiration (ET) is one of the major components of hydrological cycle. Accurate 

estimation of this parameter is essential for studies such as water balance, irrigation system 

design and management and water resources management. Greenhouses type materials and 

technology used are also effect on prediction of reference evapotranspiration values. Fazlil, 

2009, used weighting lysimeter and atmometer apparatus in different types of greenhouses 

models (low, medium and high technology), and was found to be good reference 

evapotranspiration (ETo) equipment in greenhouse which can give accurate measurement of crop 

(actual) evapotranspiration (ETc). While FAO Penman model was recommended to calculate ETo 

in low technology (plastic) and Hargreaves method in greenhouse with screen cover rather than 
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plastic one. Moreover, Stanghellini model was most accurate method in medium and high 

technology greenhouses. Reference evapotranspiration inside greenhouses was also estimated by 

using class A pan, a reduced pan and an atmometer, and another class A pan was installed 

outside the greenhouses. A good agreement relation was found between atmometer, class A pan 

and reduced pan, but fair agreement relations was found between class A pan, reduced pan and 

class A pan outside the greenhouses, Ferrandes, et al., 2003. Five methods were evaluated to 

estimate ETc in greenhouse conditions and compared their performance in relation to the 

evapotranspiration directly determined from water balance measurement in an irrigated Lettuce 

crop during nine weeks. Daily values of the ETo from class A pan, atmometer,and drainage 

lysimeter were used between 1993 and 2004 to measure ETo inside a plastic greenhouse with a 

perennial grass in south-eastern of Spain. Different methodologies to calculate ETo were checked 

against the measurements in the greenhouse with and without whitening. The results show that 

the performed best in terms of accuracy and statistics were: FAO Penman-Monteith with a fixed 

aerodynamic resistance, and FAO 24 Pan evaporation method with a constant value. 

Additionally the Hargreaves and the radiation equations were recommended for the calculation 

of greenhouse ETo because of their simplicity, Fernandez, et al., 2010. Actual 

evapotranspiration ETc for a crop can be found from ETo and crop coefficient (Kc). Fahkri, 

2014, predicted crop coefficient values for eggplant and maize in open field based on daily basis 

using watermark sensors measuring ETc and atmometers measuring ETo through the growing 

stages. The results indicted a good agreement in mid and late of seasons between the predicted, 

FAO and Russian study Kc values.  

     In this paper FAO Penman-Monteith equation in the greenhouses and 65% from outdoor ETo 

of Penman-Monteith equation were applied in the greenhouses to evaluate the performance of 

the atmometer for estimating reference evapotranspiration (ETo) in greenhouse. Weather 

parameters were measured outside and inside the greenhouse. 

 

2. MATERIALS AND METHODS 

2.1 Location of the Field Study 

       The research greenhouses field for this study was located within College of Agriculture – 

University of Baghdad in Abu-Ghraib Township, 30 km away from west part of city of 

Baghdad-Iraq. The site was located at (latitude: 33°12' N, longitude: 44°12'E, altitude: 32m). 

Fig.1 shows Google map for the field site location. Two numbers of low technology 

greenhouses (no automatic ventilation system was available) were used; the approximated 

total area of the greenhouse was 250 m
2 

for each. Fig. 2 shows the interiors structure of the 

greenhouses.  Eggplant and cucumber crops were used in the study for the winter growing 

season of 2013-2014. Trickle irrigation system was used in the greenhouses. The laboratory 

analyzes of the soil samples were conducted in the soil laboratories of College of 

Agriculture. The objective of the analysis was to verify the physical characteristics of the soil 
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in order to determine the texture of the soil and all physical properties. The soil textures for 

eggplant and cucumber greenhouses were loam and clay loam, respectively as shown in 

Table 1. 

 

2.2 Devices and Equipment 

The followings were specifications and description of apparatus and equipment were used in 

the study field work. 
 

2.2.1 Atmometer or ETgage 

     An atmometer, the brand name (ETgage), has gained increasing popularity. It is one of the 

alternative tools that can be used to measures the amount of water evaporated to the 

atmosphere from a wet, porous ceramic surface. The atmometer consists of a canvas-covered 

ceramic evaporation plate mounted on a distilled water reservoir. The reservoir capacity is 

300 mm as water depth. The fabric covering creates a diffusion barrier (resistance) that 

controls the evaporation rate and ranging from (112–294) s/m similar to that found in healthy 

leaves in a well-watered plant community. The green canvas cover that surrounds the 

ceramic plate mimics the crop albedo so that solar radiation absorption by the ETgage will be 

similar to the solar radiation received at the crop canopy. In the ETgage system, water is 

provided to the ceramic cup by suction through a glass or plastic supply tube and check valve 

consisting of a diaphragm mounted in a section of silicon tubing attached at the lower end of 

the glass supply tube. The shape of the evaporating surface also helped in easier fabric 

mounting and maintained better contact between the canvas cover and the ceramic plate. Fig. 

3 shows the main parts of the atmometer. Distilled water is always used in the ETgage 

reservoir to prevent accumulation of solutes in and on the plate that can reduce the porosity 

of the plate and affects the evaporation rate a sight glass on the water reservoir allows the 

water levels in the reservoir to be read manually. Accuracy of daily ET data by reading the 

plastic sight tube is limited. The ETgage is easy to install and requires little maintenance 

which is typically mounted on a wooden post with the evaporation surface approximately 1 

m above the ground surface or according to the height of crop canopy. Fig.4 shows the 

location of the atmometer in the greenhouses. 

2.2.2 Hand weather station tool 

      Scientific Mini Environmental Quality Meter, hand movable weather station tool was 

used for measuring: air temperature, relative humidity and wind speed in the greenhouse. 

Fig. 5 shows mini environmental quality meter. 
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2.3 FAO Penman-Monteith Model 

    FAO Penman-Monteith (Allen, et al., 1998) simulates a reference crop of 0.12 meter in 

height. This method estimates evaporation from an extensive surface of green grass cover of 

uniform height, actively growing, completely shading the ground and under non-limited soil 

water. The Penman-Monteith equation for the calculation of daily ETo (mm/day) is as follow: 

 

            ETo = 
        (    )   

   

         
  (     )

    (        )
                                                                   (1) 

 

 

Where:   

ETo      = Reference evapotranspiration, mm/day. 

Rn        = Net radiation at the crop surface, MJ m
-2

 day
-1

. 

G         = Soil heat flux density, MJ. m
-2

. day
-1

. 

Tmean            = Mean daily air temperature at 2 meter height, °C. 

u2         = Wind speed at 2 meter height, m. s
-1

. 

es          = Mean saturation vapour pressure, kPa. 

ea          = Mean actual vapour pressure, kPa. 

es – ea = Vapour pressure deficit, kPa. 

Δ           = Slope vapour pressure curve, kPa °C
-1

. 

γ          = Psychrometric constant, kPa °C
-1

. 

For day and ten-day periods, G is assumed to be zero (Allen, et al., 1998). 

2.4 Statistical Analysis Methods 

          In this paper, comparison between estimated reference evapotranspiration from the 

atmometers, FAO Penman-Monteith equation in greenhouse and 65% from ETo of FAO 

Penman-Monteith outdoor equation values (Fernandez et al., 2010 and Orgaz et al., 2005) 

were conducted on the daily basis through the winter growing season of the eggplant and 

cucumber. For error analyses the following statistics were used: 

 

         RMSD = √
 

 
∑ (     ) 
 
                                                                                            (2) 

 

            
    

   
                                                                                                             (3) 

              
∑ |(     )|
 
   

 
                                                                                                         (4) 

 

Where: 

 

RMSD = Root mean square difference. 



Journal of Engineering Volume   21  August  2015 Number 8 
 

 

165 

 

RE       = Relative error, %. 

MBE   = Mean bias error. 

n          = Number of daily observations. 

xav        = Average values of estimated ETo, mm/day 

xi              = ETo calculating value by using equations in the i
th

.day, mm/day, and 

yi          = ETo measured by the atmometer in the i
th

.day, mm/day. 

 

3. RESULTS AND DISCUSSIONS 

       FAO-Penman-Monteith equation in the greenhouse conditions and 65% from outdoor 

reference evapotranspiration of FAO Penman-Monteith equation were applied; air 

temperature, relative humidity and wind speed were recorded daily in the greenhouses, while 

sun shine radiation,  air temperature and all other parameters in the Penman-Monteith 

equation for the outdoor were provided daily through the winter growing season of eggplant 

and cucumber crops by the Ministry of Agriculture / Directorate of Planning & Pursuance / 

Project of Agricultural Weather Forecasting. The materials of the cover used for the 

greenhouse was white plastic hard sheet; the manufacturer company of the plastic sheet 

recommend that transmit of the sun shine through the sheet is about 89%. Therefore, the sun 

shines radiation outdoor will be multiply by 0.89 to get the value in greenhouses. 

Atmometers readings for eggplant and cucumber greenhouses were recorded on daily basis 

which represented reference evapotranspiration, starting from 17-2-2014 to 29-5-2014 and 

from17-2-2014 to 10-5-2014, respectively. Figs. 6 and 7 shows the daily reference 

evapotranspiration estimated from atmometers recording, Penman-Monteith equation in 

greenhouses and 65% from outdoor ETo for eggplant and cucumber greenhouses through the 

winter growing seasons of 2014, respectively.  The statistical error analysis for comparison 

between atmometer readings and FAO Penman-Monteith equation in greenhouses for 

reference evapotranspiration in eggplant and cucumber greenhouses, the following 

parameters were calculated: RMSD, MBE and RE were: 1.163mm/day, 0.933mm/day, 

30.19%, and 0.688mm/day, 0.518mm/day and 22.93%, respectively. The results indicated a 

fair agreement between the two values. On the other hands, the statistical error analyses for 

comparison between atmometer readings and 65% from FAO Penman-Monteith outdoor 

equation for reference evapotranspiration in eggplant and cucumber greenhouses, the 

following parameters were calculated: RMSD, RE and MBE were: 0.930mm/day, 

0.743mm/day, 24.27%, and 0.374mm/day, 0.289mm/day and 12.47%, respectively. The 

results indicted a good agreement between the two values, especially in cucumber 

greenhouse. Figs. 8, 9, 10 and 11 show the statistical error analyses to compare the 

performance of atmometer readings with the Penman-Monteith equation inside the 
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greenhouse and with the 65% of the outdoor ETo for the two greenhouses. Comparison 

between the atmometer readings with the 65% from outdoor Penman-monteith equation, 

indicated that the atmometer apparatus could be used successfully in estimating the ETo 

inside the low technology greenhouses, where no ventilation or automation systems 

technologies were available. The behavior of the atmometer could be affected by the 

environmental and weather parameters in greenhouse such as humidity, air temperature, sun 

shine and vapor pressure. Therefore some of the atmometer readings were higher in some 

days. Also, water management and quantities of application water could be effected on 

atmometer’s performance.  

 

4. CONCLUSIONS 

The conclusions for this paper were: 

1- Statistical error analysis from the comparison between atmometer readings and 

Penman-Monteith equation in greenhouse for reference evapotranspiration show a fair 

agreement. While, the statistical error analysis from the comparison between 

atmometer readings and 65% of the outdoor Penman-Monteith equation in greenhouse 

for reference evapotranspiration show a good agreement. 

2- Atmometer apparatus could be used successfully in greenhouses for estimating 

reference evapotranspiration. 

3- Atmometer could be used in a low greenhouse technology satisfactorily. 

4- Different percentage values (60-80%) from outdoor Penman-Monteith equation were 

tested. no clear variation was noticed. The value of 65% was more suitable percentage 

represented the Penman-Monteith equation inside the low technology greenhouses. 

5. A percentage of 65% from outdoor of the Penman-Monteith equation can be applied 

in greenhouse for estimating reference evapotranspiration using external weather 

parameters. 
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NOMENCLATURE 

ETo         = Reference evapotranspiration, mm/day. 

ETc         = Crop evapotranspiration, mm/day. 

Kc        = Crop coefficient, dimensionless.  

Rn        = Net radiation at the crop surface, MJ m
-2

 day
-1

. 

Tmean    = Mean daily air temperature at 2 meter height, °C. 

u2             = Wind speed at 2 meter height, m/s. 

G         = Soil heat flux density, MJ m
-2

 day
-1

. 

ea        = Mean actual vapour pressure, kPa. 

es           = Mean saturation vapour pressure. kPa. 

es – ea = Saturation vapour pressure deficit, kPa. 

Δ         = Slope vapour pressure curve, kPa.°C
-1

. 

γ          = Psychrometric constant, kPa.°C
-1

. 

RMSD = Root mean square difference. 

RE       = Relative error, %. 

MBE   = Mean bias error. 

n          = Number of daily observations. 
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xav        = Average values of estimated ETo, mm/day 

xi              = ETo calculating value by using equations in the i
th

.day, mm/day and 

yi          = ETo measured by the atmometer in the i
th

.day, mm/day. 

 

 

 
Figure1. Google map for the field study area. 
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Figure2. Interior structure of the greenhouse. 

 

 

Table 1. Physical properties for the soil of eggplant and cucumber greenhouses. 

 

 

Types of test 
Specifications of the soil 

Eggplant greenhouse Cucumber greenhouse 

Bulk (apparent) density 

(gm/cm
3
) 

1.245 1.237 

Soil texture Loam Clay loam 

Water content at field 

capacity (% by volume) 
29.30 29.49 

Water content at 

permanent wilting point 

(% by volume) 

15.90 17.01 

Electrical Heater 

Cucumber 

Crop 

 Crop 

  Trickle 

System 
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Figure 3. Main parts of the atmometer. 

 

 

Figure 4. Location of the atmometer in the greenhouses. 
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                                     Figure 5. Mini environmental quality meter. 

 

 
 

 
Figure 6. Daily reference evapotranspiration estimated from atmometers 

readings, Penman-Monteith equation in greenhouses and 65% from 

outdoor ETo for eggplant through the winter growing season 2014. 
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Figure 7. Daily reference evapotranspiration estimated from atmometers 

readings, Penman-Monteith equation in greenhouses and 65% from outdoor 

ETo for cucumber through the winter growing season 2014. 

 
 

 

       Figure 8. RMSD and MBE error analyses for eggplant greenhouse. 
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      Figure 9. RMSD and MBE error analyses for cucumber greenhouse. 

 
Figure 10. Relative error analyses for eggplant greenhouse. 

 
Figure 11. Relative error analyses for cucumber greenhouse. 
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 تحسين انتاجية الوقطر الشوسي التقليدي احادي التاثير هزدوج الويل بواسطة تعديل بسيط في التصوين

 
 

 وسام حويد عليوي   

 مذرس

والجامعت التكنىلىجٍ -والمعامل  مركز التذرٌب   

        Wissam_772005@yahoo.com          

 

 الخلاصة

البسيط احادي التاثير مزدوج الميل وذلك عن طريق اجراء تغيير بسيط في  الشمسي المقطر اداء لتحسين تجريبية دراسة هو الحالي لبحثا  

د التصميم للمقطر الشمسي التقليدي يوفر زيادة في عملية التكثيف بدون استخدام اي وسيلة مساعدة للتكثيف. انجز ذلك من خلال تكبير ابعا

المقطر نسبة لحوضه وهذا يوفر زيادة اضافية في مساحة سطح التكثيف فضلا عن امكانية ربط الواح عاكسة للاشعة الشمسية مع قاعدة 

 تصنيع الغرض لهذا تمالمقطر تقوم بعكس جزء من الاشعة الشمسية الساقطة عليه والمساهمة في التسخين الاضافي لحوض التقطير. 

 شباط شهري بين الممتدة الفترة خلال الشمسية المقطرات فحصت. المقترح بالتصميم والاخر التقليدي بالتصميم احدهما، شمسيين مقطريين

 انتاجية سينتح امكانية التجريبية النتائج بينت. )جنوب العراق( البصرة لمدينة المختلفة المناخية الضروف وتحت 2002 عام من وتموز

 .(%24-18) بمقدار  الميل مزدوج التقليدي الشمسي المقطر

 المقطرات الشمسية، المقطر الشمسي التقليديانتاجية، : الكلمات المفتاحية

 

ybo elvfe ilr o e t ivlviI ei nvferr riir i  etmrr nreor nert  nivrr mI 

be viv tivef nvborr 

Wissam H. Alawee 

Lecture 

Center of truuing-Univ. of tecnology 

 

ABSRTACT 

The present paper is an experimental study to improve the productivity of the conventional solar 

still. This done by modifying conventional still in a way that the distilled basin is larger than 

distillation basin, thus providing an increase in the condensation surface and speeding up the 

condensation process. Moreover, increase in the dimensions of the distilled base helps coupling 

reflective panels to the distilled base to reflect incident solar radiation to the distillation basin. For 

this purpose , two solar stills were made, one conventional designand another made according to the 

proposed design. The two solar stills were tested during the period from February to July 2009 under 

varying weather conditions of Basra, Iraq (latitude of 33.33 and longitude of 44.43). Experimental 

results showed that the modified still gives about 18%-24% higher distillate than the conventional 

still for the same basin condition. 

Keywords: Distilled water productivity; solar still; productivity; conventional solar still 
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 المقدمة  . 1

تبر حؿ عممي لانتاج الماء مف المعروؼ اف تحمية المياه المالحة باستخداـ انظمة تعمؿ بالطاقة الشمسية ومنذ فترة طويمة تع 
لمشرب وخاصة في المناطؽ النائية التي تعاني مف شحة في المياه الصالحة لمشرب بسب ضعؼ البنية التحتية وعدـ  الصالح

اتصاؿ الكثير منيا بالشبكة الرئيسية الوطنية لمماء، بالمقابؿ ممكف لمنظومة تقطير صغيرة اف تكوف حؿ عممي واقتصادي لمطمب 
مع توفر موارد المياه وكمية اشعاع شمسي كبيرة في تمؾ المناطؽ النائية، لذلؾ يتعيف الحالي والمستقبمي لممياه الصالحة لمشرب 

 بحث العوامؿ المؤثرة في انتاجية وكفاءة المقطرات الشمسية ومحاولة تحسينيا وايجاد طرؽ تؤدي الى زيادة انتاجيتيا. 

تكنولوجيا تحمية المياه بالطاقة الشمسية، مف ات عديدة تيدؼ الى تحسيف قاـ العديد مف الباحثيف في شتى انحاء العالـ بدراس  
خلاؿ تقييـ تاثير بعض العوامؿ اليامة عمى اداء النظاـ مثؿ تاثير المناخ والظروؼ التشغيمية والموقع الجغرافي عمى انتاجية المياه 

ِ[Akash and Naifeh, 2000[]Al-Hinai, 2002.]  بعض الباحثيف في مجاؿ تحسيف أداء منظومات نشرت نتائج جيدة مف قبؿ
. مف الطرؽ المتبعة لتحقيؽ ىذا اليدؼ ىو زيادة عممية [Joseph, 2005] [Bochekima, 2003]تحمية المياه بالطاقة الشمسية 

العذبة ومشكمة مف المناطؽ التي تعاني مف شحة المياه  [.Abbas, 2005] [Ahmed, 1988]التكثيؼ باستخداـ الاساليب المختمفة 
ارتفاع نسبة المموحة في العراؽ وبالتحديد ناحية السيبة التابعة لقضاء الفاو جنوب البصرة، لذلؾ أخُذت ىذه المنطقة كمثاؿ واقعي 
لتشغيؿ وفحص أداء منظومة التقطير الشمسية المستخدمة في ىذا البحث. خاصة اذا عممنا اف العراؽ بشكؿ عاـ ومحافظة البصرة 

 ساعة سنويا 3000 مف مناطؽ العالـ الغنية بالطاقة الشمسية واف اشعة الشمس متوفرة عمى مدار السنة وبحدود بشكؿ خاص
[Alawee, 2008.] 

ىدؼ البحث الحالي ىو دراسة لمنظومة تقطير شمسي مزدوجة الميؿ بعد اجراء تغيير في التصميـ التقميدي بيدؼ الحصوؿ عمى   
مف خلاؿ تكبير ابعاد المقطر نسبة لحوضو وىذا يوفر زيادة اضافية في مساحة سطح  ، تـ ذلؾرزيادة في انتاجية الماء المقط

التكثيؼ فضلا عف امكانية ربط الواح عاكسة للاشعة الشمسية مع قاعدة المقطر تقوـ بعكس جزء مف الاشعة الشمسية الساقطة 
 عميو والمساىمة في التسخيف الاضافي لحوض التقطير

 المنظومةوصف . 2

اساس عمؿ المقطر الشمسي بسيط جدا، حوض التقطير يعمؿ كموح ماص لمطاقة الشمسية التي بدورىا تقوـ بتسخيف المياه    
رة المالحة او القميمة المموحة داخمو وبالتالي فالماء فقط ىو الذي يتبخر تاركا المموثات والمعادف الصمبة الذائبة التي ليس لدييا القد

أ بلارتفاع نتيجة لخمؽ قوة دافعة )تيارات الحمؿ الحراري( بسب اختلاؼ درجات الحرارة بيف الماء ر، بخار الماء يبدعمى اف تتبخ
والزجاج، بخار الماء عندما يكوف في تماس مع السطح الزجاجي )سطح التكثيؼ( الابرد نسبيا فانو سوؼ يبدأ بالتكثؼ في قطرات 

القطرات المتكثفة وبفعؿ الجاذبية عمى طوؿ الموح الزجاجي المائؿ. واخيرا يتـ جمع الماء مختمفة الحجـ مف الماء المقطر، تحرؾ 
مف اجؿ موثوقية النتائج تـ تصنيع اثنيف مف المقطرات الشمسية واختبارىا بصورة متزامنة. الاوؿ  المتكثؽ مف خلاؿ قناة تجميع.

تـ تصنيعو بما يوفر مساحة سطحية اكبر  (A)لو بالرمز  بالتصميـ المقترح )ىذؼ الدراسة( ونرمز شمسي مقطر ماء شمسي 
لسطح التكثيؼ بالمقارنو مع مقطر شمسي اعتيادي لو نفس مساحة حوض التقطير، تساىـ زيادة مساحة سطح التكثيؼ بلاسراع 

نفس المساحة  شمسي تقميدي لو وىو مقطر ماء (B)مف معدؿ التكثيؼ بما يوازي معدؿ التبخير، المقطر الثاني ونرمز لو بالرمز 
 ( يمثؿ مواصفات المقطرات الشمسية المصنعة. 1. الجدوؿ رقـ )(A) السطحية لحوض التقطير لممقطر



Journal of Engineering Volume   21  August  2015 Number 8 
 

 

52 

  

 : موصفات المقطرات الشمسية المستخدمة في البحث1جدول رقم 

 )التقميدي( Bالمقطر  )المقترح( Aالمقطر  ت

المغموف حوض التقطير مصنوع مف صفائح مف الحديد  1
( لحوض m2 0.75( بمساحة )mm 1بسمؾ )

( لقاعدة m2 1.375 التقطير ومساحة مقدارىا )
 .المقطر الداخمية

حوض التقطير مصنوع مف صفائح مف الحديد المغموف 
( لحوض m2 0.75( بمساحة )mm 1بسمؾ )

التقطير وبنفس مساحة قاعدة المقطر الداخمية ومقدارىا 
(0.75 m2.) 

( mm 4 الزجاج الاعتيادي بسمؾ )غطاء مف  2
 (m2 1.8وبمساحة كمية مقدارىا )

( mm 4غطاء مف الزجاج الاعتيادي بسمؾ )
 (1m2وبمساحة كمية مقدارىا )

مفت قاعدة المقطر وجدارنو الداخمية بصفائح ورقية ػغُ  3
عاكسة مف الالمنيوـ لتقوـ بعكس قسـ مف الاشعة 

التسخيف الاضافي الشمسية الساقطة والمساىمة في 
 لحوض المقطر.

اي لا توجد  التقطير،قاعدة المقطر ىي نفسيا حوض 
 مسافة بيف حوض المقطر وقاعدتو

 ارتفاع الحافات الجانبية لممقطرات الشمسية تؤثر بنفس المقدار عمى كلا المقطريف 4

 

بطلاء اسود داكف غير لماع مف صنع  التقطيرتـ طلاء الطبقة السطحية لحوض  ركيز الطاقة الشمسية عمى حوض المقطرلت  
. استعممت الواح مف الزجاج الاعتيادي (0.81)وانبعاثية مقدارىا  (0.96)لو امتصاصية مقدارىا  ،شركة الاصباغ الحديثة العراقية

زجاجية باحكاـ بتت الالواح الػػػثُ . [Radwan, 2009( ]20º)لتكويف سطح التكثيؼ وتـ امالتيا بزاوية مقدارىا  (4mm)بسمؾ 
باستخداـ شريط معدني وطبقة مف السميكوف المطاط لاسناد الالواح الزجاجية مف الاعمى اما مف الاسفؿ فقد تـ تثبيت الالواح 
الزجاجية مع حافة الحوض ايضا باستخداـ مادة السميكوف المطاط لمنع تسرب البخار الى الخارج. لمحفاظ عمى مستوى ثابت لمماء 

تعممت طوافة مف النوع الدقيؽ تـ تصنيعيا بصورة خاصة مف اجؿ البحث. تـ عزؿ طر وحسب العمؽ المطموب اس  داخؿ حوض المق
مف الاسفؿ ومف الجوانب. غمؼ جياز التقطير بطبقة مف الحديد المغموف  (mm 70)جياز التقطير بمادة الصوؼ الزجاجي بسمؾ 

ه مادة لغرض حفظ واحتواء المقطر والمادة والعازلة علاوة عمى اعتبار  (mm 10 )وصندوؽ خشبي بسمؾ  (mm 0.3)بسمؾ 
يمثؿ مخطط توضيحي لممقطرات  (1)الشكؿ رقـ  لتجييز الماء المالح. (L 40)بسعو  ف رئيسيعازلة اضافية. استخدـ خزا

استخدمت لقياس درجات الحرارة لممقطرات  .تمثؿ صور فوتوغرافية ليما (3) و( 2)الشمسية المستخدمة في البحث والاشكاؿ 
يحتوي عمى عشروف نقطة الى  (Selector switch)تـ توصيميا مف خلاؿ مفتاح انتقائي  (T)الشمسية مزدوجات حرارية نوع 

. درجة حرارة المحيط الخارجي تـ قياسيا بواسطة محرار زئبقي معزوؿ عف عف الاشعة (Digital thrmometer)محرار رقمي 
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. كمية الماء المتجمعة تـ وموضوع داخؿ صندوؽ خاص بو وعمى ارتفاع متر واحد مف سطح الارض ية والمؤثرات الجويةالشمس
 .(mm 100)ر تدريج فيو ىو غوقياس اص (liter 2)قياسيا بواسطة وعاء سعتو الكمية 

 طريقة الفحص. 3

 48.36خط طوؿ البصرة )تـ اجراء عدد مف التجارب العممية عمى المقطرات الشمسية تحت الظروؼ المناخية المختمفة لمدينة  

نفذت  استخدمت عينات مف الماء المالح لمنطقة )السيبة( التابعة لقضاء الفاو، جنوب البصرة. .شمالا( 30.34شرقا وخط عرض 
لكؿ شير مف اشير الاختبار وذلؾ لمتاكد مف اربع مرات كؿ تجربة تعاد  (،Bو ) (A)لكلا المقطريف  التجارب بشكؿ متزامف

بصورة متوالي لضماف قدر الامكاف التجارب التي تغيرت فييا اعماؽ المياه داخؿ حوض التقطير اجريت ايضا موثوقية النتائج. 
)بعد التاكد مف  تبدا جميع التجاربياه المستخدمة في التجربة. عمؿ متشابيو لاجؿ المقارنو مع كؿ عمؽ مف اعماؽ المروؼ ظ

لمفترة الممتدة بيف  بمعدؿ ثماف او عشر ساعات لكؿ اختبار وحسب الموسـ الساعة الثامنة صباحا نظافة الاغطية الزجاجية( مف
  .2009شيري شباط وتموز مف عاـ 

رة الماء معدؿ درجة حرا ،)كمية الماء المقطر( تـ تسجيؿ المتغيرات التالية لكؿ ساعة: الانتاجية التجارب التي اجريتخلاؿ جميع   
الداخمة الى حوض المقطر، درجة حرارة الغطاء الزجاجي، درجة حرارة المحيط المياه التعويضية حرارة في حوض التقطير، درجة 

سرعة . [Hadi, 1984] باستخداـ المعادلات المستخدمة مف قبؿ الباحث ابيا رياضيااع الشمسي فقد تـ حسػية الاشعكمػػ الخارجي.
 الرياح مؤثرة عمى كلا المقطريف بنفس المقدار لذلؾ لـ يتـ قياسيا وكذلؾ لا يوجد ماء مستنزؼ مف حوض المقطر.

 النتائج والمناقشة. 4

، 2009اجراء عدد مف التجارب العممية لكلا المقطريف المستخدميف في البحث لمفترة الممتدة بيف شيري شباط وتموز مف عاـ  تـ
 كانت جميع التجارب متشابية تقريبا مف حيث السموؾ الحراري لذلؾ تـ اختيار بعض التجارب ليتـ تمثيميا بيانيا:

 ءة المقطر الشمسيتاثير التصميم الحالي عمى انتاجية وكفا 4.1

واجراء التجارب بصورة متزامنة وتحت نفس الضروؼ  (cm 1)تـ في البداية تثبيت عمؽ المياه داخؿ حوض المقطر عند    
. مف خلاؿ جميع التجارب التي اجريت وجد اف التصميـ الحالي يوفر مساحة اكبر لسقوط (B)و  (A)المناخية لكلا المقطريف 

الصفائح العاكسة التي تقوـ بعكس الاشعاع الساقط عمى قاعدة المقطر وتؤدي الى زيادة تسخيف المياه الاشعاع الشمسي مف خلاؿ 
زيادة كمية الماء المنتج بالمقارنة مع المقطر في  ، مما لو تاثير واضحفي حوض التقطير فضلا عف زيادة مساحة سطح التكثيؼ

ف توازف بيف زيادة معدؿ الماء المتبخر والمساحة السطحية الكافية لتكثؼ بسب ما يوفره التصميـ الحالي م وىذا الشمسي الاعتيادي
 الماء. 

خلاؿ  (MJ/day 31.9)يمثؿ الانتاجية الساعية مف الماء المقطر لكلا المقطريف تحت شدة اشعاع شمسي مقداره  (4)الشكؿ رقـ  
( يحققيا %24-%18زيادة في الانتاجية مقدارىا )، نجد اف ىناؾ لثامنة صباحا الى الخامسة مساءا(ساعات الاختبار )مف ا

 في جميع التجارب التي اجريت وىي بدوف الانتاج اليمي. (B) التقميدي بالمقارنة مع المقطر (A) المعدؿ المقطر
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تائج مع ( معدؿ الانتاجية اليومية خلاؿ النيار مع شدة الاشعاع الشمسي لاشير مختمفة مف السنة ومقارنة الن5يمثؿ الشكؿ رقـ ) 
  ( تحت نفس الضروؼ المناخية ومف خلالو نلاحظ الزيادة الواضحة في الانتاجية وللاسباب المذكوره اعلاه.Bالقطر )

( فيوضح تغيير الكفاءة 7اما الشكؿ رقـ ) ،( يمثؿ مقارنة المقطريف مف حيث الكفاءة الساعية خلاؿ فترة الاختبار6الشكؿ رقـ ) 
الساعية واليومية تزداد  (A)مسي خلاؿ الاشير المختمفة مف السنة، حيث وجد اف كفاءة المقطر اليومية مع شدة الاشعاع الش

بصورة ممحوضة في جميع الاختبارات التي اجريت وىذه بسب زيادة كمية الماء المنتج لنفس كمية الاشعاع الشمسي التي يتعرض 
ليا المقطريف، اذ اف التسخيف الاضافي الناتج مف الاشعة المنعكسة مف قاعدة المقطر ساىـ بشكؿ كبير في تحسيف الاداء، وىذا 

، وجد اف ىناؾ زيادة عمى الانتاجية ( الذي يمثؿ تاثير اضافة الصفائح العاكسة الى قاعدة المقطر8ما يوضحو الشكؿ رقـ )ايضا 
 ( في حالة اضافة الصفائح العاكسة الى قاعدة حوض المقطر.%14في الانتاجية مقدارىا تقريبا )

 وكفاءة المقطر فحص المقطر باعماق مياه مختمفة وتاثير العمق عمى انتاجية  4.2

تـ في ىذا الجزء مف التجارب فحص اربع اعماؽ مختمفة لممياه داخؿ حوض  (A)مف اجؿ التحقؽ مف فعالية التصميـ الحالي 
والثانية  (A)، الاولى لممقطر ـ متوالية. تسجؿ لكؿ عمؽ قرائتيف( لاربعة اياmm, 10 mm, 2mm, 3mm 5)التقطير وىي 

في كؿ اعماؽ المياه المستخدمة في البحث وبنسبة  (A)بينت النتائج اف ىناؾ افضمية في الانتاجية يحققيا المقطر (.B)لممقطر 
، كذلؾ بينت النتائج باف عمؽ المياه داخؿ حوض التقطير لو تاثير كبير عمى الانتاجية حيث اف الانتاجية (%24-%18)تتراوح 

تمثؿ النتائج التي  (10( و )2)ير بشكؿ طردي مع زيادة معدؿ التبخير. الاشكاؿ رقـ تزداد كمما قؿ عمؽ المياه داخؿ حوض التقط
زيادة  (mm 5)تـ الحصوؿ عمييا خلاؿ ساعات النيار )بدوف الانتاج الميمي( لكلا المقطريف، اذ اعطى استخداـ العمؽ الاقؿ لمماء 

 بالمقارنة مع العمؽ (%17)واعطى نسبة زيادة مقدارىا  (mm 10)( بالمقارنو بالمقارنة مع العمؽ %10في الانتاجية مقدارىا )
(2 mm)  بالمقارنة مع العمؽ  (%19)و ايضا اعطى زيادة مقدارىا(3 cm) ىذه الزيادة ىي بسب زيادة معدلات انتقاؿ الحرارة .

كمما قؿ سمؾ الماء داخؿ حوض التقطير وبالتالي زيادة معدؿ التبخير ومف جيو اخرى توفر المساحة الكافية لمتكثيؼ الذي يعطيو 
اؽ مختمفة مف المياه داخؿ توضح تغير الكفاءة الساعية لكلا المقطريف لاعم (12)و  (11)التصميـ الحالي لممقطر. الاشكاؿ رقـ 

ونلاحظ مف خلاليا كيفية زيادة الكفاءة مع               حوض التقطير. يتـ حساب الكفاءة اليومية مف العلاقة التالية:  
-%14)( ىي Bبينما كانت كفاءة المقطر ) (%57-%15)ىي  (A)نقصاف عمؽ المياه داخؿ حوض التقطير. كفاءة المقطر 

 .(cm 0.5)لنفس العمؽ  (51%

 (Tw-Tg)تاثير التصميم الحالي عمى فرق درجات الحرارة   4.3

( الذي يسيؿ مف A)المقطر  المعدؿلتصميـ يحققيا ابينت حصوؿ زيادة في الانتاجية  النتائج التي ذكرت في الفقرات السابقة   
بيف الماء  ( يمثؿ فرؽ درجات الحرارة13)الشكؿ رقـ  تساعد في زيادة درجة حرارة الماء في حوض التقطير. اضافة الواح عاكسة

 10)تـ الحصوؿ عمى  ، حيث(Tw-Tg)في حوض التقطير والغطاء الزجاجي 
º
C)  بالنسبة لممقطر فرؽ في درجات(A)  وعمى

(4 
º
C)  بالنسبة لممقطر(B).  اف زيادة فرؽ درجات الحرارة بيف الماء في حوض التقطير والغطاء الزجاجي(Tw-Tg)  بسب ىو

في جميع  .التاثير الكبير لمسطوح العاكسة المضافة الى قاعدة المقطر والتي ساىمت في التسخيف الاضافي لحوض التقطير
حسب نوع التجارب التجارب التي اجريت كانت قياسات درجات الحرارة متشابو مف حيث السموؾ الحراري لكنيا مختمفة في القيـ 
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يمثؿ نتائج قياسات درجات الحرارة )درجة حرارة الماء، درجة حرارة الغطاء الزجاجي، درجة  (14)روؼ التشغيمية، الشكؿ رقـ والظ
 حرارة اليواء الخارجي( لعينة اخرى مختارة مف الاختبارات.

 الاستنتاجات. 5

حجـ المقطر . بينت النتائج العممية امكانية تحسيف انتاجية المقطر الشمسي الاعتيادي باستخداـ اسموب مبسط يتضمف زيادة 1
نسبة لحوضو وىذا زيادة واضحة في مساحة التكثيؼ وكذلؾ التسخيف الاضافي لمماء داخؿ حوض التقطير باستخداـ صفائح 

 عاكسة.
. اف اضافة الصفائح العاكسة للاشعاع الشمسي تساىـ في التسخيف الاضافي لحوض المقطر وبالتالي تؤدي الى زيادة فرؽ 2

 الغطاء الزجاجي مما يزيد مف معدؿ التكثيؼ.درجات الحرارة بيف الماء و 
( زيادة في cm 0.5. ممكف زيادة الانتاجية مف خلاؿ تقميؿ اعماؽ المياه داخؿ حوض التقطير، اذ اعطى العمؽ  الاقؿ لمماء )3

( cm 2مع العمؽ )( بالمقارنة %17( واعطى نسبة زيادة مقدارىا )cm 1( بالمقارنو بالمقارنة مع العمؽ )%10الانتاجية مقدارىا )
( وبلامكاف زيادة ىذه النسب خلاؿ فترة غياب الاشعاع الشمسي cm 3( بالمقارنة مع العمؽ )%19و ايضا اعطى زيادة مقدارىا )

 نتيجة لارتفاع درجة حرارة طبقة المياه داخؿ حوض المقطر
ايجابية كبيرة عمى الانتاجية نظرا لما يتمتع بو مف شدة . اف الموقع الجغرافي لاجراء التجارب والمتمثؿ بمدينة البصرة )( لو اثار 4
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  المستخذمت فً البحث ٌمثل مخطط مىضح فٍو الشكل العام للمقطراث :(1) الشكل

(Aصىرة فىتىغرافٍت تىضح الشكل العام للمقطر ) :(2) الشكل  

 (Bصىرة فىتىغرافٍت تىضح الشكل العام للمقطر ) :(3) الشكل
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 (cm 1تغٍر الانتاجٍت الٍىمٍت مع ساعاث النهار لكلا المقطرٌن لعمك ) (:4الشكل  )

: تغٍر الانتاجٍت الٍىمٍت مع شذة الاشعاع الشمسً لاشهر مختلفت من السنت (5الشكل )  
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 تغٍر الكفاءة الٍىمٍت مع الاشعاع الشمسً لكلا المقطري لاشهر مختلفت من السنت (:7الشكل )

 تاثٍر اضافت صفائح عاكست للاشعاع الشمسً على الانتاجٍت الساعٍت (:8الشكل )

 (Aتغٍر الانتاجٍت  مع ساعاث النهار لاعماق مختلفت من المٍاه للمقطر ) (:9الشكل )
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 (Bتغٍر الانتاجٍت  مع ساعاث النهار لاعماق مختلفت من المٍاه للمقطر ) (:11الشكل )

 (Aتغٍر الكفاءة  مع ساعاث النهار لاعماق مختلفت من المٍاه للمقطر ) (:11الشكل )

 (Bتغٍر الكفاءة  مع ساعاث النهار لاعماق مختلفت من المٍاه للمقطر ) (:12الشكل )
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ٌمثل تغٍر درجاث الحرارة للماء المقطر والغطاء الزجاجً والهىاء  (:13الشكل )

 (cm 1الحارجً مع الزمن لكلا المقطرٌن لعمك )



Journal of Engineering Volume   21  August  2015 Number 8 
 

 

116 

 

 

An Investigation into Thermal Performance of Closed Wet Cooling Tower 

for Use with Chilled Ceilings in Buildings 

 

 

 

 

ABSTRACT 

      Chilled ceilings systems offer potential for overall capital savings. The main aim of the 

present research is to investigate the thermal performance of the indirect contact closed 

circuit cooling tower, ICCCCT used with chilled ceiling, to gain a deeper knowledge in this 

important field of engineering which has been traditionally used in various industrial & 

HVAC systems. To achieve this study, experimental work were implemented for the 

ICCCCT use with chilled ceiling. In this study the thermal performances of closed wet 

cooling tower use with chilled ceiling is experimentally and theoretically investigated. 

Different experimental tests were conducted by varying the controlling parameters to 

investigate their effects on the ICCCCT characteristics such as tower cooling capacity, 

chilled ceiling cooling capacity, tower saturation efficiency, mass transfer coefficient and 

heat transfer coefficient. The following controlling parameters are varied during 

experiments: spray water flow rate (90 to 150 kg/hr), ambient air wet bulb temperature (12 

to 18 
o
C), and also changing chilled ceiling flow rate (2 to 6 l/min).  

 

KEY WORDS:Cooling tower, chilled ceiling, Droplet trajectory, Two-phase flow, Computational fluid 

dynamics 

 الإتصال غير المباشر مع السقوف المبردةي ري لبرج تبريد من النوع المغلق ذدراسة الأداء الحرا

 

 

 الخلاصة

ٌَ انهذف انشئُسٍتىفش  الأداء انحشاسٌ نبشج  دساستنبحث هى يٍ هزا ا اَظًت انسقىف انًبشدة انطاقت بكفاءة كبُشة.إ

فٍ هزا  اػًق يؼشفتنهحصىل ػهً  ,ذو يغ اَظًت انسقىف انًبشدةتبشَذ رٌ انُىع انًغهق والِإتصال غُش انًباششانًستخ

، فهقذ نتحقُق هزِ انذساستانهُذسٍ انًهى انزٌ َستخذو بكثشة فٍ كثُش يٍ انتطبُقاث انصُاػُت وفٍ تكُُف انهىاء.  انًجال

شاسٌ ابشاج نتبشَذ انشطبت فٍ هزِ انذساست قذ تى انتحقق يٍ الأداء انح.تى إجشاء إختباساثٍ ػًهُت نبشج انتبشَذ انًزكىس

انًغهقت انًستخذيت يغ انسقىف انًبشدة َظشَا وػًهُا.تى إجشاء ػذد يٍ الإختباساث انؼًهُت ػٍ طشَق تغُُش انؼىايم 

انحاكًت فٍ أداء بشج انتبشَذ نتحشٌ تأثُشاتها ػهً خصائص انبشج يثم انسؼت انحشاسَت نهبشج،انسؼت انحشاسَت نهسقف 

كفاءة الإشباع، يؼايم إَتقال انكتهت، يؼايم إَتقال انحشاسة. تى إجشاء الإختباساث انؼًهُت بتغُُش  ء،انًبشد, يؼايم الأدا

ذي)  ًَ كهغ/ساػت(، دسجت حشاسة انبصهت انشطبت نههىاء انخاسجٍ  150إنً  90انظشوف اِتُت:يؼذل تذفق ياء انشش بِ

ذي)  ًَ و 18إنً  12بِ
o

نتش/ثاَُت( يٍ أجم تحشٌ تأثُش رنك ػهً  6إنً  2بشد) (، وكزنك تى تغُُش يؼذل تذفق انسقف انً
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1. INTRODUCTION 

Chilled beam means a cooled element or cooling coil situated in, above or under a ceiling 

which cools convectively using natural or induced air flows. The cooling medium is usually water. 
Chilled beam systems are used mostly in the nonresidential buildings. These are commercial 

buildings, offices, hotels, banks, universities, schools and hospitals.  

Inside a CWCT, three fluids flow: cooling water, spray water and air. The cooling 

water is the fluid to be cooled, which flows inside tubes arranged in rows inside the tower. 

Spray water, injected on the tubes surface, re-circulates in a closed circuit, which makes it an 

intermediate fluid in the heat transfer process.  Heat carried away from the building by the 

cooling water transfers to the spray water through the tube walls. From the spray water, heat 

transfers to air by both sensible heat and latent heat. The latter makes the major contribution 

and is caused by the evaporation of a small amount of the spray water into the air stream. 

The use of the closed type of cooling towers, which is indirect contact equipment, permits 

high level of cleanliness of the piping resulting in effective internal heat transfer surface, 

reduced maintenance costs and longer operational life. 

A system consisted of a CWCT and chilled ceilings when used for cooling of 

buildings will result in a low cost, CFC free and environmentally clean system. The initial 

and running costs of the system are low when compared with traditional vapor-compression 

cooling systems. The low energy consumption results in higher coefficient of performance 

and lower CO2 emissions.  

The cooling rate is affected by the heat transfer from the water inside tubes to the 

spray water and then to the air. Hence, the optimum performance of a cooling tower depends 

on the number and arrangement of tube coils and on the uniformity and effectiveness of the 

water distribution as well as the cooling capacity of ambient air and the distribution of air 

velocity through the coils. An unsatisfactory distribution of water over coils would lead to a 

reduced evaporative cooling surface and increased air flow and flow resistance in areas 

devoid of water flow. A non-uniform distribution of air would increase flow resistance in 

areas of high local velocities and decrease heat transfer in areas of low velocities. 

Simultaneous occurrence of non- uniform distributions of air and water would further 

degrade the performance of the tower. 

Chilled beam systems are based on dry cooling principle. Therefore these systems 

are applied in the premises where humidity of air is controlled by means of dehumidification 

of primary air and limitation or control of infiltration through the enclosing structures. In 

other words the building should meet standards of air tightness. Condensation on surface of 

chilled beam exchanger should be prevented via control of water temperature. 

Research dealing with the application of cooling towers as the sole free cooling 

source in air-water systems, i.e. systems comprising chilled ceilings or chilled beams for 

cooling, is however limited. The earliest found is by ,Niu and Kooi 1993. and ,Niu et al. 

1995. Their work consisted of measurements of chilled ceilings in a laboratory and 

development of a simulation program, ACCURACY, with the aim of studying the 

performance of chilled ceilings. In their work, they also studied the performance of chilled 

ceilings in connection with an evaporative cooling tower.  

Koschenz 1995. presented an analytical model for CWCT to be used with chilled 

ceilings. He made two assumptions: first, constant spray water temperature along the tower 

and second that the spray water temperature was equal to the outlet cooling water 

temperature. However, spray water temperature is variable inside the tower and if, the heat 

loss from the spray water piping outside the CWCT casing is ignored, spray water 

temperature will be equal in the tower's inlet & outlet. 
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Almadari et al 1998. reported the test performed by BRE (Building Research 

Establishment, London UK) where an office room was equipped with a chilled ceiling 

connected to a cooling tower. At a sensible heat gain of 60 W/m
2
, a maximum indoor air 

temperature of 25.2°C was registered. 

Gan and Riffat 1999. used computational fluid dynamic CFD calculations to predict 

the thermal performance of a CWCT for chilled ceiling system. They used CFD package, 

FLUENT, to simulate the two-phase flow of gas and water droplets in a 2D simulation. The 

Eulerian approach was used for the gas phase flow using standard k-ε model to represent the 

effect of turbulence while the Lagrangian approach was used for the water droplet phase 

flow, with two-way coupling between the two phases with the assumption of uniformly 

distributed volumetric heat generation from the tubes of the heat exchanger. The gas phase 

equations were solved numerically using a control volume technique embodied in the 

SIMPLE algorithm for the coupling between the pressure and the velocity fields. The 

computational results showed an increase of cooling water temperature for the lower tube 

rows in the tower. This behavior was attributed to the assumption of uniform heat flux 

generation. In reality, heat flux is higher for the upper rows because of the higher inlet 

cooling water temperature. The CFD technique was validated by comparing the predicted 

cooling performance with measurement. The predicted maximum decrease in the coil 

temperature is also in good agreement with the measured result for the water temperature. 

Sprecher and Tillenkamp 2003. published an investigation on a system with a closed 

evaporative cooling tower and a water circuit embedded in the concrete slab. They used 

the simulation program TRNSYS for investigating such a system. Sprecher and Tillenkamp 

processed dynamic simulations of a large shopping centre, 10 000 m
2
, in  Lucerne, 

Switzerland, with internal heat gain from people and lighting at 42 W/m
2
. During the 

warmest weak of the year, the indoor air temperature was kept below 26°C. 

Hasan et al. 2007. uses a simulation tool (IDA-ICE) to find out the best performance of 

a cooling tower combined with chilled ceiling, serving a four storey residential building. 

The highest yearly mean COP achieved was 8,3. 

It can be concluded that there are few published data concerning the resulting indoor climate 

in buildings equipped with chilled ceilings connected to an evaporative cooling tower, 

especially where the cooling tower is the sole provider of chilled water. The available data 

indicate the possibility to achieve an indoor thermal. In  this work, a new  application of  

already  established  cooling  techniques  is  investigated under Iraqi  climate conditions. 

The application comprises the use of a cooling tower, as the sole provider of chilled water, 

in conjunction with a hydronic cooling system with chilled ceiling. 

2.  EXPERIMENTAL WORK 

  The system that used in the experimental tests is a (WL 320 Demo cooling tower, 

made by Gunt Company in Germany). It was an open circuit direct contact counter flow 

forced draft cooling tower. This cooling tower was modulated to be used as an indirect 

contact closed type cooling tower by adding several components such as a bare-tube heat 

exchanger & the cooling water circuit The heat exchanger was designed and then 

manufactured according to the procedure that presented by (Kern in 1978). It was consisted 

of 8 mm outside copper tube diameter with 6 rows and 12 columns in an inline arrangement. 

The experimental apparatus consists generally of the cooling column, cooling water circuit, 

spray water circuit, the air circuit& test room. A schematic diagram & a photograph of the 

experimental apparatus are shown in Figures (1) & (2), respectively. 
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Typical experiments were conducted with the following procedure:  

1) Experiment of Changing Chilled Ceiling & Tower Flow Rate: 

   After all the measured parameters were stabilized at the desired level, the tower let to 

operate with 2 l/min chilled ceiling & tower flow rate. It was noticed that after about 30 

minutes all the measured values were stabilized. At this moment all the measured values 

were collected and recorded and then chilled ceiling & tower flow rate was increased 1 

l/min, for each test, and so on until chilled ceiling & tower flow rate reached 6 l/min 

recording the measured values at each test. 

2) Experiment of Changing Spray Water Flow Rate: 

  After all the measured parameters were stabilized at the desired level, the tower let 

to operate with 90 l/hr spray water flow rate. It was noticed that after about 30 minutes all 

the measured values were stabilized. At this moment all the measured values were collected 

and recorded and then spray water flow was increased 15 l/hr, for each test, and so on until 

spray flow rate reached 150 l/hr recording the measured values at each test. 

3) Experiments of changing The Inlet Air Wet  Bulb Temperature: 

  After turning on the fan and pumps and heating the cooling water, the dry bulb 

temperature and the relative humidity of the inlet air were changed by the use of the 

humidifier and the dehumidifier. The wet bulb temperature was taken then from a computer 

program for psychometric chart according to the measured values of dry bulb temperature 

and relative humidity. After few minutes the air stabilized at the desired wet bulb 

temperature and then measurements were recorded. This experiment was started with 12 
o
C 

wet bulb temperature increasing it 2 
o
C at each time until it reached 18 

o
C. 

3. Analysis of the Experimental Data 

The cooling capacity of the cooling tower was calculated according to the following 

equation by Hasan & Serin (2002): 

 

Where dTcw is the cooling water range defined as:                                                   

 
  

The coefficient of performance of the tower was calculated from the following equation by 

Hasan & Serin (2002): 

 

Where, Wtot is the total power consumption by the air fan and spray water pump defined as: 

 

Where, Wf   is the fan power (W) while Wsp is the spray water pump power (W). 

 Another important variable in a cooling tower performance is the saturation 

efficiency which refers to how much the discharged air is saturated with water vapor. The 
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saturation efficiency, ε, for the closed circuit cooling towers was calculated from the 

following equation by Yeon Yoo et al. 2010. 

 
 The calculation of the experimental mass transfer coefficient of water vapor between 

spray water film and air, and the calculation of the experimental heat transfer coefficient 

between tube external surface and spray water film are important part of the presented work 

because it permits to comparison with the other works. 

 Olivera & Facao (2002) presented a procedure to determine the mass transfer 

coefficient after experimental measurements by using an enthalpy balance by the following 

equation: 

 

where, αm is the mass transfer coefficient for water vapor between spray water film and air 

(kg/m
2
 s), A is the surface area of the heat exchanger equal to 0.226 m

2
 , and LMhD: 

logarithmic mean enthalpy difference (kJ/kg) defined as: 

 
Where hsat,Ti is the specific enthalpy of the saturated air at the interface temperature    

(kJ/kg).  

              The average of spray water temperatures was taken as the interface temperature 

according to Olivera & Facao (2002) as well as Stabat & Marchio (2004) while the inlet 

and outlet air enthalpies were taken from the psychrometric chart according to the measured 

data.  

            The overall heat transfer coefficient, Uo, between water inside tubes and the interface 

based on the outer area of the tube. Uo is calculated as follows: 

 

             

Where LMTD: is the logarithmic mean temperature difference (
o
C) defined as:     

        

 

Where Tsp,ave is the average spray water temperature (
o
C) according to Olivera & Facao 

(2002) as well as Stabat & Marchio 2004. 
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             After the overall heat transfer coefficient was calculated from the two equations 

above, it used to calculate spray heat transfer coefficient between the tubes external 

surface & spray water film: 

 
 

       The coefficient of spray heat transfer which takes place between tubes external surface 

and spray water film was calculated as follows which was presented by Olivera & Facao 

(2002). 

 

  Where αw is the heat transfer coefficient for water inside the tubes (W/m
2
 

o
C) and it was 

calculated according to Stabat & Marchio 2004. by the following equation: 

 
Where Reynolds number and Prandtl number were taken for the water inside tubes. 

 The cooling capacity of the chilled ceiling was calculated according to the following 

equation: 

 
                                                                      

Where dTcw is the cooling water range of the chilled ceiling defined as:                                                   

 
 

4. RESULT AND DISCUSSION 

Figures  (3) to (8) indicate the effect of inlet air wet bulb temperature and chilled 

ceiling flow rate on the cooling tower performance and test room represented by cooling 

capacity, coefficient of performance, saturation efficiency, spray heat transfer coefficient, 

mass transfer coefficient, and chilled ceiling cooling capacity  respectively. 

 As it seen in Fig. 3, wet bulb temperature affects the tower cooling capacity greatly. 

This figure shows that as the wet bulb temperature increases, cooling capacity decreases 

significantly. The increasing in inlet air wet bulb temperature means increasing in both the 

dry bulb temperature & the humidity of the inlet air and this decreases the transfer of heat 

both by convection & evaporation. It is also decrease when coil flow rate decrease with 

constant spray water flow rate. 

 When air wet bulb temperature reduces the tower cooling capacity, it reduces the 

tower coefficient of performance by the same rate as for cooling capacity because the wet 

bulb temperature has no effects on the power consumption of the equipment, this clear in 

Fig. 4 and it decreases when chilled ceiling flow rate decreases too because the tower 

coefficient of performance depended on cooling capacity.  

 The wet bulb temperature of air has also influence on the tower efficiency as shown 

in Fig. 5. The efficiency increases slightly with the wet bulb temperature. If the wet bulb 

temperature increases, the difference between the inlet cooling water temperature & the inlet 
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wet bulb temperature in the denominator of Eq. (5) is decreased with a rate more than the 

rate of decreasing cooling water range so that the saturation efficiency is increased with 

increasing the wet bulb temperature. Also the efficiency is increased when coil flow rate 

decreases due to the increasing of the difference between the inlet cooling water temperature 

& outlet cooling water temperature. 

 When the wet bulb temperature increases, the spray heat transfer coefficient 

decreases, as expected, and as shown in Fig. 6. This is simply because of that the decreasing 

in the cooling capacity, as wet bulb increases, leads to decrease the overall heat transfer 

coefficient and thus the spray heat transfer coefficient decreases. It's also decrease with 

decreasing the chilled ceiling flow rate due to the decreasing in the cooling capacity, as wet 

bulb increases.  

 When the inlet air wet bulb temperature increases, mass transfer coefficient increases 

slightly as shown in Fig. 7. It is clear as the wet bulb temperature increases the difference 

between the outlet and inlet air enthalpy, ∆hair, is decreased with a rate less than that in the 

logarithmic mean enthalpy difference, LMhD, causing an increasing in mass transfer 

coefficient. Also it's decrease with decreasing the chilled ceiling flow rate due to the 

increase in cooling water range that is lead to decrease the difference between the outlet and 

inlet air enthalpy, ∆hair,.  

As it seen in Fig. 3, the wet bulb temperature has effect on the tower cooling 

capacity consequently on the chilled ceiling cooling capacity as it seen in Fig. 8. This figure 

shows that as the wet bulb temperature increases, cooling capacity of the chilled ceiling 

decreases significantly and also its decrease when chilled ceiling flow rate decrease. 

 Generally, air wet temperature has effect on the performance of cooling towers as it 

dictates the physical phenomena that take place inside it. It decreases the heat transfer; on 

the other hand it increases the efficiency of the tower & mass transfer. 

Figures (9) to (13) indicate the effect of the spray water flow rate and chilled ceiling 

flow rate on the cooling tower performance represented by cooling capacity, coefficient of 

performance, saturation efficiency, spray heat transfer coefficient and mass transfer 

coefficient, respectively and Fig. 14 indicates the effect of spray water flow rate and chilled 

ceiling flow rate on the test room performance represented by chilled ceiling cooling 

capacity.  

 Fig. 9 indicates that the cooling capacity of the cooling tower depends greatly on the 

spray water flow rate and it increases approximately linearly as the spray water flow rate 

increases. This is mainly because that when spray water flow rate increases, the rate of 

evaporation is augmented causing more heat transferred from the cooling water. For a spray 

water flow rate more than 135 kg/hr it is seen that the increasing rate in cooling capacity 

becomes rather less and this is partially attributable to the fact that this flow rate is sufficient 

to achieve completely wetting of the outer surface of the heat exchanger tubes. The 

evaporation of the water droplet at this flow rate can’t continue that smoothly. When the 

mass flow rate of the spray water increased, the heat transfer increased and thus the heat 

absorbed by the air both by convection and evaporation was increased causing in increasing 

the cooling capacity. This means that the air flow rate becomes sufficient to absorb moisture 

at the interface between the air and the spray water film by the evaporative cooling, but as 

the spray water flow is constant so the absorption of moisture will not still to increase in the 

same rate when the air flow rate becomes high. Also the cooling capacity of chilled ceiling 

increase when the chilled ceiling flow rate increase. 

The variation of the coefficient of performance of the experimental apparatus with 

respect to the variation of spray water flow rate and constant chilled ceiling flow rate is 
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shown in Fig. 10. It is clear that the coefficient of performance increases as spray water flow 

rate increases. When the flow rate of spray water increases both the cooling capacity & the 

power of the spray water pump, which are shown in table (1), increase but the increasing in 

the cooling capacity is much larger than that in pump power and this makes COP to increase 

with the increasing in spray water flow rate. The coefficient of performance for a cooling 

tower is the ratio of the cooling capacity to the total power consumption of the fan and the 

spray water pump and it is calculated according to Eq. (4). For example, when spray water 

mass flow rate increases, for the case with chilled ceiling flow rate equal to 6 l/min, from 90 

to 150 kg/hr, then the cooling capacity increases with a ratio of 1.55 from 378 to 588 Watt 

while the spray water pump power increases with a ratio of 1.05 from 448 to 426 Watt and 

the fan power constant equal to 134 Watt because no changing in air fan power and this 

causing in increasing COP from 0.65 to 1.03 and it's also increase when chilled ceiling flow 

rate increase. 

The effect of the spray water mass flow rate on tower efficiency can be seen in     

Fig. 11. An increase in spray flow rate increases cooling range and this increases the tower 

efficiency up to a certain level. Above a rate of about 135 kg/hr, an increase in spray flow 

rate does not significantly improve tower performance because the tube surface is almost 

completely wet as discussed in Fig. 9 and this conforms well to the results of Riffat et al. 

We studied the effects of the operating parameters on the thermal efficiency of the 

tower defined as Eq. (5) we observations were that: Tcw,in  had a very little influence on tower 

efficiency , increase of spray water flow rate  resulted in an increase in tower efficiency and 

increased with the increase of air mass flow rate and decreased with the increase of coil 

mass flow rate. And it's also increase when chilled ceiling flow rate increase. 

 Fig. 12 shows spray water heat transfer coefficient, αs, as a function of spray water 

flow rate. It indicates that the heat transfer coefficient increases with increasing spray water 

flow rate. This can be explained by Eq. (8). When spray water increases, the cooling 

capacity increases too leads to increase the overall heat transfer coefficient, Uo, and then αs 

increases according to Eq. (10). From the other side, when spray water flow rate increases 

then cooling water range increases leading to increase the logarithmic mean temperature 

difference, LMTD in Eq. (8), although αs increases and this is because that the increasing 

rate in LMTD is less than that of cooling capacity and this needs Uo  as well as αs
 
to increase. 

For example, when spray water flow rate increases, for the case with chilled ceiling flow 

rate equal to 6l/min, from 90 to 150 kg/hr, then the cooling capacity increases from 378 to 

588 Watt with a ratio of 1.55 while LMTD increases from 2.6 to 3.05 
o
C with a ratio of 1.17 

and this makes both Uo & αs increase.  

Fig. 13 indicates that the mass transfer coefficient is influenced by spray water flow 

rate. As spray flow increases mass transfer coefficient increases too. This mainly because 

that the increasing in spray flow means there is a large amount of water droplet could be 

evaporated and transferred to the air stream.  

When spray water flow rate reduces the tower cooling capacity, that lead to reduces the 

cooling capacity of the test room by the same rate as for cooling capacity because the tower 

cooling capacity effects on the test room cooling capacity, this clear in Fig. 14. 

Generally, spray water flow rate affects ICCCCT characteristics and it leads to 

enhance the performance of the tower. The heat transfer coefficient improved better with 

spray flow. 

3.COMPARISON BETWEEN THE PRESENT WORK AND OTHER WORKS  

Some of the present experimental results, for the common case when the ICCCCT 

operates with chilled ceiling, are compared in this section with other previous experimental 
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works. The comparison is a qualitative comparison and it is not a quantitive comparison, i.e. 

the agreement was attained in the behavior of the characteristics and the tendency of the 

curves but there is no agreement in the values with the previous works and this was shown 

in Figures. (15) to (19). 

Fig. 15  shows a comparison between the present experimental results including cooling 

capacity with respect to inlet air wet bulb temperature for different cooling water flow rate 

(the right panel of figure) and the experimental results (the left panel of figure) presented by 

Sarker 2007. Sarker studied an investigation on the optimum design of a heat exchanger in 

a hybrid closed circuit cooling tower of 1RT rated capacity and staggered arrangement heat 

exchanger of the relevant design parameters were selected based on the typical East Asian 

meteorological constrains for the year-round smooth operation of the cooling tower. Sarker 

is evident from figure, the cooling capacity increases with increasing of the cooling water 

flow rate but decreases with the increase of WBT as well as by the decrease of the cooling 

water flow rate. The difference in the amount of cooling capacity between the two studies 

belongs to the difference in dimensions of the tower & the heat exchanger between the two 

experimental apparatus but both results having the same behavior. 

Fig. 16 shows compares the presented experimental results of the range of cooling 

water with respect to variable inlet wet-bulb temperature (WBT) and results represented by 

Sarker el at. 2009. From this figure it is clear that the temperature drop of the cooling water 

decreases with increasing of inlet wet-bulb temperature. This is because when the inlet WBT 

increases, the temperature difference between inlet cooling water and air decreases. 

Therefore, the rate of evaporation of spray water flowing at the outer surface of the pipes 

decreases so that the falling of temperature of cooling water flowing inside the tubes 

deceases. 

Fig. 17 compares the presented experimental results of the temperature drop and 

cooling capacity and presented by Sarker el at. 2009. with respect to spray water volume 

flow rate are shown at the left and right axes, respectively. As it is clear in this figure, that 

both tower’s cooling capacity & temperature drop increase linearly as spray flow rate 

increases. This result coincides well to the experimental results of the presented work. 

In Fig. 18 the experimental results of the presented work for the influence of the 

difference of inlet and the outlet temperatures of the cooling water with respect to the ratio 

of cooling water to air mass flow rate (on the right panel of figure) are compared with that 

presented by Sarker et al. 2005. (on the left panel of figure). This figure shows a qualitative 

agreement between the presented work and that presented by Sarker et al. )2005(in the 

experimental behavior of cooling water range with respect to the ratio of cooling water to air 

mass flow rate shows the same behavior between results presented by Sarker et al. )2005( 

and present results. 

Fig. 19 shows the experimental effect of spray water flow rate on both cooling capacity 

& saturation efficiency, (on the right panel of figure). It is compared with the results 

presented by Yeon Yoo et al. 2010., (on the left panel of figure). Yeon Yoo et al. 2010 

xpressed, in the experimental behavior of both cooling capacity & saturation efficiency with 

respect to the spray water flow rate shows the same behavior between results presented by 

Yeon Yoo et al. 2010. and present results. 

4. CONCLUSIONS 

The following conclusions are valid only for the given parameters of the heat exchanger, 

configuration and the other operational conditions of the present work: 

1. All the characteristics of the performance of the ICCCCT increases with respect to 

chilled ceiling flow rate, spray water flow rate, inlet air wet bulb temperature and provided 
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heat load but performance of chilled ceiling increases with respect to chilled ceiling flow 

rate, spray water flow rate, and decreases with respect to inlet air wet bulb temperature and 

provided heat load. 

Tower cooling capacity increases with a ratio of 1.55 for the case with chilled ceiling 

flow rate equal to 6 l/min and spray water flow rate varying from 90 to 150 kg/hr, COP 

increase from 0.65 to 1.03, while LMTD increases from 2.6 to 3.05 
o
C with a ratio of 1.17 

and this makes both Uo & αs increase. But higher tower cooling capacity, higher coefficient 

of performance, higher saturation efficiency and higher chilled ceiling cooling capacity can 

be obtained with low gas to liquid flow ratio. For example, when G/L increases from 1.4179 

to 2.3633, with constant chilled ceiling flow rate equal to 6l/min, the cooling capacity 

decreases from 588 to 378 Watt, coefficient of performance decreases from 1.0103 to 

0.6494, the tower efficiency decreases from 11.3821 % to 9.375 % and chilled ceiling 

cooling capacity decreases from 462 to 252 Watt, respectively. This mostly because when 

G/L increases for constant mass air flow rate, then the spray water flow rate decreases and 

becomes insufficient to accomplish the same transfer of heat especially by evaporation and 

this causing reducing of the cooling water range leading to decrease these characteristic 

keeping G constant and varying L. 

2. The tower coefficient of performance is influenced greatly by the cooling capacity 

and little by the total power consumption of air fan and spray water pump, it increases as the 

cooling capacity increases. From another perspective, the better COP can be obtained at 

about 6l/min chilled ceiling flow rate & 150 kg/hr spray flow rate as the increasing rate in 

cooling capacity above these values becomes less while the power consumption increases 

approximately linearly. 

3. Spray flow rate has the greatest influence on spray heat transfer coefficient, αs, but it 

is also a function of the air flow rate and the spray water temperature. 

4. Both air and spray water flow rate affect the mass transfer coefficient, αm, but the 

great effect belongs to the air flow rate. 

5. Inlet air wet bulb temperature has a great influence on the all characteristics of the 

tower. Tower Cooling capacity, COP, chilled ceiling cooling capacity and spray heat 

transfer coefficient are decreased while saturation efficiency and mass transfer coefficient 

are increased with wet bulb temperature varying from 12 to 18 
o
C. 
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1 Drain 19 Cooling Water Flow Meter 

2 Air Chamber 20 By-Pass Valve 

3 Outlet Spray Water Temp. Sensor 21 Cooling Water Pump 

4 Spray Water Tank  22 Cooling water Tank  

5 Spray Water Pump 23 Controlling Valve 

6 Controlling Valve 24 Fan 

7 Spray Water Flow Sensor 25 Butterfly Valve (Damper) 

8 Controlling Valve 26 Inlet Air Temp. Sensor 

9 Make-Up Water  Tank 27 Inlet Air Moisture Sensor 

10 Heat Exchanger 28 Outlet Air Temp. Sensor 

11 Fill Packings 29 Outlet Air Moisture Sensor 

12 Inlet Spray Water Temp. Sensor 30 Inlet Cooling Water Temp. Sensor 

13 Anemometer 31 Outlet Cooling Water Temp. Sensor 

14 Combined Temp. /Moisture Sensor 32 Inlet Room Temp. Sensor 

15 Inlet Cooling Water Temp. Sensor 33 inlet Room Moisture Sensor 

16 Outlet Cooling Water Temp. Sensor 34 Chilled Ceiling 

17 Spray Water Nozzle 35 Test Room 

18 Holes for Sensing Pressure Drop    

 

Figure.1 system components. 
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Figure. 2  Photograph of the experimental apparatus. 
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Table.1  the measured electrical power consumptions of the spray water pump and air fan at a 

voltage of 220 volt. 

Spray water pump power consumption 

Spray water flow rate        kg/hr 90 105 120 135 150 

The measured current        Amp. 1.936 1.97 1.97 2.01 2.03 

The power consumption    Watt 426 433 437 442 448 

 

Air fan power consumption 

Air Velocity*                       m/s 10.5 

The measured current          Amp. 0.6 

The power consumption      Watt 134 

* The values of air velocity are measured at the outlet air section. 

.   
 

 

Figure. 3   Influence of the chilled ceiling flow rate on cooling capacity for different inlet air wet 

bulb temperature 
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Figure. 4   Influence of the chilled ceiling flow rate on the coefficient of performance for different of 

the inlet air wet bulb temperature 

 

Figure. 5   Influence of the chilled ceiling flow rate on saturation efficiency for different of the inlet 

air wet bulb temperature 
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Figure. 6   Influence of the chilled ceiling flow rate on spray heat transfer coefficient for different of 

the inlet air wet bulb temperature 

 

 

Figure. 7   Influence of the chilled ceiling flow rate on mass transfer coefficient for different of the 

inlet air wet bulb temperature 
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Figure. 8   Influence of the chilled ceiling flow rate on chilled ceiling cooling capacity for 

different of the inlet air wet bulb temperature 

 

 

 

Figure. 9   Influence of the spray water mass flow rate on tower cooling capacity 
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Figure. 10   Influence of the spray water mass flow rate on the coefficient of performance 

 

 

 

Figure. 11   Influence of the spray water mass flow rate on saturation efficiency 
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Figure. 12   Influence of the spray water mass flow rate on spray heat transfer coefficient. 

 

 

Figure. 13 Influence of the spray water mass flow rate on mass transfer coefficient. 



Journal of Engineering Volume   21  August  2015 Number 8 
 

 

134 

 

 

Figure. 14 Influence of the spray water mass flow rate on chilled ceiling cooling capacity 

 

 
M.Sarker [2007] 

 

 

Present work 

 

Figure. 15 Comparison of the concluded effect of inlet air wet bulb temperature on cooling capacity 

with other works 
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Sarker et al. [2009] 

 

 

 

present work 

 

Figure. 16 Comparison of the concluded effect of inlet air wet bulb temperature on cooling water 

range with other works 

 

 Sarker el at. [2009] 
p

resent work 

Figure. 17 Comparison of the concluded effect of spray water flow rate on both cooling capacity & 

temperature drop with other work 
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Sarker et al. [2005] present work 

 

Figure. 18 Comparison of the concluded effect of (air mass flow rate to cooling water ratio) on 

cooling water range with other work 

 

 
Yeon Yoo et al.[2010] present work 

 
Figure. 19 Comparison of the concluded effect of spray water flow rate on both cooling capacity & 

saturation efficiency with other work 
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NOMENCLATURE 

A Area (m
2
) 

Cp Specific heat at constant pressure (kJ/kg 
o
C) 

D Outer tube diameter (m) 

d Inner tube diameter (m) 

G Air mass flow rate (kg/hr) 

 Air mass velocity based on minimum 

             Section = v (kg/m
2
.s) 

h Specific enthalpy (kJ/kg) 

k Thermal conductivity (W/m 
o
C) 

L Spray water mass flow rate (kg/hr) 

 Mass flow rate  (kg/hr) 

Q Cooling capacity (Watt) 

Pr Prandtl number  

Re Reynolds number  

T Temperature (
o
C) 

Uo Overall heat transfer coefficient (W/m
2
 
o
C) 

V Velocity (m/s) 

WBTin   inlet wet bulb temperature (
o
C) 

 

Greek letter 

αm Mass transfer coefficient for water vapor, between spray water film and air (kg/m
2
 s) 

αs Heat transfer coefficient between tube surface and spray water film (W/m
2
 
o
C) 

αw Heat transfer coefficient for water inside the  tubes (W/m
2
 
o
C) 

Γ Spray water mass rate per length of tube (kg/m s) 

  Density (kg/m
3
) 

 

Sub-Script 

ave Average 

air Air flow (a) 

cw Cooling water  

in Inlet 

out Outlet 

i Interface between spray water film & air 

f         Saturated air-spray water film  

sat Saturation properties 

sp Spray water (w) 

 

Abbreviations 

CFC         Chlorofluorocarbon 

LMhD      Logarithmic mean enthalpy difference (kJ/kg) 

LMTD      Logarithmic mean temperature difference (
o
C) 

CWCT      Closed wet cooling tower  

ICCCCT   Indirect contact closed circuit cooling tower  

HVAC      Heating ventilation air conditioning 
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ABSTRACT 

   Buckling and free vibration analysis of laminated rectangular plates with uniform and non 

uniform distributed in-plane compressive loadings along two opposite edges is performed using the 

Ritz method. Classical laminated plate theory is adopted. The static component of the applied in- 

plane loading are assumed to vary according to uniform, parabolic or linear distributions. Initially, 

the plate membrane problem is solved using the Ritz method; subsequently, using Hamilton’s 

variational principle, linear homogeneous algebraic equations in terms of unknown are generated, 

the set of linear algebraic equations can be solved as an Eigen-value problem. Buckling loads for 

laminated plates with different combinations of boundary conditions are obtained and their effect on 

the natural frequencies of plate are also investigated. The proposed method is verified by comparing 

results to data obtained by the finite element method (FEM) using ANSYS program, from 

experimental program and that obtained by other researchers. Analytical results are also presented 

to bring out the effects of aspect ratio, boundary conditions, lamination angle, and loading type on 

the critical buckling load and natural frequency. 
 
Key words: Vibration, stability, anisotropic plates, classical laminated plate theory, Ritz method 

 

 تحليل الإستقراريت و الذيناهيكت لصفائح هركبت طبقيت
                              تايه  حويزة فراس                                                                                أ.م.د. وداد ابراهين هجيذ                             

 قسم هندسة الميكانيك                                                                           قسم هندسة الميكانيك                            
 بغداد جامعة- الهندسة كلية                                                                  بغداد جامعة / الهندسة كلية                        

 
 الخلاصت

تحلٍل الاًبعاج و الاهتساز الحر لصفائح طبقٍة هستطٍلة هعرظة لأحوال ظاغطة هىزعةة شكة ل هٌةتأن أو أخري فً هذا البحث    

. الٌأرٌة ال لاسٍ ٍة للصةفائح الطبقٍةة  ةد ارتٍةرر ءخةرا  هةذٍ الد اسةة. Ritzغٍر هٌتأن على حافتٍي هتعاكستٍي شاستخدام طرٌقة 

أرتٍر الو ىى الساكي للأحوال الوسلطة ظوي الوستىي لٍ ىى هىزع شثلاثة أش ال: هٌتأن, رطً, و هٌحًٌ على ش ل  طع ه ةاف.. 

ٌةة هتداًسةة كةدوال لوداهٍةل شاسةتخدام لحةل هسةةلة الصةفٍحة و الحصةىل علةى هعةايلار رطٍةة خبر Ritzاستخدام طرٌقة شداٌةً, تن 

. تةن يٌدةاي حوةل الاًبعةاج للصةفائح الطبقٍةة و التةً Eigen-valueٌتن حةل هةذٍ الوعةايلار كوسةةلة  ; Hamiltonالوبدأ التغٍٍري لـ 

ح عديٌةة هستحصةلة ت ىى هثبتة شحدوي هختلفة و ي اسة تةثٍر هذٍ الاحوال على التريي الطبٍعً. تن التحقق هي الٌتائح شوقا ًتها شٌتةائ

و شٌتةائح هختبرٌةة تدرٌبٍةةة, و كةذلر هقا ًتهةا شةبعط الٌتةائح الوقدهةةة شىاسةطة شةاحثٍي ئرةرٌي. الٌتةةائح  ANSYSشاسةتخدام شرًةاهح 

التحلٍلٍة  دهت لد اسة تةثٍر ًسبة الطىل الى العرض, حدوي التثبٍت, زاوٌة التصفٍح, و ًىع التحوٍل علةى حوةل الاًبعةاج الحةرج و 

 لطبٍعً.التريي ا

 .Ritzالٌأرٌة ال لاسٍ ٍة للصفائح الطبقٍة, طرٌقة صفٍحة هتباٌٌة الخىاص, اهتساز, استقرا ٌة,  الكلواث الرئيسيت:
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1. INTRODUCTION 

   Thin plates of various shapes used in naval and aeronautical structures are often subjected to 

normal compressive and shearing loads acting in the middle plane of the plate (in-plane loads). 

Under certain conditions such loads can result in a plate buckling. In many cases, a failure of thin 

plate elements may be attributed to an elastic instability and not to the lack of their strength. 

Therefore, plate buckling analysis presents an integral part of the general analysis of a structure, 

Ventsel and Krauthammer, 2001. It is important to note that a plate leading from the stable to 

unstable configuration of equilibrium always passes through the neutral state of equilibrium, which 

thus can be considered as a bordering state between the stable and unstable configurations. In the 

mathematical formulation of elastic stability problems, neutral equilibrium is associated with the 

existence of bifurcation of the deformations. According to this formulation, the critical load is the 

smallest load at which both the flat equilibrium configuration of the plate and slightly deflected 

configuration are possible , Ventsel and Krauthammer, 2001. The composite structures whether 

used in civil, marine or aerospace are subjected to dynamic loads during their operation. Therefore, 

there exists a need for assessing the natural frequency. Therefore, for assessing the natural 

frequency of the laminated composite plate structures, the accurate mathematical model is required, 

Reddy, et al., 2013. There are many applications on buckling and stability of composite materials 

structures in the present industry such as ship hull, crown of the hat-stiffened panel, blended wing 

body (BWB) Aircraft. Many researchers have studied the stability of composite plates subjected to 

buckling loads, each one with his own perspective. Matsunaga, 2000, analyzed natural frequencies 

and buckling stresses of cross-ply laminated composite plates by taking into account the effects of 

shear deformation, thickness change and rotatory inertia. Leissa and Kang, 2002, investigated 

exact solutions for the free vibration and buckling of rectangular plates having two opposite edges 

simply supported and the other two were clamped, with the simply supported edges subjected to a 

linearly varying normal stress. Craciun and Simionescu–Panait, 2004, considered the internal and 

superficial instability of a prestressed fiber reinforced orthotropic elastic composite. Jana and 

Bhaskar (2007) examined the effect of a non-uniform distribution of the applied edge loads on their 

net critical value with in-plane lateral restraint. Amabili, et al., 2010, presented an investigation to 

laminate composite rectangular plates with different boundary conditions subjected to an external 

point force. Tang and Wang, 2011, investigated the buckling analysis of symmetrically laminated 

rectangular plates with parabolic distributed in-plane compressive loadings along two opposite 

edges using the Rayleigh–Ritz method. In the present work, the stability and buckling analysis of 

laminated composite plate under uniaxial uniform and non-uniform distributed load is performed. 

Classical laminated plate theory is adopted. Buckling loads for laminated plates with different 

combinations of boundary conditions are obtained and their effect on the natural frequencies of 

plate are also investigated. 

 

2. THEORY 

This study is based on classical laminated plate theory (CLPT) and used Hamiltons principles to 

derive the equation of motion. Ritz method is used to solve the principle of minimum potential 

energy as an Eigen-value problem to get the critical buckling load and natural frequency for 

different considerations (boundary conditions, aspect ratios, mechanical properties, lamination 

systems).   
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2.1 Classical Laminated Plate Theory  
The simplest laminated plate theory is the classical laminated plate theory (or CLPT), which is an 

extension of the Kirchhoff (classical) plate theory to laminated composite plates. It is based on the 

displacement field, Reddy, 2004. 

 

 (       )    (     )   
   
  

 

 (       )    (     )   
   
  

 

 (       )    (     )                                                                                                                                 ( )       
                          

where (uo, vo, wo) are the displacement components along the (x, y, z) coordinate directions, 

respectively, of a point on the midplane (i.e., z = 0). The displacement field implies that straight 

lines normal to the xy-plane before deformation remain straight and normal to the midsurface after 

deformation. The Kirchhoff assumption neglects both transverse shear and transverse normal 

effects; i.e., deformation is due entirely to bending and in-plane stretching. 

 

2.2 Total Mechanical Energy 

The first law of thermodynamics or the principle of conservation of energy serves as the foundation 

for energy-based methods employed in the analysis of structures, including plates. The total 

mechanical energy (defined as the sum of its potential and kinetic energies) of a particle being acted 

on by only conservative forces is constant, Brown, 2007. 

 

                                                                                                                                  (2) 

 

where E is the total mechanical energy; Ec is the total kinetic energy; Π is total potential energy. 

The kinetic energy Ec is written as the following form taking in account the transverse deformation 

only on the vibration frequencies, Berthelot, 2010: 
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                                                                                                                                      ( ) 

 

where   is the natural frequency of the plate vibrations and Io is the moment of inertia of the 

laminate at point (x, y) given below: 
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Where L is the total number of layers in the laminate; k denotes the layer number; h is the thickness 

of the laminate; zk and zk-1 are distances from the reference plane of the laminate to the two surfaces 
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of the kth ply Fig. 1 .The total potential energy,  , consists of the strain energy of internal forces, U, 

and the work of external forces, Ω, i.e. Reddy, 2004, 

                                                                                                                                               (5) 

 

The strain energy for an anisotropic material is written as, Kollar, and Springer, 2003: 
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where κx, κy, and κxy are the curvatures of the reference plane of the plate defined as: 
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[B] and [D] are the coupling and bending stiffness matrices, respectively. The elements of these 

matrices are (i, j = 1, 2, 6) given as functions of the transformed reduced stiffness matrix elements 
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 By using the relationships between the curvatures and the deflections, the expression of the strain 

energy for a symmetric layup is as follows: 

 

  
 

 
∫∫ [   (

    
   

)

 

    (
    
   

)

 

    (
     
    

)

  

 

 

 

  (   
    
   

    
   

    
    
   

     
    

    
    
   

     
    

)]                             ( ) 

 

The potential energy is related only to the in-plane distributed loads Nx applied uniaxially to the 

edges x=0, a, and is written as 

 

   
 

 
∬*  (

   
  
)
 

+                                                                                                                        (  ) 

 

Nx is assumed to be distributed load (uniform and not uniform) taking the forms as derived Fig. 2: 
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where No is the maximum intensity of the compressive force at the edges x=0 and x=a. 

 

2.3 Boundary Conditions 

   The approximate solution is sought in the usual form of a double series in separate variables 

Berthelot, 2010: 
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where M and N are the numbers of half-waves used in the x and y directions, respectively, of a mode 

shape. The functions Xm(x) and Yn(y) must constitute functional bases and are chosen so as to satisfy 

the boundary conditions along the edges x = 0, x = a, y = 0, and y = b. The coefficients Amn are 

determined by the stationarity conditions: 
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                             . To select an expression for the deflection wo, the 

functions Xm(x) and Yn(y) are selected to satisfy the geometrical boundary conditions for the studied 

cases: 

   a- For the case of a simply supported (SSSS) plate, the boundary conditions functions along the 

edges are as follows, Reddy, 2004: 
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   b- For the case of a built in (CCCC) plate, the functions of the transverse deflection wo can be 

taken as follows Berthelot, 2010:  
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where                  are constants given in Table (1). 

   c- In the case where two opposite edges are clamped along x=0 and x=a and the other two edges 

are simply supported along y=0 and y=b, that can be sampled as (CSCS), the transverse deflection 

wo functions are as follows Berthelot, 2010: 
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d- For the case where the edges along x=0 and x=a are simply supported and the edges along y=0 

and y=b are free that can be sampled as (SFSF), the functions that satisfy these boundary conditions 

can be taken as follows Berthelot, 2010: 
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 The values of    and    are reported in Table (1). 

   e- When the plate is taken clamped along two opposite edges where x=0 and x=a and free along 

the others where y=0 and y=b that can be sampled as (CFCF), and the functions will be combined 

as shown below Berthelot, 2010: 
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where                  are constants given in Table (1). 

 

2.4 Weak Forms 

   The Ritz method can be used to determine an approximate solution to the bending, buckling, and 

natural vibrations of symmetric laminates. The weak form or the statement of the principle of 

minimum total potential energy for buckling and natural vibration problems is given below, Reddy, 

2004: 
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where   denotes the frequency of natural vibration. For buckling analysis, all terms involving 

frequency of vibration are set to zero, while Nx is eliminated for natural vibration. 

 

2.4.1 Buckling of a simply supported plate  

   Consider a simply supported rectangular plate made of an orthotropic laminate, the material 

directions of which coincide with the plate directions. This plate is subjected to uniaxial uniform in-

plane compressive forces Nx along the edges x = 0 and x = a. The total potential energy can be 

written in the following expression: 
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The transverse displacement (wo) is written as mentioned in section 2.3 in the following form:  
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   Assume a plate of a symmetric layup subjected to uniaxial compression; for a simple case, 

consider m=n=1: 
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substituting wo Eq. (22) in Eq. (20) and performing the differentiation and integration processes, and 

then by using Eq. (19) , the following representation of the critical buckling load Ncr can be 

obtained: 
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when m and n are more than 1, the critical load Ncr is determined by solving Eigen value problem. 

For different arbitrary boundary conditions and m & n are greater than 1, the solution becomes more 

difficult and needs computer programming to determine the critical buckling load. 

 

2.4.2 Vibration of simply supported plate  

   For vibration problem, the total mechanical energy is written as:  
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   The natural frequancy    is obtained using the same procedure to be as below: 
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   In case of finding the natural frequency under the action of critical buckling force Ncr, the total 

mechanical energy is written as: 
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   The natural frequency under that critical buckling load is found to be:  
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   The natural frequency given in Eq. (25) and Eq. (27) is the fundamental natural frequency where 

it occurs at m=n=1 Reddy, 2004. 

 

3. EXPERIMENTAL WORK  

   The experimental work is performed on a plate composed of Polyester as a matrix reinforced with 

E-Glass fibers. 

 

3.1 Mold Preparation and Mechanical Properties 

   Two flat wood panels are shaped as square panels of 35 cm*35 cm, with proper thickness to carry 

moderate loads; they are used as base and cover of the mold to prepare the desired models. One of 

the panels is used as the base where the materials are molded up, and the other one is the cover that 

transferes the pressure from up surface to the surface of the desired plate molded on the base. After 

weaving a layer of E-glass fibers, the catalyzed resin mixture with hardener must be applied to the 

fibers carefully to prevent distortion in them during the brushing process until the fibers saturate 

with the risen. Brushes and rollers are used to diffuse the mix over the fibers, and blades are used to 

take the air bubbles out of the laminate layers Fig. 3. Then the mold is left for a day in room 

temperature for curing after that we cut the model to the desired dimensions by a proper diamond 

impregnated wheel, cooled by running water. Before starting the experimental work, the fiber, 

matrix, and then composite densities are measured see Table (2). Then, the fiber volume fraction is 

measured experimentally to be 0.323. Tensile test is performed to find the composite mechanical 

properties. D3039 ASTM is used to formulate the tested specimens. The tensile test led to the 

mechanical properties of E-Glass/Polyester laminated composite plate listed in Table (2).  

 

3.2 Buckling Test 

   For buckling test, tow models of E-Glass/Polyester laminated plates are prepared. One of the 

models is (20 cm*20 cm*0.25 cm, [0/90]s) where the aspect ratio (a/b) is equal to 1, and the other 

one is (40 cm*20 cm*0.2 cm, [0/90]2) where       . The models are placed vertically between 

the testing device jaws, where the machine is of 100 KN capacity. The boundary conditions of the 

tested plates are simply supported along the top and bottom edges while the left and right edges are 

left free. The compression is exerted on the upper edge by moving stiff head with a speed of 2 

mm/min while the lower head is fixed. For determination of the buckling load, load-displacement 
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method is used Fig. 4. Analytical and Numerical results are determined for the tested models and 

are presented to verify the found experimental results which are listed in Table (3). 

 

3.3 Experimental Modal Analysis 
   For free vibration test, a model specimen is manufactured with dimensions of (30 cm*30 cm*0.37 

cm) and lamination of (0/90)2. The plate is placed in a structure Fig. 5.a, where the boundary 

conditions are simply supported along the four edges and the real tested area is (25 cm* 25 cm) 

where the edges of the structure are designed to prevent the plate from moving in z-direction. 

Calibration operation is performed before the test to ensure that the result from the test is right with 

less error. The plate is placed in the structure that is already manufactured for this purpose where 

the boundary conditions are kept to be simply supported. The oscilloscope is viewing the response 

of the specimen that is loaded with hit by an impact hammer which is connected to the oscilloscope 

and generates the input load to the specimen. The accelerometer is connected to the charge 

amplifier which will reduce the frequency noise by filters were built to limit the frequency range to 

the range of interest. The signal goes from the amplifier to the oscilloscope to analyze it and then 

present it as wave with tops that will give the frequency of the modes. The hit exerted by the impact 

hammer on the plate. The FFT solution generated Fig. 5.b captured from the oscilloscope monitor 

in purple color wave. The natural frequency    of the first mode taken from the wave is found to be 

0.0331 rad/sec. The non-dimensional natural frequency is calculated as below: 
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The analytical result is found to be  ̅        so that the error is 8.9%, and that is an accepted error 

if some conditions are taken in account such as movement of the structure, accuracy of the devices, 

and the molding process, etc..  Fig. 5.b shows the response wave of the plate in yellow color. 

 

4. RESULTS AND DISCUSSION  

   This study investigates mainly the effect of the critical buckling load that a composite materials 

plate can hold on its natural frequency. The results are determined analytically and numerically, and 

study the effect of boundary conditions, aspect ratio, lamination angle, and type of applied edge 

load. 

 

4.1 Investigation of Critical Buckling Load 

   The critical buckling load is studied under some considerations. The load is obtained as the non-

dimensional load ( ̅). 
  

a- Effect of Boundary Conditions 

   Assume a square symmetric cross-ply [0 90 0] laminate (E1/E2 =10, G12=0.6E2, 

   =0.25) is subjected to uniaxial edge loads. Table (4) shows the Nondimensionalized 

buckling load ( ̅  
    

 

    
) that the plate can hold. It shows that the clamped plate along 

two or four edges can hold buckling load more than plate with simply supported boundary 
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conditions, especially for the case where the plate is SFSF. In the case where the plate is 

simply supported or mixed with free edges, it is weak to hold large loads compared with 

clamped plates. From Table (4), it is observed that the critical buckling load for SFSF 

decreases by 80.28% compared with CCCC for uniformly loaded plate, 74.6% for 

parabolic load, and 86.28% for linear load. 

 

b- Effect of aspect ratio 

   Assume a plate (E1/E2 =10, G12=0.6E2,    =0.25) with various aspect ratios. From Fig. 6.a, it is 

observed that the Nondimensionalized buckling load ( ̅  
   

 

     
) for clamped plated decreases 

rapidly with the increase of the aspect ratio until the aspect ratio is 1.6 where  ̅ starts to increase 

again for the three types of loading; but for SFSF which is the weaker case, the plate buckles with 

close values of loads for larger aspect ratios than 1.6 with no increasing in buckling load. Hence, the 

increasing of aspect ratio decreases buckling load as verified with Reddy, 2004, Hu, and Abatan, 

2003. Fig. 6.b shows the Nondimensionalized buckling load ( ̅) for a simply supported plate 

laminated as [0/90]2 and subjected to uniform distributed load in x direction, the plot is compared 

with that presented by Reddy, 2004 as a verification. It shows that  ̅ decreases very slowly with 

increasing aspect ratio after a/b=1.3 especially when a/b=2.3 where the difference in the load starts 

to be very small, and observing that the buckling occurs rapidly with increasing aspect ratio. 

 

c- Effect of lamination angle 

   Assume a square plate (E1/E2 =40, G12=0.5E2,    =0.25) subjected to distributed loads in x 

direction and has the lamination [-θ/θ]2. From fig. 7, it is observed that the plot is symmetric about 

θ= 45
o
 and the buckling load is maximum for SSSS conditions (verified with Reddy, 2004). But for 

other boundary conditions, the load decreases with the increase of lamination angle.  

 

d- Effect of Loading Type 

   Table (5). shows dimensionless critical buckling load ( ̅  
    

 

    
) of a simply supported and 

clamped plates (E1/E2=10, G12=0.6E2,    =0.25, [0/90/0]) subjected to different loading types. It 

shows that uniformly loaded plate buckles earlier than the others, while the linearly loaded plate 

buckles with higher loads which means that the plate will retain more load than plate subjected to 

uniform load. The critical linear loads for the two boundary conditions are twice the critical uniform 

loads. 

 

4.2 Investigation of Natural Frequency of Free Vibration 

   The natural frequency is investigated with and without the action of buckling where the critical 

buckling load applied to the plate is precalculated from the previous section. Several considerations 

are presented to investigate the natural frequency which is calculated as dimensionless form 

( ̅  
   

 

 
√
  

  
). In case of buckling action, a ratio (d) of critical load is applied. The effect of the 

load ratio (d) is studied to present the behavior of the plate and its frequency.  

a- Effect of Boundary Conditions 
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   In this analysis, a square plate (E1/E2=10, G12=0.6E2,    =0.25, [0/90/0]) with various boundary 

conditions is taken to calculate the dimensionless natural frequency. From Table (6), it is found that 

the clamped plate vibrates with natural frequency higher than the other boundaries because of the 

high stiffness due to boundary. In other hand, the natural frequency for the SFSF plate is minimum 

due to low stiffness. The same investigation is repeated in Table (6) for the same plate subjected to 

parabolic load (load ratio d=0.5), and it is clear that the natural frequency is less than that found 

without loading.  

 

b- Effect of aspect ratio 

   The increasing aspect ratio decreases the natural frequency, till a/b=2, where the frequency starts 

to converge with higher aspect ratio. Fig. 8 shows this behavior for a [0/90]2 simply supported 

laminate (E1/E2=10, G12=0.6E2,    =0.25) with and without the action of buckling for parabolic 

load. It is obvious that natural frequency with buckling is lower than that without buckling. 

 

c- Effect of lamination angle 

   Assume a square plate (E1/E2=10, G12=0.6E2,    =0.25) but with different lamination systems and 

boundary conditions. From Table  (7), it is obvious that [45/-45]2 plate has the same frequency of 

[45 -45]s plate, but for SFSF plate under buckling action, it is greater in symmetric than 

unsymmetric laminates. For the other laminates, the frequency is equal for symmetric and 

unsymmetric in the cases of SSSS and CCCC conditions while it is unequal for the other conditions 

for the same laminate. It can be seen for the two cases that the natural frequency for symmetric 

laminates [0 90]s is greater than that for unsymmetric laminates [0/90]2. Oppositely; for laminates 

[60 30]s, the natural frequency is less than that for unsymmetrical laminates [60 30]2. 

 

d- Effect of loading type and ratio 

   The natural frequency under buckling is almost equal for different loading types in analytical 

solution, where the difference is very infinitesimal, while the frequency determined by numerical 

solution differs with very small error, but for case of parabolic load, the discrepancy is greater than 

other loading cases which may reach 7% for d=0.75 of clamped plate. Table (8) shows the 

dimensionless natural frequency of a laminated plate (E1/E2=10, G12=0.6E2,    =0.25, [0/90/0]) 

under buckling of different load functions. It is obvious that the natural frequency ( ̅  
   

 

  
√
   

   
) 

is inversely proportional to the load ratio, where the increasing in load ratio decreases the 

frequency. 

 

4.3 Verification Study for Buckling and Vibration of Laminated Plate 

   The numerical results are obtained using programming software (ANSYS) to verify the analytic 

derivation. The programming in ANSYS is stepped as follows: 

1- Choosing the element type (shell 281). 

2- The material properties as (E1/E2=10, G12=0.6E2,    =0.25). 

3- The layers angles and their thicknesses ([0/90/0]). 

4- Creating the model as a square plate (a/b=1).  

5- Meshing the area with different sizes for convergent result. 

6- Choosing the analysis type with prestress option. 
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7- Define the boundary conditions and loads. 

8- Solving the model. 

9- Reading and plotting the results. 

10- Finishing the solution. 

   Assume two simply supported and clamped plates subjected to different loads at edges x=0, a. 

Table (5) showed the numerical and analytical dimensionless critical buckling loads ( ̅  
    

 

    
). 

The comparison shows a good agreement between the analytical and numerical results, where the 

higher discrepancy is 4% for CCCC plate under parabolic load buckling. As investigated in section 

4.1, it is obvious that the buckling occurs earlier for uniform load than other loading types. 

   The Nondimensionalized natural frequency of the same plates found numerically for SSSS 

conditions to be ( ̅  
   

 

 
√
  

  
       ) while analytic result is ( ̅                     

     ). It is clear that a high agreement between the analytical and numerical results was obtained. 

The numerical natural frequencies of a plate under buckling action of different loads are listed in 

Table (9). The analytical result is ( ̅       ) for a simply supported plate subjected to the three 

load types. From the comparison between the results, high agreement is produced where the 

discrepancy does not exceed 2.8% for parabolic buckling case.  

 

5. CONCLUSIONS 

   The buckling and vibration results lead to the following conclusions: 

1- The number of half wavelengths affects the critical buckling load, where the increasing of aspect 

ratio requires larger number (half-waves number) to get more accurate results.  

2- The aspect ratio affects the buckling load and natural frequency reversely. The buckling load 

decreases rapidly with increasing aspect ratio till it is about 1.5, after that it takes constancy or close 

values for higher aspect ratios. The natural frequency, decreases with high percentage until aspect 

ratio a/b=2, then it takes the constancy for higher ratios. 

3- The boundary conditions affect the critical buckling load and fundamental natural frequency. 

Clamped edges conditions offer high stiffness, results in high critical buckling load and natural 

frequency. It is obvious for highly constrained edges, the stiffness increases which causes the plate 

to sustain high load and frequency. The results grade from higher to lower values as CCCC-CSCS-

CFCF-SSSS and then SFSF.  

4- The lamination angle has clear effect on the buckling load of the laminate, where the critical load 

of a simply supported plate is directly proportional to the angle under 45
o
 where the maximum load 

occurs, and then it is reversely proportional to the increasing in lamination angle. For other 

boundary conditions, the load is reversely proportional to the angle. 

5- The plate subjected to buckling linear load can hold larger load than other loading types; the 

uniform load buckles the plate earlier than others. The effect of load type is very small on the 

natural frequency. 

6- The natural frequency changes indirectly with buckling load ratio. 
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NOMENCLATURE 

Amn= coefficients in the assumed series for deflection, dimensionless. 

a, b= Plate length and width, m. 

Bij= coupling stiffness matrix elements, N. 

Dij= bending stiffness matrix elements, N.m. 

d= Load ratio, dimensionless. 

E= total mechanical energy, N.m. 

Ec= total kinetic energy, N.m .  

E1,E2= modulus of elasticity in 1 and 2 directions respectively, GPa. 

G12= shear modulus in plane 1-2, GPa. 

h= thickness of the laminate, m. 

Io= moment of inertia of the laminate at point (x, y), Kg/m
2
. 

k= layer number. 

κx, κy, κxy= curvatures of the reference plane of the plate, dimensionless. 

L= total number of layers in the laminate. 

M, N= upper limits of double series, dimensionless. 

m, n= numbers of half wavelengths, dimensionless. 

Nx= in-plane force in x direction, N/m. 

 ̅= nondimensionalized buckling load, dimensionless. 

   = critical buckling load, N/m. 

  = load intensity of distributed load, N/m. 

  = Load intensity of distributed load, N/m. 

Q ij= transformed reduced stiffness matrix elements, N/m. 

U= strain energy of internal forces, N.m. 

u, v, w= displacements in x, y, z directions, m. 

uo, vo, wo= displacement components along the (x, y, z ) coordinate directions, m. 

vf= fiber Volume fraction, dimensionless. 

Xm(x), Yn(y)= functional bases for boundary conditions, dimensionless. 

zk and zk-1= distances from the reference plane of the laminate to the two surfaces of the kth ply, m. 

   = constants of boundary conditions functions, dimensionless. 

δ= variation of a amount, dimensionless. 

= Angle of layer lamination, Degree. 

   = poisson ratio in plane 1-2, dimensionless. 

 = total potential energy, N.m. 

ρ= density of material, Kg/m
3
. 

        = densities of the composite, fiber, and matrix respectively, Kg/m
3. 

Ω= work of external forces, N.m. 
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 = natural frequency of the plate vibrations, Hz.  

 ̅= nondimensionalized natural frequency, dimensionless. 

 

 
Figure 1. Distances from the reference plane. 

 

 

 
Figure 2. Plates subjected to distributed loads. 
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Figure 3. Specimen molding process 

 

 

 

 

 
Figure 4. Load displacement curves of the Buckled plates. 
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(a)                                                                           (b) 

Figure 5. a)Free vibration test setup; (1) Power supply, (2) Impact hammar, (3) Testing structure, 

(4) weights, (5) Tested plate, (6) Accelerometer, (7) Charge amplifier for Accelerometer, (8) 

Oscilloscope; b) Generated response and FFT wave.  

 

 
                                                (a)                                                                                   (b) 

Figure 6. Nondimensionalized buckling load ( ̅) versus aspect ratio for: a) CCCC and SFSF; b) 

SSSS orthotropic plates [0/90]2. 

 

 

Figure 7. Nondimensionalized buckling load ( ̅  
    

 

    
) versus lamination angle (θ) of 

antisymmetric angle-ply square laminates under uniaxial uniform compression. 

 

ω11 
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Figure 8. Nondimensionalized fundamental frequency ( ̅  
   

 

  
√
   

   
) versus aspect ratio of SSSS 

symmetric laminates subjected to parabolic load. 
 

Table 1. Values of the constants  i and  i of the plate functions in the case of clamped and free ends 

of the plate. 

m=n=i λi γi 

Clamped Free Clamped Free 
1 4.7300 0 0.9825  

2 7.8532 0 1.0007  

3 10.9956 4.730 0.9999 –0.9825 

4 14.1371 7.853 1.0000 –1.0008 

5 17.2787 10.996 0.9999 –1.000 

6 20.4203 14.137 1.0000 –1.000 

7 23.5619 17.279 1.0000 –1.000 

8 26.7035 20.420 1.0000 –1.000 
 

 

Table 2. Experimental mechanical properties of E-glass/Polyester composite plate. 

Physical and Mechanical Property Obtained Result 

  (    ⁄ ) 2360  

  (    ⁄ ) 970  

  (    ⁄ ) 1369  
E1(GPa) 26.285 

E2(GPa) 5.882 

G12(GPa) 2.213 

 12 0.25 

Vf 0.323 
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Table 3. Experimental non-dimensional critical buckling loads 
    

 

    
 of the tested plates. 

Plate Geometry (cm) 20×20×0.25 40×20×0.2 

Aspect Ratio a/b 1 2 

Angle Ply Orientations [0/90]s [0/90]2 

Experimental Result 3.097 0.538 

Analytical Result 3.398 0.575 

Discrepancy% 8.8 6.4 

 

Table 4. Nondimensionalized buckling load ( ̅) of a square plate laminated as (0/90/0) and 

subjected to uniaxial edge loads (The results between the brackets represent the numerical results 

for comparison. The subscript refers to (m=n)). 

Type of applied 

load 

Type of boundary conditions 

SSSS1 CCCC1 CSCS1 SFSF3 CFCF1 

Uniform load 11.491 

(11.559) 

40.507 

(40.777) 

36.255 

(36.276) 

7.991 

(8.018) 

32.982 

(32.968) 

Parabolic load 13.219 

(13.694) 

44.395 

(46.207) 

41.705 

(42.83) 

11.279 

(11.638) 

49.473 

(46.462) 

Linear load 22.983 

(22.838) 

81.015 

(80.11) 

72.510 

(70.481) 

11.120 

(11.327) 

65.964 

(64.391) 

 

Table 5. Nondimensionalized buckling load ( ̅) of a SSSS and CCCC square plate laminated as 

(0/90/0) and subjected to uniaxial edge loads. 

Type of 

Load 

Boundary Conditions 

SSSS CCCC 

Analytical 

Result 

Numerical 

Result 

discrepancy  Analytical 

Result 

Numerical 

Result 

discrepancy  

Uniform 11.491
 

11.6 0.9% 40.507 40.8 0.7% 

Parabolic 13.219 13.7 3.6% 44.395 46.2 4% 

Linear 22.983 22.8 0.7% 81.015 80.1 1.1% 

 

Table 6. Nondimensionalized fundamental frequency of a symmetric cross-ply square plate of 

various boundary conditions (the results between the brackets refer to the Nondimensionalized 

fundamental frequency of the same plate subjected to parabolic load of load ratio d=0.5). 

Boundary 

Conditions 

Analytical 

results 

Numerical 

results 

Discrepancy%  Other Researches 

SSSS 10.649 (7.530)
 

10.645 (7.613) 0.03 (1.1) 10.650[Reference 1] 

CCCC 22.323 (15.785)
 

 ــــــــــــــــــــــ (2.8) 0.05 (16.237) 22.310

CSCS 21.119 (14.933)
 

21.115 (15.256) 0.01 (2.1) 21.118[Reference 1] 

SFSF 8.886 (5.973)
 

 ــــــــــــــــــــ (3.3) 0.1 (5.774) 8.875
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Table 7. Nondimensionalized fundamental frequency (
   

 

  
√
  

   
) of a square plate of various 

laminations and boundary conditions (d=0.5 for buckled plate). 

Angle Ply  Type of boundary conditions 

SSSS CCCC CSCS SFSF CFCF 

 

[0 90]s 

Without Buckling 2.556 

(2.555) 

5.358 

(5.312) 

4.914 

(4.913) 

1.988 

(2.041) 

4.632 

(4.630) 

With Buckling 1.807 

(1.755) 

3.788 

(3.603) 

3.475 

(3.569) 

1.688 

(1.631) 

3.275 

(3.095) 

 

[0 90 0 90] 

Without Buckling 1.588 

 (1.601) 

3.330  

(3.398) 

 2.606 

(2.586) 

0.956 

(1.002) 

2.266 

(2.317) 

With Buckling 1.123 

(1.146) 

2.355 

(2.237) 

1.842 

(1.766) 

0.801 

(0.950) 

1.602 

(1.577) 

 

[60 30]s  

Without Buckling 1.877 

 (1.815) 

3.242 

 (3.101) 

2.391 

(2.287) 

0.781 

(0.711) 

1.441 

(1.491) 

With Buckling 1.327 

(1.397) 

2.292 

(2.131) 

1.691 

(1733) 

0.846 

(0.873) 

1.019 

(0.971) 

 

[60 30 60 30] 

Without Buckling 2.240 

(2.318) 

3.869 

(3.633) 

3.146 

(3.358) 

0.869 

(0.912) 

2.266 

(2.199) 

With Buckling 1.584 

(1.501) 

2.735 

(2.613) 

2.225 

(2.399) 

1.010 

(1.138) 

1.602 

(1.423) 

 

[45 -45]s 

Without Buckling 2.517 

(2.728) 

4.125 

(4.492) 

3.397 

(3.152) 

 1.070  

(0.910) 

2.267 

(1.986) 

With Buckling 1.780 

(1.694) 

2.916 

(3.089) 

2.402 

(2.495) 

1.187 

(1.036) 

1.602 

(1.554) 

 

[45 -45 45 -45] 

Without Buckling 2.517 

(2.311) 

4.125 

(4.016) 

3.397 

(3.248) 

0.486  

 0.441) 

2.267 

(2.252) 

With Buckling 1.780 

(1.701) 

2.916 

(3.052) 

2.402 

(2.258) 

0.711 

(0.730) 

1.602 

(1.523) 
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Table 8. Dimensionless natural frequency of a laminated plate under buckling of different load 

functions and ratios (superscripts refer to the first letter of the load type). 

 

d 

Type of  boundary condition 

SSSS CCCC CSCS SFSF CFCF 

0 10.649 

(10.645) 

22.323 

(22.310) 

21.119 

(21.115) 

8.886 

(8.875) 

20.143 

(20.133) 

 

0.25 

9.223 

(9.231)
U 

(9.275)
P

 

(9.218)
L

 

19.332 

(19.353)
U 

(19.530)
P

 

(19.305)
L

 

18.290 

(18.352)
U 

(18.451)
P

 

(18.259)
L

 

7.443 

(7.403)
U 

(7.322)
P

 

(7.501)
L
 

17.444 

(17.121)
U 

(17.988)
P

 

(17.673)
L
 

 

0.5 

7.530 

(7.544)
U

 

(7.613)
P 

(7.522)
L 

15.785 

(15.785)
U 

(16.219)
P 

(15.638)
L 

14.933 

(15.040)
U 

(15.256)
P 

(14.947)
L 

5.973 

(5.877)
U 

(6.212)
P

 

(5.834)
L
 

14.243 

(14.405)
U 

(13.899)
P

 

(14.011)
L
 

 

0.75 

5.324 

(5.379)
U

 

(5.583)
P

 

(5.378)
L

 

11.161 

(11.013)
U 

(11.948)
P

 

(11.282)
L

 

10.559 

(10.66)
U 

(11.115)
P

 

(10.685)
L

 

3.995 

(3.910)
U 

(4.197)
P

 

(3.980)
L
 

10.071 

(9.901)
U 

(10.100)
P

 

(10.227)
L
 

 

 

Table 9. Nondimensionalized natural frequency ( ̅) of a SSSS and CCCC square plate laminated as 

(0/90/0) and subjected to uniaxial edge loads. 

Type of Load SSSS Discrepancy  CCCC Discrepancy  

No Load 10.643 0.01% 22.310 0.05% 

Uniform Load 7.546 0.2% 15.839 0.3% 

Parabolic load 7.621 1.2% 16.235 2.8% 
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ABSTRACT 

       Many organizations today are  interesting to implementing lean manufacturing principles  

that should enable them to eliminating the wastes to reducing a  manufacturing lead time.  This 

paper concentrates on  increasing  the competitive level of the company in globalization markets 

and improving of the productivity by reducing the manufacturing lead time. This will be by 

using the main tool of lean manufacturing which is value stream mapping (VSM) to identifying 

all the activities of manufacturing process (value and non-value added activities) to reducing 

elimination of wastes (non-value added activities) by converting a manufacturing system to pull 

instead of push by applying some of pull system strategies as kanban and first on first out lane 

(FIFO). ARENA software is used to simulate the current and future state. This work is executed 

in the state company for electrical industries in Baghdad. The obtained results of the 

application showed that implementation of lean principles helped on reducing of a 

manufacturing lead time by 33%.  

Key words:  Manufacturing Lead Time,  Lean Manufacturing System, Value Stream Mapping, 

Pull System. 

النحيفالحصنيع بحطبيق مفاهيم  جقليل وقث الحصنيع  

  الاسحاذ د. حسيه سالم كيطان فاطمة مطشر ياسر     

- كهيت انهنذست بغذاد  ت جايع  بغذاد - كهيت  انهنذست                                                                                                                   جايعت    

 الخلاصة

انعذيذ ين انًؤسساث يهخًت بخطبيك يفاهيى انخصنيع اننحيف انخي حًكنها ين حذف انخسائز نخمهيم ولج انخصنيع. هذا  حهخى      

بخمهيم ولج انخصنيع.  وانًزونت انبحث يزكش عهً سيادة انًسخىي انخنافسي نهشزكت في الأسىاق انعانًيت و ححسين الإنخاجيت

انخي فعانياث انعًهيت انخصنيعيت )  انزئيسيت انخي هي يخطط يسار انميًت  نخحذيذ كمسخخذاو الأداة ى اونخحميك هذا انهذف  يخ

يًت( بخحىيم نظاو انخصنيع ين نظاو دفع إنً انخسائز )انفعانياث انخي لا حضيف ل( نخمهيم و حذف حضيف وانخي لا حضيف ليًت

انجاس انطهب انذاخم  و  (Kanban)نطهب نظاو انسحب حسب ا سخزاحيجياث نظاو انسحب يثمبعض إ  نظاو سحب باسخخذاو

انًحاكاة انحانت انىالعيت وانحانت انًسخمبهيت انًمخزحت نعًهيت انخصنيع. وهذا  (ARENA)اسخخذيج بزيجيت   (FIFO). أولا 

طبيك حمهيم ين انخغذاد. ولذ أظهزث اننخائج انخي حى انحصىل عهيها انعًم حى حنفيذه في انشزكت انعايت نهصناعاث انكهزبائيت في ب

                                                                                                                                          %. 88ولج حصنيع انًنخج بنسبت 

 حب.انس ع اننحيف, يخطط يسار انميًت, نظاو نظاو انخصنيولج انخصنيع,  الكلمات الرئيسية:

mailto:hussket@yahoo.com
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1- INTRODUCTION        

    Nowadays, the success of  any company  is  identified  by  its ability to  quickly respond to the 

market changes, so the companies pay more effort to reducing their manufacturing lead        

times, Yadav, et al., 2012. Reductions in manufacturing lead time can generate numerous 

benefits, including lower work in process and finished goods inventory levels, improved 

productivity, lower      costs. More importantly, reductions in manufacturing lead time increase 

flexibility and reduce the time required to respond to customer orders, Samad, et al. 2013. 

Manufacturing Lead Time refers to the  total time it takes to complete the manufacturing process 

of a product.  It is the time from  when an order is ready to start on the production line to when it 

becomes a finished good, Hari, et al. 2013. A lead time is the period of time between the 

initiation of any process of production and the completion of that process, Karunesh,  and  

Thotappa, 2013. 

 

2- LEAN MANUFACTURING 

    The origins for initiatives of  the lean manufacturing  are traced to the Toyota Production 

System (TPS) and were started by Ohno (1978) and Shingo (1989) at  TPS with its focus on the 

systematic and  efficient use of the resources through level of scheduling. The term "lean 

manufacturing"  as Ohno (1978) states,  is providing a way to do more and more with less and 

less inventory, less human effort, less movement of material , less equipment and less time while 

coming closer to supplying the customers with what they want exactly, Ravet, 2011. Lean 

manufacturing means eliminating wastes by identifying non value added activities thorough out 

the supply chain. The five fundamental Lean principles are to specify value from the point of 

view of customer, identify the value stream, make the identified value flow, set the pull system 

which means only make as needed and finally perfection in producing what the customer wants 

and by when it is required in the right quantity with minimum waste, Sambathkumar, and 

Vijayanand, 2013. 

 

3- VALUE STREAM MAPPING (VSM) 

    Value stream mapping is a mapping tool that helps on representing  material and information 

flows of manufacturing process and also that signal and control the material flows. This  

representation facilitates  the process of identify the value adding  activities in a value stream   of 

manufacturing process and eliminating the non value added activities, or wastes through 

implementation of  lean principles, Romero, and  Chavez, 2011. VSM is a visualization  tool 

oriented to the  version of TPS for lean manufacturing. It helps people to understand and 

identifying the work processes and then  implementing of Toyota Production System tools and 

techniques, Thorsen, 2004.  The value stream mapping (VSM) suite of tools can be used to map  

the  current state of a production line and design a desired future state. , they provide a roadmap    

for how VSM can provide necessary information for analysis of equipment replacement decision 

problems encountered in lean manufacturing implementation, Dighe, and Kakirde, 2014. The 

focus of  VSM is   on a product “value stream” (all actions required to transform raw materials 

into a finished product) for a given “product family” (products that follow the same overall 

production steps).  In applying VSM, waste is identified at a high level along the value stream in 

the form  of all elements that prohibit or hamper flow and in the form of inventory (raw 

materials,  work-in-process (WIP) and finished goods). In future state design, major issues that 

create  waste in the process are addressed, Romero, and  Chavez, 2011. 
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4- METHODOLOGY 

     To achieve the Research objectives the following steps will be applying: 

1-Identifying a product and  studying a manufacturing process of the product in details. 

2-Draw flow diagram of the manufacturing process. 

3-Documenting a list of activities flow for  manufacturing  process  with the number of workers  

and  the time required for each activity to identify a waste (non-value added activities) in the 

process.    

4-Draw the value stream mapping for the current state of manufacturing  process by using Visio 

Software. 

5-Identify the areas of waste in current state and eliminating all non-value  added activities to 

adding the requisite improvement (kaizen)  by  applying  some of   pull  strategies as kanban,  

supermarkets and FIFO strategies to make a system pull instead of push to reducing long waiting 

time,  overproduction  and  other  wastes to reducing lead time. 

6-Developing a future state of a process and an action plan after implementation of lean  

principles to achieve a high efficiency and lead time reduction. 

7- Simulation of current and future state by using ARENA software to calculating a lean 

measurements and comparison the results. 

4- THE MEASUREMENTS OF LEAN MANUFACTURING SYSTEM  

    The main measures of lean manufacturing are calculated as follows: 

1- Manufacturing cycle time (CT), Hopp, et al. 1990. 

CT=LT= Tw + Ts  +Tp+ Ti                                                                                                    (1) 

 Where: 

        Tw= waiting time, Ts= set up time, Tp= processing time, Ti= inspection time and LT= lead 

time. 

2-   Throughput (TH) (part/hour), Standridge, 2004. 

   
   

  
                                                                                                                          (2) 

Where: 

     WIP = work in process (unit) and  CT= manufacturing cycle time (hour). 

3-  Value added ratio (VAR), Karunesh,  and  Thotappa, 2013. 

 

    
   

   
                  (3) 
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Where: 

VAT= value added time (min) and    = total cycle time (min). 

4- Production capacity per week (Pc), Dinesh, and Prabhukarthi, 2013. 

                      (4) 

Where: 

        Wt= available work time per week (hour) and P= Production rate (unit per hour). 

5- SELECTING OF THE PRODUCT AND IMPLEMENTATION 

    To implementing a methodology of the research a product which is selected is the rotor of air 

coolant motor consist of three parts: rotor, shaft and sleeve as shown in Fig. 1, also studying a 

manufacturing process of the product in details including  total cycle time, value added time, 

number of workers for each activity  identifying all types of activities in manufacturing process 

(value added, non-value added and non-value added but necessary). The stages of  product 

manufacturing process and their cycle times for patch production of (100 rotor) are shown in 

Table 1. and Fig. 2 show the flow diagram of manufacturing process.  

    The next step after identifying the activities and flow diagram of manufacturing process is 

draw a current state value stream mapping as shown in Fig. 3, Fig. 5 and Fig.  7  to identifying 

the areas of waste by kaizen (continuous improvement) to solve the problems of the 

manufacturing process by application of pull system strategies in proposed future state value 

stream mapping as shown in Fig. 4, Fig. 6 and Fig. 8  to improving the productivity and 

reducing a manufacturing lead time. 

   ARENA software (version 14.50) is used to simulate the current and future state of rotor      

manufacturing process as shown in Fig. 9 to simulate a research problem and estimate a various 

performance parameters of lean manufacturing system as shown in Table 2. which show the 

simulation results. Also Fig. 10 show  the percentages of production activities type  in current       

and future state of manufacturing process.     

CONCLUSIONS 

 1- Implementation of lean manufacturing principles help on reducing a production lead time             

and  improving of productivity and efficiency of production process. 

2-Value stream mapping can be a valuable and an effective  tool for  identifying and eliminating 

the wastes and it also suggests ways to reducing  non value added times                   in a 

manufacturing process. 

 

 3-  By applying lean principles, the lead time of  rotor  manufacturing process is reducing  by  

33%  and also value added ration (VAR) is increasing   by 66%.  
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4- After the improving and  reducing  of a manufacturing  lead  time the future state will become 

current state, in that still more new developments   and improvements can be added and this 

process will be repeated to obtain better  results  until an ideal state is established. 
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NOMENCLATURE 

 

 List of Symbols and Abbreviations 
 

Symbol Description 

    Total Cycle Time 

CT Cycle Time 

FIFO First in First Out 

LD Lead Time 

TH Throughput 

Ti Inspection Time 

Tp Processing Time 

TPS Toyota Production System 

Ts Set up Time 

Tw Waiting Time 

VAR Value-Add  Ratio 

VAT Value-Add Time 

VSM Value Stream Mapping 

WIP Work-in-Process 
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Figure 1. A Selected Product ( Rotor of Air Coolant Motor).   

 

 

Table 1. Operations Sequence of  Product Manufacturing Process. 

 part  Operation Cycle Time 

(min) 

 

  

 

 

Rotor 

 

Cutting process of laminations  

 

60 

 

Annealing process  

 

240 

 

Stacking process  

 

55 

 

Casting process 

 

50 

 

Cutting process  

 

25 

Turning process 75 

 

 

 

 

 

Shaft 

Turning process of the shaft 50 

Cleaning process of the shaft 10 

Initial grinding process 75 

Final grinding process 75 

Milling process 68 

Chemical coating process of the  shaft 125 
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Sleeve 

Turning process of the sleeve 65 

Cleaning process of the sleeve 75 

  

 

 

Assembly 

Process 

 

Assembly process of rotor with shaft  

 

71 

 

Assembly process of rotor with sleeve 

 

60 

Painting process 30 
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Table 2. Summary of simulation results for current and future state. 

Measurement 
Current state 

Future state   
Improvement  

ratio % 

Production lead time 

(LT) (min)         

2847 1920 33 % 

Waiting time (Tw) 

min 

1474 

 

900 

 

34% 

Work in process 

(WIP) (unit) 

12  10 16% 

Throughput (TH) 72 

 unit per hr 

88  

unit per hr 

22 % 

Value added time 

(min) 

        

848 

      

927 

                     

10% 

Non-value added 

time (min) 

448 min 90 min  80 % 

Value added ratio 

(VAR) 

29% 48% 66% 

Production capacity 

(Pc) 

400 

units per week 

500  

 units per week 

0.25 % 

 

 

Figure. 10 The percentages of production activities type  in current  and future state .  

50% 

60% 

27% 
32.70% 

23% 

7.30% 

0%

10%

20%

30%

40%

50%

60%

70%
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Non-value
addednecessary

Non-value added
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ABSTRACT 

     This research aims to choose the appropriate  probability  distribution   to the reliability        

analysis for  an   item through  collected data for operating and stoppage  time of  the case  

study. 

    Appropriate choice for .probability distribution   is when  the data look to be on or  close the 

form fitting line forprobability plot and test the data  for  goodness of fit . 
     Minitab’s17 software  was used  for this  purpose after  arranging collected data and setting 

it in the the program. 

     The program results gave the best or well-fitting distribution among four of default 

probability distributions, that will use in order to estimate the distribution parameters values, 

for reliability determination and analysis. From probability plot can estimate time that 

designates the percent of the item's failure. 

 
Key words: Reliability, Life data analysis, Probability distribution, Exponential distributions,  

                   Simple Weibull 

  

باستخذاوبرنامجانتوزيغانمناسب اختيار   

منظومةمؼونيةنتحهيم  (Minitay’s17 software)

 
جذوعخضيرو:نيهىر.احمذػبذانرسولانخفاجيا.و.د.  

فسىانهُذستانًٍكبٍَكٍتفسىانهُذستانًٍكبٍَكٍت
جبيعتبغذاد / كهٍتانهُذستجبيعتبغذاد / كهٍتانهُذست  

 انخلاصة
بَبثيجًعتلاوقبثٍيٍخلالبنًعذةهذاانبحثٌهذفانئاخخٍبرانخىسٌعالاحخًبنًانًُبسبنخحهٍمانًعىنٍت  

وقزٌبتيٍانخطنهبٍبَبثانخًعهىاالاحخًبنًٌكىٌنهخىسٌعالاخخٍبرالافضم,قٍذانذراستيعذةوحىقفاشخغبل   

انزابطنهبٍبَبثفًيخططالاحخًبنٍتواخخببرانبٍبَبثنجىدةانخىفٍق.انًسخقٍى  

.بثانًجًعتوادخبنهبانىانبزَبيجانغزضبعذحزحٍبانبٍبَنهذا(   Minitab
י 
 s 17) وظفٌزَبيج  

ٌسخخذووانذييٍانخىسبعبثالاحخًبنٍتانًفخزضتاربعتيٍبٍٍانبزَبيجاعطجانخىسٌعالاحخًبنًانصحٍحَخبئج  

انُسبتًثمٌانذيحخًٍٍانىقجحخًبنٍتًٌكٍيٍيخططالاو,يخغٍزاثانخىسٌعلاٌجبدوححهٍمانًعىنٍتفًحخًٍٍقٍى

.نفشمانًعذةانًئىٌت  

  

انبسٍط.يعىنٍت,ححهٍمبٍبَبثانعًز,انخىسبعالاحخًبنً,انخىسٌعالاسً,حىسٌعوٌبم:انكهماتانرئيسيه  

 

 
 

mailto:aa.alkhafaji@yahoo.com
mailto:laylaalhamd@yahoo.com
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1. INTRODUCTION 

      The increasing in complexity of equipment and   systems lead to failures and as a result for 

the aspects of reliability, maintainability and availability have appeared   into forefront. The 

failure of machineries and equipment   causes interruption in production as a resulting from a 

loss of availability Bose, et al., 2013. Design for reliability is an important research area 

Soleimania and Mohammad, 2014. In life data analysis, statistical distribution represents the 

failure behavior of the equipment population through time, and subsequently it is possible to 

calculate the reliability indices of the equipment Iqbal Ridwan, et al., 2010. The term life data 

refers to the measurements of the lifetime of the equipment, whether in hours, years or cycles 

Rausand ,  and  Hoylanc,  2004  The repair of a system will initially sound like replacing a 

failed part with another one Manortey, 2006. the most common metric used to represent the 

reliability of repairable systems is  MeanTimeBetweenFailures” MTBFor “AverageRun

Life”, that is used to characterize“life span” MichelleI , 2011, which is calculated by adding 

all the operating hours of all the systems and dividing by the number of failures. The popularity 

of the MTBF metric is due to its simplicity and its skill to supply to the one number syndrome, 

but MTBF hides information by not accounting for any trends in the appearance of failures and 

treating machines of all ages as coming from the same population 

     The probability plot represents the sum of the frequencies from the lowest value up to the 

considered point. The cumulative curve is the integral of the density function 

Venkataramana.,et al., 2013 

 
2. THEORY OF RESEARCH  

     The theoretical population models used to describe unit lifetimes are known as Lifetime 

Distribution Models Venkataramana.,et al., 2013. The model selection tests were applied 

based on statistical analysis Bose,2013. 

     Minitab's 17 software used for the Distribution Identification and as a good tool can help to 

find the distribution that best fits the data. 

      A lifetime distribution model can be any probability density function     (PDF) f(t) defined 

over the range of time from t = 0 to t = infinity. The corresponding cumulative distribution 

function (CDF) F(t) is a very useful function, as it gives the probability that a randomly 

selected   

1. F(t) = the area under the PDF f(t) to the left of t. 

2. F(t) = the probability that a single randomly chosen new unit will fail by time t. 

3. F(t) = the proportion of the entire population that fails by time t. Iqbal Ridwan,et al., 

2010,Venkataramana.,et al., 2013 

    PDF f(t) has only non-negative values and eventually either becomes 0 as t increases, or 

decreases towards 0, The CDF F(t) is increasing and goes from 0 to 1 Ronniger, C. 2012  as t 

approaches infinity, in other words,  total area under the curve is always 1.Iqbal Ridwan,2010 

    Probability plots are simple visual ways of summarizing reliability data by plotting CDF 

estimates vs. time on specially constructed probability paper Venkataramana, P. 2013. 

       
2.1 Anderson Darling  
  The Anderson-Darling (AD) statistic measures how well the data follow a particular 

distribution.  
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     For a specified data set and distribution, the better the distribution fits the data, the smaller 

this statistic will be, Goodness of Fit (GOF) test to determining how well a given curve can be 

modeled by a distribution.  

    In statistics, there is GOF measure including AD (used in this paper) which may give 

powerful test of fit MichelleI P, 2011, GOF test was evaluated and also whether the data was 

come from the same probability distributions was checked. The analysis based on AD criteria, 

Minitab calculates the AD statistic using either (maximum likelihood estimation method   or 

least squares estimation) Engmann, S .2011 

 

2.2 The Exponential Distribution 

      The exponential distribution is a continuous distribution that is used to represent the 

constantfailurerates.Itischaracterizedbytheparameterλwhichrepresentsthefailurerateof

the item The failure rate λ of the exponential distribution is constant with respect to time 

Rausand , M.2004,MichelleI P., 2011. 

 

 = The distribution mean 

 = 1/ = The failure rate                                                                               (1) 

λ= 1 / MTBF 

The exponential reliability function is 

           
 

  =        , t 0                                                                                     (2) 

 

 The cumulative distribution function 

 

  F(t) = 1-                                                                                                                       (3)                                                                        

 
  The exponential probability density function is     

   f(x) =
 

    
 

  

                                    t  0                                                         (4)                                                     

 

 Where:   MTBF   
 

 
                                                                                                 

 
 The exponential  hazard function is constant 

 
                                                                      (5) 

 

2.3 The Weibull Distribution  

      Weibull distribution is one of the most widely used life distributions in reliability analysis, 

very flexible and can through parameters, modelsmanytypesoffailureratebehaviorssoit’s

known  with two parameters ,mIqbal Ridwan,et al., 2010, Ronniger ,  2012. 

  

 Scale parameter      

 

 Shape parameter  β       
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Survival Function  

R(t)= pr (t    ) =  
 (

 

 
)
β

                                                                                           (6)  

                                                                                                                       

Cumulative Distribution Function  

           
 (

 

 
)
β

                         β                                                            (7)                                                    

 
Probability density function  
 

     
       

  
  

 (
 

 
)
β

                                                                                                    (8)   

                                                        

Hazard Function 

        

h (t)= 
       

  
                          β                                                                  (9) 

      
 Failure rate is constant  

     Failure rate function is increasing  

      h (t) is decreasing (Bose, et al., 2013).  

     
The resulting distribution is known as (Rayleigh Distribution) (Venkataramana, P., 

2013). 

 

3. APPLICATION 

     Fig. (1) indicated the methodology for research to reach its aim. The following steps for 

analysis data indicated the used path   to find the suitable  probability distribution to fit life 

dataand estimate the parameters  of  distributions. 

1. The reliability was studied through a compressor of Gasoline Reformer unit in Daura 

Refinery in Baghdad, this has helped to optimize the schedule for preventive 

maintenance. 

2. The exact failure time data was collected for a part under study measured the time by 

hours that included operating and stoppage time for six years from (2005 to 2010). 

3. Table (1) life data was sorting and arranged to be suitable to use in Minitab’s 17 

software application, included [From , To, TTR] in [hr.] as columns.  

4. Data, table (1)was input to Minitab’s17 software   for Reliability and Distribution 

analysis, this would  discover  which distribution that the recorded time to failure 

utilizing“DistributionIDPlot”function  Fig. (2) shows the worksheet ofMinitab’s17 

software included the menus for software. 

5. OutputofMinitab’s17 software were, four probabilitydistributions Fig. (3) as identical 

distributions (ID), (notice the software is able to analysis eleven  probability 

distributions)  and Session window with  table of statistics Fig. (4), was summarized in 

table (2).  
6. Accordingtoresultes the Weibull and Exponential   distributions were good, and it is 

really the Exponential distribution is a special case of the Weibull distribution with 

shape parameter β = 1 but for constant failure rate .       
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 From Fig . (3):  

 Distribution: four Distributions to select which plot has a majority of the data points 

closest to the line (representing the specific distribution trend). 

 Anderson-Darling statistic measures for Goodness-of-Fit was shown how well the data 

follow a particular distribution, the better the distribution fits the data, the smaller this 

statistic will be, use the Anderson-Darling statistic to compare the fit of several 

distributions to see which one is best or to test whether a sample of data comes from a 

population with a specified distribution. 

 Mean, MTTFs allow seeing how conclusions may change with different distributions, 

from session window Fig. (3). 

 

4. RESULTS  

F or Weibull distribution the Minitab analysis  provides displays of the future prediction of 

failures data behavior, to obtain equations those represent the Survival (reliability) function  

Cumulative failure probability function, Probability density function, and Hazard function, 

equations  using the shape value of 1.45234 and scale  value of  5681.08  hr. those were 

estimated by the maximum likelihood in Fig.(5) assubstitutionsforβand  respectively, the 

formulas were determined equations 6,7,8,9,andMinitab’s17softwarewasusedtocalculate 

Probability density, Cumulative distribution ,  and Hazard functions, . 

   Percentiles split the data set into parts, nth percentile has n% of the observations lower than 

it, and (100-n) % of observations higher than it. Percentiles  divide a data set into 100 parts 

(data set arrange into an ascending order in Session window included the output Percentiles 

values of 1 5 10 50.  

      Confidence Interval for MTBF for 95%, which means acceptable risk of error ɑ       
lower   and  upper with standard error for means. 

    The exponential distribution functions Fig.(6) were determined  by using equations 2, 3,4,5, 

with the estimated mean of distribution that equal   5110.37 hr. and the formulas values 

calculatedbyusingMinitab’s17software 

 

5.  DISCUSSION 
 Life data analysis is able to provide the information on the   reliability indices such as 

reliability, unreliability, mean time between failure and failure rate. 

 The estimate MTBF of distribution was 5110.37 hr. equal to calculate mean for 

Exponential distribution butnot equal for Weibull  

 All calculations are computed for Weibull and Exponential distribution. Comparing the 

various results show that the Weibull distribution for upper phase .and Exponential 

distribution is suitable for lower phase of data life.   

 Fig.(6) Probability density function (PDF):  It is exponentially decreasing curve shows 

that the likelihood for item to have increasing time to failure values for the beginning 

time to failure in comparison to the probability of having less time to failure values 

for the last times to failure . 

 Fig. (6) Survival (Reliability) Plot:  This curve as the (PDF) showing that the proportion 

of surviving time for item decreases exponentially with time. 

 Fig. (6) Hazard plot:  As is the case here, for an Exponential distribution, the Hazard 

function displaying the instantaneous time failure rate is constant. 
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 Fig. (5), for (PDF) and Survivalplots for the Weibull distribution may be identical to 

the Exponential distribution except of the Hazard plot. 

 Fig. (5 ) Hazard plot:  For a Weibull distribution the Hazard function can take many 

shapes, and in this case, the trend is .the hazard rate is increasing over time, which 

means that the item was more likely to fail as it age. 

 ηisthevalueintimebywhich  63.2%  of all failures will have occurred. In this sense, 

ηis one point on the time scale,  providing some standard measure of the distribution of 

times to failure. 
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Notation and Acronyms 

AD         Anderson-Darling  

CDF     Cumulative distribution function  

From      Start  time, hr. 

GOF       Goodness-of-fit 

ID           Identical distribution 

MTBF    Mean time between failures, hr 

PDF       Probability density function 

TTR       Time to repair, hr. 

                       Acceptable risk of error= 1- Confidence Level  

              Shape parameter 

R   Reliability 

            The distribution mean 

η Scale parameter, hr. 

            The failure rate 1 ∕hr. 

 

 

 

 

 

 

 

 

 

 

 

 

 

       Table 1. Operation time for compressor  

From [hr.] To [hr.] TBF[[hr.] TTR [hr.] 

0.0000 1175 1175 0.5 

1175.5 4887.5 3712 0.5 

4888 9931 5043 2 

9933 22953.5 13020.5 26.5 

22980 25544.25 2564.25 24 

25568.25 30715.75 5147.5 1.5 

     Table 2. Summarized outputs from Minitab 
י
s 17 software. 

Distribution AD Mean Fitness Notes 

Smallest Extreme 

Value 

2.567 4647.35    Bad Estimated Mean≠

Calculated Mean 

Normal   2.479 5110.38    Bad Estimated Mean = 

Calculated Mean 

 Weibull 2.220 5149.56    Best fitness 

Smallest AD  

Estimated Mean≠

Calculated Mean 

 Exponential 2.384  5110.37     Good Estimated Mean = 

Calculated Mean 
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     Table 3. Functions estimation values for Weibull distribution. 

Time [hr] R(t) w F(t). PDF. h(t) 

0 1.000 0.000 0.0000E+00 0.0000E+00 

500 0.971 0.029 8.2571E-05 8.5022E-05 

1000 0.923 0.077 1.0744E-04 1.1640E-04 

2000 0.803 0.197 1.2798E-04 1.5937E-04 

2500 0.738 0.262 1.3019E-04 1.7633E-04 

3000 0.673 0.327 1.2898E-04 1.9152E-04 

3500 0.610 0.390 1.2524E-04 2.0538E-04 

4000 0.548 0.452 1.1968E-04 2.1820E-04 

4500 0.490 0.510 1.1285E-04 2.3016E-04 

5000 0.436 0.564 1.0520E-04 2.4142E-04 

7000 0.258 0.742 7.2573E-05 2.8119E-04 

8000 0.193 0.807 5.7688E-05 2.9873E-04 

10000 0.103 0.897 3.3997E-05 3.3053E-04 

13000 0.036 0.964 1.3323E-05 3.7226E-04 

Table 4.  Functions estimation values for exponential distribution 

Time[hr.] R (t) Exp. F(t) PDF h(t). 

0 1.0000 0.0000 1.9568E-04 1.9568E-04 

500 0.9068 0.0932 1.7744E-04 1.9570E-04 

1000 0.8223 0.1777 1.6090E-04 1.9570E-04 

2000 0.6761 0.3239 1.3231E-04 1.9570E-04 

2500 0.6131 0.3869 1.1997E-04 1.9570E-04 

3000 0.5560 0.4440 1.0879E-04 1.9570E-04 

3500 0.5041 0.4959 9.8652E-05 1.9570E-04 

4000 0.4572 \0.5428 8.9457E-05 1.9570E-04 

4500 0.4145 0.5855 8.1119E-05 1.9570E-04 

5000 0.3759 0.6241 7.3558E-05 1.9570E-04 

7000 0.2542 0.7458 4.9736E-05 1.9570E-04 

8000 0.2090 0.7910 4.0896E-05 1.9570E-04 

10000 0.1413 0.8587 2.7651E-05 1.9570E-04 

13000 0.0786 0.9214 1.5373E-05 1.9570E-04 
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Figure 1.  Steps for analysis. 

 

Figure 2.  Worksheet for reliability analysis for  system. 
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Figure  3.   Session window included the output of program. 

 

 

Results for: Worksheet 3 
  

Distribution ID Plot:  TBF hr]  

 
Goodness-of-Fit 

 

                        Anderson-Darling 

Distribution                       (adj) 

Smallest Extreme Value             2.567 

Normal                             2.479 

Weibull                            2.220 

Exponential                        2.384 

 

 

Table of Percentiles 

 

                                             Standard    95% Normal CI 

Distribution            Percent  Percentile     Error     Lower    Upper 

Smallest Extreme Value        1    -13231.1   6805.64  -26569.9  107.753 

Normal                        1    -3722.67   2984.08  -9571.35  2126.01 

Weibull                       1     239.716   264.196   27.6421  2078.85 

Exponential                   1     51.3610   20.9680   23.0745  114.323 

 

Smallest Extreme Value        5    -5987.35   4827.95  -15450.0  3475.26 

Normal                        5    -1135.07   2377.66  -5795.20  3525.07 

Weibull                       5     735.870   570.892   160.855  3366.41 

Exponential                   5     262.128   107.013   117.764  583.465 

 

Smallest Extreme Value       10    -2788.34   3989.58  -10607.8  5031.09 

Normal                       10     244.377   2091.88  -3855.64  4344.39 

Weibull                      10     1207.59   769.412   346.400  4209.78 

Exponential                  10     538.432   219.814   241.896  1198.48 

 

Smallest Extreme Value       50     5583.73   2144.37   1380.85  9786.62 

Normal                       50     5110.38   1550.10   2072.23  8148.52 

Weibull                      50     4414.69   1463.37   2305.40  8453.84 

Exponential                  50     3542.24   1446.11   1591.39  7884.60 

 

 

Table of MTTF 

 

                                 Standard    95% Normal CI 

Distribution               Mean     Error    Lower    Upper 

Smallest Extreme Value  4647.35   2299.40   140.60   9154.1 

Normal                  5110.38   1550.10  2072.23   8148.5 

Weibull                 5149.56   1476.19  2936.03   9031.9 

Exponential             5110.37   2086.30  2295.89  11375.1 

 

  

Distribution ID Plot for TBF [hr.]  
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Figure 4. Probability Plot of the Failures and the values of Anderson Darling. 

 

       

       Figure 5.  Weibull Distribution overview plot of the failures via Minitab of compressor. 
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     Figure 6. Exponential Distribution overview plot of the failures via Minitab 

of compressor. 

 

 

 

 

 

  

 

. 
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ABSTRACT 

            An analytical approach based on field data was used to determine the strength capacity 

of large diameter bored type piles. Also the deformations and settlements were evaluated for 

both vertical and lateral loadings. The analytical predictions are compared to field data obtained 

from a proto-type test pile used at Tharthar –Tigris canal Bridge. They were found to be with 

acceptable agreement of 12% deviation. 

               Following ASTM standards D1143M-07e1,2010, a test schedule of five loading cycles 

were proposed for vertical loads and series of cyclic loads to simulate horizontal loading .The 

load test results and analytical data of 1.95m in diameter test pile proved efficiently to carry a 

working load of 450 tons. The calculated lateral displacements based on a specified coefficient 

of subgrade reaction are compared to the measured values from dial gauges and strain gauges 

placed at various locations along the length of the pile. 
 

Keyword :bored piles, lateral displacement ,horizontal loads, vertical loads. 

 
 باستعمال البيانات الحقمية  الحفر ذات الأقطار الكبيرةقوة التحمل لركائز لالتحميمي  الاسموب

 
 الخلاصة

لدقييم قوت الدحمل لشكاائض الحراش راج اطقرااس الرةياشت  ككازل  خام  فحوصاج حقليث خصوس خحليلي مغدىذاً إلى ودائج خم خقذيم     

الرحوصاج الحقلياث الداي خام ودائج مع الدحليليث  الىدائجخقييم الاوحشافاج كالهةوطاج بدأثيش اطحمال العموديث كالجاوةيث كخم مقاسوث 

دجلاث . لقاذ كجاذ  -الواقع على قىات الثشثااس05خم اعدخذامها في جغش كيلو  كالدي الحصول عليها مه فحص الشكيضت كاملث القياط

%.21أن خوافقاً مقةولاً في الىدائج باوحشاف في حذكد  

  

(ASTM standards D1143M-07e1, 2010)   خماح   خماظ مشاحال ب العالمياث   إن بشواامج الرحاص كفقااً للمواصارث  

ان الىداائج الدحليلياث كوداائج فحاص الدحميال لشكياضت للأحمال العموديث كعلغلث ماه دكساج الدحميال لمحاكااج اطحماال الجاوةياث. 

الاوحشافاااج الجاوةيااث مااع القياعاااج طااه كقااذ خاام مقاسوااث ودااائج  005اثةدااح كراهخهااا لدحماال قااوت دذميااث مقااذاسها     2,50قرشهااا 

                                                 المااااااااأدورت مااااااااه ملانااااااااشاج الاورعااااااااال كالاوحااااااااشاف المثةدااااااااث فااااااااي وقاااااااااط مخدلرااااااااث علااااااااى طااااااااول الشكيااااااااضت .

                           

                                     حمال العموديث .سكائض الحرش ,الإصاحاج العشضيث ,الاحمال الافقيث ,الاالكلمات الرئيسية : 
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1. INTRODUCTION 

              Large diameter bored piles are non - displacement piles which are commonly used to 

transfer large vertical loads with or without horizontal loads and flexural bending moments to the 

surrounding subgrade. The preference of this type of deep foundation is economy per unit of load 

as compared to other types.  Another advantages are early completion of the foundation 

construction even before land grading is experienced and elimination of pile caps ,also problems 

of cobbles and small boulders encountered  in sub-strata have small effect in addition to smaller 

amounts of reinforcement .However the use of bored type piles is extremely affected by delay 

due to bad wet weather, building code restrictions and poor quality control  or in adequate 

construction equipment . Lee,1987. 

           In-situ concrete piles with diameters of 0.3 m up to 3.0 m are referred to as large 

diameter bored piles. For their construction hollow spaces are made in the soil by 

means of drilling equipment. Depending on soil conditions the excavation is carried out 

under the protection of a casing or without casing. Subsequently the drilling holes are 

filled with concrete; according to static requirements a rebar cage is placed before 

concreting. Poulos,1980. 

 Large-diameter bored piles have a broad scope of application as foundation elements 

for carrying vertical building loads, foundation elements for retaining walls, temporary 

building pit walls components of the final structure, protection against uplift and for 

taking up tension loads slope security and energy piles. Tomlinson, 1994 

 

2.Testing Program 
2.1 Soil Investigation 

              Even though this type of pile requires careful and through exploration as 

compared to other types, limited soil investigation was done for this work .Few borings 

were drilled to check continuity of sub - strata and undisturbed soil samples. Two bore 

holes were drilled. The geological subgrade soil profile was (5-6) m of hard crested 

loamy clay resting on sandy layers with different gravel contents to a depth of 45m 

below G.L. A thick layer of sand stone was encountered at a greater depth . Fig . 1 and 

Fig.2 show standerad penetration test (SPT) results for B.H. No.1 near the test pile 

Cone Penetration Test( CPT ) for Tharthar Tigris Canal Bridge Project KM 50, Table 

1. Results of Atterberg Limits, Specific Gravity & Grain size. Bowles, 1981. 

 

2.2 Test Pile Construction 

          The test pile was one of the series of piles used to support the abutments of a bridge at 

KM 50 Tharthar Tigris canal. All piles were drilled using Terra drill (80CA) mounted on a 

crawler crane (38RB).A bucket 1.5m in diameter  was used with hinged reamer for 2m 

segmental drilling .At various levels during drilling of the pile shaft, soil samples were taken 

for testing in the laboratory .The hole walls were stabilized  using bentonite slurry to keep them 

from collapsing and closing the hole particularly in  the cohesionless layers .In order to avoid 
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soil caving and keeping risk to minimum a standard  pipe 14mm thick was used as a casing in 

each pile hole .It was driven to a depth of 15m below G.L.  The reinforcement cage was then 

lowered into the hole . The cage extended to the entire length of the pile .A ready mix concrete 

was transported by a rotary drum trucks and was placed into the holes using a tremi tube. Three 

control cube specimens of (200 200 200) mm were taken for compressive strength tests in 

the laboratory,Das,2004. and Head,1984. 

 

3.CHARACTERISTICS OF TEST PILES 

              The test pile was 1.95 m in diameter and total length of 25.5 m. The reinforcement 

cage consisted of (45— 32 mm) diameter bars extended to length of 14.5m below G.L. The 

longitudinal reinforcement was reduced to (30— 32 mm) diameter to the remainder length of 

the pile. The lateral reinforcement were 12mm diameter ties spaced at 200 mm on center 

spacing .The tension piles were designed to receive the loading reactions .They were 1. 5 m  in 

diameter and 25.5 m total length. They were reinforced longitudinally with (24— 32 mm) 

diameter and laterally with 12mm diameter ties at 200 mm on center spacing. Details of the 

piles reinforcement are shown in Table 2 . The concrete used in both the test pile and the 

tension piles had a compressive strength of  28 MPa cube strength at 28 days with the 

maximum slump of 100 mm. 

3.1 Expressions of the Strength Capacity and Settlement of Bored Piles:  

          R.D.Mindlin of Colombia presented a solution  based on elasticity for a single force 

acting on a semi- infinit media . Mindlin took into account the transition effect of a body force 

in media of constant tensile strength and Young ʹs modulus ,Mindlin,2007. The equilibrium 

equations in Cartesian  form are: 

   

  
 

    

  
  wx                                                                                                         (1) 

   

  
 

    

  
  wy                                                                                                         (2) 

Where wx and wy  are the body force per unit volume in x and y directions. The equation of 

compatibility including effect of time and volumetric strain is: 

  

  
   = (kx 

   

     +ky 
   

    ) * 
 

 
 + 

   

  
                                                                                   (3) 

                 Considering the pile as a linear elastic and the soil to follow modified cam clay 

model ,Pestana ,et.al., 2002 suggested that utilizing Eq,(1) and Eq.(2)  toghter  with Eq. (3) 

that mean effective stress (    and deviatoric effective stress (    ) are : 



Journal of Engineering Volume   21  August  2015 Number 8 
 

 

43 

 

  = 
 

 
 ( x+  y)                                                                                                                (4) 

    = 
 

√ 
{( x -  y)

2
 +   

xy}
0.5

                                                                                           (5) 

 

          The pile load transfer is governed by the stresses induced initially in the soil, according to 

Mindlinʹ s theory and the surface behaviour of the pile shaft with the surrounding soil .Therefore 

the pile strength capacity Qu can be stated as the superposition of resistance at base of pile QB 

and resistance along pile shaft QF , Mindlin,2007 where : 

 

QF =   Dp L(                                                                                                               (6) 

 QB = 
 

 
 Dp

2
 (0.75qu )                                                                                                      (7) 

Qu = QB + QF                                                                                                                  (8) 

 

          The value of QB is related to the bearing area and pressure at base while QF is 

related to the traction and surface area of pile shaft. The parameters soil cohesion (  ) , 

effective stress (  ), shaft adhesion factor (  ) and unit weight of soil (   are 

determined from lab tests .These parameters controlled  the bearing capacity  

evaluation ,Bowles,1981.and Das,2004.
 

 

3.2 Lateral Load Resistance : 

 

           The effects of lateral loading and or applied bending moments either on the supporting 

soil or flexural resistance in terms of over stressing  the pile shaft .The problem of displacement 

compatibility is complex to simulate a rigorous analysis of ultimate soil resistance, particularly 

beyond elastic behaviour of soil. 

  

Broms, 1995. suggested based on tests, that the ultimate lateral resistance (qu) of cohesive soil 

could be related to ultimate shear resistance ( u) from triaxial compression test based on 

undrained conditions ( qu = 9  u  ). The governing beam differential equation is : 

 

 EI (d
4
u/dx

4
) + Kx = 0                                                                                                                  (9) 

 

            And for a constant soil modulus ( Ks ) ,it can be shown that expressions for pile moment 

resistance  (M ) and lateral displacement of pile head (u), are: Bowles,1981.and Das,2004.  

 

M = HL R Am + MLBm                                                                                                               (10 ) 

u = HL 
  

  
 Au + ML 

  

  
  Bu                                                                                                            (11 ) 

 

EcIc : flexural stiffness of pile, Am and Bm are moment coefficients ,taken 0.7 and 0.8 

respectively at point of maximum moment , Au and Bu are lateral displacement coefficients 
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,taken as 2.5 and 1.5 respectively at pile head ,R = √
  

 

 
  is the stiffness factor   and Ks is soil 

modules   (K= 
 

 
 ku L) ,where  ku = 67 u  Bowles, 1981. 

Ec : Young    modules for concrete. 

Ic : Moment of inertia of pile section . 

 

4. SETTLEMENT ANALYSIS  

              Short term elastic settlement  was considered in this investigation rather than long term 

which could be small because of slow development of base resistance. Hence effects of creep of 

concrete and stress transfer from skin friction to the base was ignored. The ultimate skin friction 

(fu )is : 

  

fu=                                                                                                                                   ( 12 )  

where   is the shaft adhesion coefficient ,varies from (0.3 - 0.45 ) and          u 

 

           The settlement  b at pile base was assumed to be related to the pressure at pile base, size 

of base and soil properties.  

 

 b = 
(          

 
                                                                                                                     (13) 

 

Where   q was the average pressure at pile base which could be taken as the nominal vertical 

stress from triaxial test. The soil Young    modulus ( E) is: 

 

E= 

 

 
(      

  
                                                                                                                         (14 )  

The elastic shortening and pile due to applied loads was calculated from: 

 

   = 
(          

     
                                                                                                                     (15) 

 

5. TESTING PROCEDURE 
            The top of pile was prepared by bedding a steel plate (38 mm thick) in cement mortar as a 

capping .The reaction loads were carried from the test pile through main beams and the           

sub- beams and tension bars to the four reaction piles .The vertical loads had been applied using 

four electrically operated hydraulic jacks which work together to a total capacity of 

12000kN.The measurement of the testing loads were recorded by a pressure gauge attached to 

the oil pump. The pressure gauge was calibrated in advance.  

            Following the ASTM   D1143-o7e, 2010 , a schedule of five loading cycles  has been set 

.The test was carried out with four cycles up to twice the working load of the test pile as shown 

in table 3.The fifth cycle included an addition of 4400kN to compensate the frictional resistance 

of pile shaft above scour level .This was due to the fact that testing load had been applied at 

ground level and before excavating around the pile . 
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          Deflection dial gauges with accuracy of 0.02 mm and a stroke of 75 mm were used to 

measure deformations of the test pile and reaction piles during testing .Four dial gauges were 

attached at the top of the test pile and one dial gauge on each of the four tension piles. All the 

values used in the analysis were the average of the 4 readings.   

           The two reference beam used in the testing rig for vertical loadings were checked for any 

undesirable settlements. Two targets were fixed to them, observations had been done by using a 

level 20 m away from the target points. It was assumed that ground level at that point had not 

been by the testing altered by the testing operation. There was no movement recorded during the 

test and hence, no adjustments were required for the settlements of test pile measured by the dial 

gauges. 

               The lateral loads were applied by a 2000 kN capacity hydraulic jack which was 

operated electrically. The reaction loads had been taken by a transverse beam to the two non-

working reaction pile. Measurements of the applied loads were taken by 3000kN proving ring 

which was calibrated before testing. Details of the horizontal loading rig are shown in Fig. 3 and 

Fig. 4. 

               A number of cycle loading with increments of 50 kN had been conducted for the 

horizontal load testing . The first 2 cycles were up to 150 kN followed by 3 cycles 300 kN then 3 

cycles to 450 kN and finally the last 3cycles to 650 kN which was kept for half an hour        

.Unloading to zero load was then done and readings were taken after 24 hours . Five dial gauges 

were attached to the test pile and one dial on each of the two reaction piles as shown in Fig. 4.All 

dials were fixed to the reference beam and pieces of glass were used to provide smooth surface 

for indicator tips. Details of the loading rig is shown in Fig. 5. 

  

 5.1 Examination of Results  

         The effective vertical stress of soil (Fu) was calculated to be 182 kN/m
2
 based on an 

average shear reduction factor (  = 0.55) for sandy gravel base and an ultimate shear strength    

(   ) of soil supporting the pile equal 320 kN/m
2
 which was an average value obtained from the 

in - situ cone penetration resistance and standard penetration tests. The Meyerhof   s bearing 

capacity factor Nq was 155 based on frictional angle   =32 . The previous parameters led to the 

ultimate bearing capacity qu of supporting soil stratum equal 14100 kN/m
2
. With the allowable 

value of 4700 kN/m
2
.Using Eq.(7) and Eq.(8) led to  strength capacity for the test pile of 14010 

kN/m
2
 with a working load value of 4666 kN based on factor of safety = 3 . 

             The design strength of the test pile having (45-  32mm) longitudinal bars with yield 

strength = 350     and concrete compressive stress   
  = 28MPa, cube strength was calculated 

to be 12662 kN and casing strength was considered 890 kN. The effect of soil negative skin 

traction came to 935 kN from Eq. (7) . 

                 Theoretical considerations that most settlements of a single pile occurred immediately 

after load application .Based on that Youngʹs modules  for soil was interpreted from cone point 

resistance as 350    and was found = 63700 kN/m
2
. The settlements at pile base   was evaluated 

from Eq.(13) ,considering Poissonʹs ratio for soil = 0.4, bearing coefficient Rc = 12 for dense 
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cohesionless soil. These parameters gave maximum base settlements = 41 mm. The deformation 

of the pile head due to elastic shorting    and due to shaft resistance were calculated from 

Eq.(15) based on shaft load influence factor     0.33 and concrete modules of elasticity for 

deformation calculation Ec =1122800 kN/m
2
 .The value came to 37 mm based on Ps = 935 kN 

and Pb = 4666 kN . 

                  The value of (    at twice the working load was 69 mm .Hence the total calculated 

settlement of pile head at working load was 78mm and at twice the working load was 110mm. 

The values of calculated and averaged measured value at pile head are shown in Fig. 6  .The 

problem of displacement compatibility is complex to simulate a rigorous analysis Eq. (9)  for 

lateral loading ,since soil behaviour is the problem .Hence maximum lateral displacement is at 

pile head and diminishes some where at two-third pile length below that point. The lateral 

displacement was calculated from Eq.(11 ),based on (k = 25   10
4
 kN/m

3
 ) and soil modulus    

(Ks = 1.063   10
6
 kN/m

2
),hence the lateral displacement coefficient related to  lateral loads is 2.0 

and vanishes at a distance 8.5m below pile head . The calculated and measured lateral 

displacement is shown in Fig.7. 

 

6. CONCLUSION 

1- The design strength capacity of large diameter bored type piles could be predicted using 

eqs.(6,7 and 8 ) to within 15% accuracy.  The (1.95m) diameter test pile was sufficient to 

carry the 4666 kN working load based on a safety factor 3.0 .  

2-The pile strength to horizontal loads showed adequacy to resist a design load of 350 kN 

based on a safety factor 2.0 . 

3-The  values of soil parameters based on laboratory control tests were acceptable ,since 

lateral displacement and settlement were 20 % less than measured values .It was related to 

the proper Young s moduli Ec and E for deformation calculations .Also it could be concluded 

that predicted values of the cefficient of horizontal subgrade reaction Ks was within the 

acceptable value . 

4-The load- settlement curve at the pile head was close to linear particularly at early stage of 

loading .At higher loads, the curve shifted from linearity ,hence it could be considered as 

segments of straight lines with different slopes .  

5-The calculated settlements increased 3 times when the load was doubled and no effect of 

heave at the surface was noticed even with time delay of loading . 

6- There was no cracking observed at the tension piles even during the application of 

maximum uplift force during testing.  
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 NOTATION 

Am , Bm : moment coefficients. 

Au , Bu : lateral displacement coefficients. 

Dp :diameter of pile . 

Ec : modulus of elasticity of concrete . 

fcʹ : compressive strength of concrete at 28      

days. 

fy :yield strength of reinforcement . 

Fu : ultimate skin friction at pile shaft . 

G.L: ground level . 

Gs: Specific Gravity. 

HL : horizontal load resistance . 

Ic : moment of inertia of pile section with it 

reinforcement . 

 Ks : soil modulus. 

Ku : ultimate coefficient of soil reaction. 

Kx : soil modulus at depth x of pile. 

L : length of pile. 

LL: Liquid limit. 

ML : moment resistance . 

PI: Plasticity index. 

PL: Plastic limit. 

Pb : force acting at base of pile. 

Ps : force acting along shaft of pile. 

q : allowable effective stress. 

qʹ : deviatoric effective stress.  

QB : maximum strength of pile base. 

QF : maximum strength of pile shaft. 

Qu : ultimate strength capacity of pile. 

R : stiffness factor. 

u : lateral displacement of pile head . 

USCS: Unified Soil Classification System. 

   ,    : components of dead load in x and y 

directions. 

   shaft adhesion factor . 

   unit weight of soil. 
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    axial soil strain. 

    settlement of pile base. 

   : elastic shortening of pile . 

   ,    : components of normal stress in x 

and y directions. 

    allowable shear traction along pile. 

         :shearing stress components. 

   influence factor for safety . 

   Poissonʹs ratio for soil. 

 

 

 

 

 

Table 1. Results of Atterberg Limits, Specific Gravity & Grain size. 

 

 

USCS 

Sieve & Hydrometer Atterberg Limits  

 

Gs 

 

 

Layer 

thick 

(m) 

 

 

Depth 

(m) 

 

Clay  

% 

 

Silt 

%  

 

Sand 

% 

 

Gravel  

% PI PL LL 
SM 0 36 55 9 NP NP 22 2.66 3 0-3 

SM 4 26 59 11 NP NP 20 2.64 2 3-5 

CL 65 30 3 2 19 23 42 2.74 1 5-6 

SM 5 25 58 12 NP NP 20 2.64 6 6-12 

SC 25 7 55 13 12 22 40 2.74 5 12-17 

SM 9 31 60 9 NP NP 24 2.65 5 17-22 

SM 8 27 53 12 NP NP NP 2.66 7 22-29 

 

Table 2. Details of the test pile and the tension piles. 

Type of test Diameter 

(m) 

Length 

(m) 

Reinf. Lateral reinf. 

Test piles 1.5 25.5 45 ϕ 32mm 

30  ϕ32mm 

ϕ 12mm@20cm .c/c with 

14mm thick,15m long 

casing 

Tension pile 1.95 22.5 24 ϕ 32mm 

 

ϕ 12mm@20cm .c/c No 

casing 
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Table 3. Details of the four previously propose cycles. 

1
st
 cycle 

(1/2 Working load) 

2
nd

 cycle 

(2/2 Working load) 

3
rd

 cycle 

(3/2 Working load) 

4
th

 cycle 

(4/2 Working load) 

Load 

(kN) 

Time 

(hrs) 

Load 

(kN) 

Time 

(hrs) 

Load 

(kN) 

Time 

(hrs) 

Load 

(kN) 

Time 

(hrs) 

0 0 0 0 0 0 0 0 

1100 1:00 2200 0:20 2200 1:00 2200 1:00 

2200 1:00 3300 2:00 4400 1:00 4400 1:00 

1100 0:20 4400 2:00 5500 2:00 5500 1:00 

0 0.20 3300 0:20 6600 2:00 6600 2:00 

 2200 0:20 5500 1:00 7700 2:00 

1100 0:20 4400 1:00 8800 1:00 

0 0:20 3300 1:00 6600 1:00 

 2200 1:00 5500 1:00 

1100 1:00 4400 0:20 

0 1:00 2200 0:20 

 1100 0:20 

0 0:20 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. SPT results for B.H. no.1 near the test pile. 
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Figure 2.Cone Penetration Test( CPT ) for Therthar Tigris canal bridge project KM 50. 
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Figure3. Lateral testing insulation (Plan). 

Pile cap 

Girder 

Hydraulic pump 

200 tons Jack 

300 Ton 

proving pring 

D
ia

l 
G

ag
es

 n
o
. 
1

-5
 

E
x
ca

v
at

io
n
  

Rubber pad 

Supporting 

saddle  

Reference 

Beam   

Reference 

Beam   

3
.5

 m
 

3
.5

 m
 

3.5 m 



Journal of Engineering Volume   21  August  2015 Number 8 
 

 

52 

 

 

Expected cave in level 

27.5 m 

Test pile 1.95m diam. 

 

Reaction 

pile 1.5m 

diam. 

Pile cap 

1.8x1.8x1.8 

Scour level  
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G.L 31.5m 

Top level 
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Figure 4. Lateral testing insulation (section).                                
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Figure 5. Vertical testing installation (plan). 
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Figure 6. Load – Settlement curve for the pile head . 

. 

Figure 7. The calculated and measured lateral displacement for the pile head. 
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