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Abstract 
 
The upper sub-grade of many countries is manly formed from a 
clayey soil. This kind of soil presents a weak California Bearing 
Ratio CBR value when it is soaked.  The normal CBR test is done 
by applying a continuous load after placing surcharge weight ring 
on the compacted soil.  The main purpose of this paper is to study 
the effect of the vertical confinement caused by the surcharge 
weight ring on the soaked CBR of soil. For this purpose, five CBR 
tests are performed to each of the ten different soils collected from 
Lebanese territories. Each CBR test is performed with different 
weight ring loading ranging from no ring till four rings. At the 
same time, identifications tests are performed on these soils in 
order to identify them. The CBR test results are linked to the soil 
properties obtained from the identification tests. The analysis 
shows that the vertical confinement has a positive effect on the 
soaked CBR of clayey soils. In general, the CBR value increases 
as the number of ring loadings increases. The synthesis of 
experimental results shows that the increment ratio of CBR for 
soil under a given number of rings is related to the liquid limit of 
the soil.  
 
Keywords: Confinement pressure, CBR, Clay, Liquid limit, 
increment Ratio, Surcharge weight rings. 
 
1. Introduction 
 
In the past recent years, there has been a remarkable increase in 
road construction all around the world, especially in the Middle 
East. One of the most common issues faced by civil and road 
engineers is the bearing capacity of the soil being used as sub-base 
and sub-grade soil in road and terminal constructions. This is 
because in some countries, soil being consisted by mostly clay. 
The reason behind clay causing such problems is that clay has a 
very low California Bearing Ratio value, especially under soaked 
conditions or after flooding [1] and therefore, causing continuous 
settlement. Many researchers tried to improve the performance of 
sub-grade clay by reinforcing it with geo-textiles [2] or stabilizing 
it with lime and cement [3] [4] or with ash [5] [6] or with ash and 
lime together [7]. The California Bearing Ratio (CBR) is a 
penetration test performed on a soil in order to evaluate its 
mechanical strength. The test is basically performed by measuring 
the pressure needed to penetrate a soil with a piston of standard 
area. Then, this measured pressure is divided by the pressure 
required to achieve an equal penetration on a standard crushed 
rock material. The resulting ratio is the California Bearing Ratio. 

However, the soil tested should be under its optimum unit weight. 
Therefore, the Proctor test should be performed on the soil in 
order to find its optimum moisture content OMC which is giving 
its optimum unit weight γdrymax. According to ASTM 
specifications, before performing a CBR test, a surcharge ring 
loading is applied at the top of the compacted soil around the 
piston. This loading is a simulation of the overburden pressure 
usually caused by the weight of pavement on soil. This paper is 
studying the effect of the ring loading on the CBR value of soil. In 
order to achieve this, we performed five CBR tests on each of the 
ten different soils under different surcharge rings. The CBR test is 
performed on each soil, first without any loading, second, with the 
standard loading consisting of two set of rings proposed by ASTM 
then by three, and finally by four rings. These soils were collected 
from different areas in Lebanon such as Ferzoul, Terbol, 
Taanayel, Rassieh, Wadi el Arayesh, Houmin, Kafaromen, 
Shoukin, Kafartbnit and Zawtar. The first five villages are located 
in Zahleh region and the others are located in Nabatiyeh zone. At 
the same time, the identification tests were performed on our ten 
soils in order to evaluate their respective parameters. These 
parameters were analyzed in order to compare the behavior of 
different kind of soils and how their respective parameters affect 
their CBR values under different surcharge loadings. The results 
were carefully and accurately analyzed in order to get useful 
conclusions. This project consists of two main parts: experimental 
part and analysis part. The experimental part consists of 
performing two sets of experiments, the main tests and the 
identification tests. The main tests are mainly the Proctor test and 
the CBR test which are performed on the ten soils. The 
identification tests consist of specific gravity test, sieve analysis 
test, hydrometer test, Atterberg limits test and the classification 
test. These tests are important in order to connect the behavior of 
soil to their specific parameters. The synthesis part consists to 
collect all the results obtained from the experimental part and to 
analyze them in order to get conclusions 
With time, many researchers tried to understand better the relation 
between the surcharge weights applied on the soil and the 
corresponded CBR value. In fact Razzouk et al. [8] found strong 
correlation between the strength ratio of CBR under given 
surcharge and CBR under the standard surcharge. Furthermore, 
Razzouk et al. [9], in other paper, developed an empirical equation 
relating the resilient modulus of soil at any soaking period to the 
unsoaked condition taking into account the effect of soaking 
period and surcharge weights. 
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2. Experimental part 
 
As mentioned before, the CBR test [10] is performed on soil 
compacted under its optimum unit weight. Therefore, Proctor tests 
should be done first on the ten soils in order to find their optimum 
moisture content giving their optimum unit weight. Once we 
performed Proctor test, we will perform the CBR test [11] on soil 
compacted under its maximum unit weight. Moreover, the 
identification tests should be done in order to find all the soil 
characteristics which will be used to analyze the results and to 
understand more their behavior. 
 
2. 1. CBR tests 
 
In order to perform the CBR tests, we performed Proctor tests then 
we started to compact the ten soils under their optimum unit 
weight in order to perform the CBR tests. Five Molds of each soil 
are compacted at their respective optimum moisture content. The 
molds are soaked for four days, and, then, each mold is tested 
under CBR with different ring loadings. The first mold is 
compacted with no ring loading, the second with one ring loading, 
thirdly, with two rings loading. Fourthly, it is compacted with 
three rings loading and finally, with four rings loadings. The 
results of five CBR tests on each soil under different surcharge 
rings are collected in a chart showing the pressure applied to the 
soil in Kilo Pascal versus the penetration of the piston in inches. 
These charts are shown below from figure 1 to figure 10. 
According to the ASTM standards, the CBR test should be 
performed under two loading rings having weight of 44.5 N 
 

 
2. 2. Identification tests 
 
After finishing the Proctor and CBR tests, we performed the 
identification tests including the Atterberg limits [12], the sieve 
analysis [13], the specific gravity [14], the hydrometer test [15], 
the sand fraction, the silt fraction and the clay fraction in order to 
start the analysis part. The identification test results are shown in 
table 1 below. 
 

 

 
Fig. 1. Pressure versus penetration of Houmin soil sample 

under continuous load with different rings loadings. 
 

 

 
 

Fig. 2. Pressure versus penetration of Kafaroman soil 
sample under continuous load with different rings loadings. 
 

 
 

Fig. 3. Pressure versus penetration of Kafartbnit soil sample 
under continuous load with different rings loadings. 

 

 
Fig. 4. Pressure versus penetration of Shoukin soil sample 

under continuous load with different rings Loadings. 
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Fig. 5.  Pressure versus penetration of Zawtar soil sample 

under continuous load with different rings loadings. 

 
 

Fig. 7. Pressure versus penetration of Ferzoul soil sample 
under continuous load with different rings loadings. 

 

 
Fig. 6. Pressure versus penetration of Terbol soil sample 

under continuous load with different rings loadings. 

 
 

Fig. 8. Pressure versus penetration of Taanayel soil sample 
under continuous load with different rings loadings 

 
  
Fig. 9. Pressure versus penetration of Wadi El Arayesh soil 
sample under continuous load with different rings loadings 
 
 
3. Analysis of the experimental results 
 
In order to evaluate the effect of adding rings loading on the CBR 
value, we calculated in table 2 the increment of CBR value which  
 

 
Fig. 10. Pressure versus penetration of Rassieh soil sample 

under continuous load with different rings loadings. 
 
 
obtained after placement of more than one ring on the top of the 
soil prior to perform the CBR test. 
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Table1: Identification tests results performed on the ten soil samples 

 

This increment of CBR value is a ratio between the CBR values of 
soil under a given number of rings divided by the CBR of the 
same soil under no rings loading. The table 2 shows the average 
increment of CBR under different loading cases ranging from one 
ring loading to four rings. We are using the average increment due 
to the fact that we have a minimum two values of CBR for each 
soil, one under 0.1inch penetration and the other under 0.2 inch 
penetration. 
 

 
 Table 2: Average increment ratio of CBR value under given 

loading rings relatively to no loading ring 
 

 Avg.inc. 
1ring 
loading 

Avg. inc. 
2 ring 

loading 

Avg. inc. 
3 rings 
loading 

Avg. inc. 
4 rings 
loading 

S1 1.28 1.56 1.65 2.22 
S2 1.00 1.00 1.12 1.02 
S3 1.39 1.78 1.80 1.82 
S4 1.13 1.28 1.43 1.89 
S5 1.22 1.43 1.57 2.18 
S6 1.08 1.28 1.36 1.51 
S7 1.23 1.47 1.78 1.74 
S8 1.29 1.37 1.39 1.47 
S9 1.07 1.18 1.26 1.43 
S10 1.07 1.14 1.14 1.08 

Average 1.176 1.349 1.45 1.636 
 
Many remarks can be given concerning the results analysis. In 
fact, the results of soil CBR increment value under different 
loadings tabulated in the previous table had showed that under all 
type of loading and for all soils, always there is increasing of CBR 
value while increasing the loading rings applied on the soil. All 
the values are larger than 1 and all the CBR values are 
proportional to the number of rings loading applied on the top of 
the soil. In fact, the average value of CBR increment for all soils 
ranges between an average of 1.176 under one loading ring and 
1.636 under four loading rings. This means that applying a 
confinement pressure on the soil is always beneficial to its 
mechanical resistance. 
We found that the CBR increment of soil under four loading rings 
is perfectly proportional to its liquid limit value. In fact, the soil 

S1 showing the highest liquid limit value of 60.76 %, had showed 
also the highest CBR increment. The same for the soil S2 which 
showed the lowest CBR increment under four loading rings, had 
the lowest liquid limit value of 33.8 %. By looking on the other 
soils, we can easily discover in figure 11 a proportionality 
between the soil liquid limit values and their CBR increment 
under four loading rings.  
 

 
 

Fig. 11. Linearity between Liquid limit of different soil samples 
and Ratio (CBR4 rings loading  / CBRno rings loadings) 

 
This can be explained by the fact that the soil with high liquid 
limit value can show the highest CBR values if it will be confined 
from all sides, which it is our case for these tests, where the soil is 
confined from all sides by the proctor steel mold and from the top 
by the loading rings.  
The soil S2 had showed the lowest CBR increment under all 
loading rings but it showed the highest CBR value and the highest 
proctor dry unit weight. This is explained by the fact that S2 has 
the maximum sand fraction and is classified as the most granular 
soil between the ten experienced soils. In fact, S2 which has 
showed its highest densification under normal CBR will no more 
be affected by any other applied confinement. This means that the 
clayey soils have more sensitivity towards applied confinement 
than the granular one. This is easily understood when knowing 
that the soil with highest CBR increment value S1 has the highest 
liquid limit. 
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(%) 
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(%) 

Silt 
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(%) 
S1 Houmin 44.82 60.76 15.94 2.55 20.78 17.43 14.14 50.35 31.28 19.07 
S2 Kafaroman 19.15 33.8 14.65 2.64 9.7 20.18 48.3 47.82 24.01 23.81 
S3 Kafartbnit 33.33 52.74 19.41 2.73 22.54 16.03 9.56 88.53 62.01 26.52 
S4 Shoukin 23.6 56.93 33.33 2.51 18.28 16.41 11.17 84.71 52.44 32.27 
S5 Zawtar 43.85 57.94 14.09 2.54 21.2 15.18 6.94 76.99 53.99 23 
S6 Ferzoul 33 48.43 15.43 2.72 19.15 17.24 13.95 85.43 43.39 42.04 
S7 Terbol 33.33 50.19 16.86 2.66 16.04 17.49 16.46 77.57 38.72 38.85 
S8 Taanayel 25.11 42.01 16.9 2.76 11.61 19.51 18.91 71.12 32.19 38.93 
S9 Rassieh 27.38 39.4 12.02 2.61 14.05 18.54 22.45 68.89 32.07 36.82 

S10 
Wadi El 
Arayesh 26.9 37.18 10.28 2.67 13.82 18.76 23.04 71.62 36.49 35.13 
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4. Conclusions 
 
After analyzing all the experiments results, it was obvious to 
conclude that all the soils used in this research had showed an 
increasing of the CBR value once the loading on the soil surface 
was increased. Moreover, a proportional relation was found 
between the increment ratio of CBR under the maximum loading 
and the liquid limit of the soils. For this reason, it will be 
beneficial to any given clayey soil to be confined in order to 
enhance its resistance to CBR penetration. This conclusion has a 
practical importance in highway engineering when an existing 
cohesive soil is working as a natural sub-grade. In this case, using 
concrete borders as water channels walls may give the cohesive 
soil some confinement pressure leading to enhancement of its 
CBR value.    
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Abstract 
 
In the past decades, there have been a number of theoretical 
methods developed to calculate the lateral bearing capacity of deep 
foundations, and especially short and long piles. Most of these 
methods are based on the soil reaction models such as the 
coefficient of lateral pressure and soil passive pressure. The 
associated calculations would also usually follow the allowable 
strength design by applying appropriate factor of safety in regard to 
the bearing capacity of the surrounding soil or limited lateral 
deformation of pile and soil. However, with more applications of 
pile foundations in the structures in the recent years, and 
consequently more tests and investigations of the behavior of piles 
under lateral loads, it has become clearer that the behavior of a pile 
under lateral loads is more a problem of combined soil and structure 
reactions, where the deformation of the pile would heavily depend 
on the reaction of the soil, and vice versa. In the past few years, it 
was suggested that due to the complicated interaction of soil and 
pile, both behavior of pile and soil should be modeled 
simultaneously in a comprehensive analysis to have more realistic 
results. However, due to these complications, most of the analytical 
models have generally applied many simplifications to the models, 
which might sometimes lead to under designing (risky) or over 
designing (expensive) of the pile systems due to the inaccuracies of 
the models. Therefore, in this paper, a set of sensitivity analyses 
have been performed on a number of different short and long piles, 
using the neural network analyses. As the result, the effects of 
various parameters on the ultimate lateral bearing capacity of pile 
foundations were discussed to identify the most important ones. At 
the end, a new bearing capacity equation has been developed and 
proposed in the paper that would consider various weighted 
parameters of combined reactions of soil and pile that provides 
more realistic results.        
 
Keywords: Lateral bearing capacity; Neural network; Pile 
foundation; Sensitivity analyses. 
 
 

1. Introduction 
 
The evolution of computational and numerical geotechnical 
engineering analyses closely follows the development in 
computational and numerical methods. At the early stage of 
geotechnical engineering, analytical methods and the simple limit 
equilibrium method, along with engineering expertise, were used to 
develop physical models of geotechnical engineering problems 
(Das and Sivakugan, 2018). Over the years, finite difference 
methods, finite element methods, and discrete element methods are 
used for difficult and complex problems. Unlike other engineering 
materials, the success of these methods in geotechnical engineering 
is challenged due to difficulty in obtaining an accurate constitutive 
model and spatial variability of soil, particularly for complex issues 
such as liquefaction and pile capacity problems. Therefore, based 
on case histories and field tests, statistically derived empirical 
methods and semi-empirical methods based on analytical methods 
are more popular in such cases (Das, 2013). The success of these 
empirical and semi-empirical methods depends to a great extent on 
the chosen statistical/theoretical model for the system to be 
analyzed matching the input-output data, as well as on the statistical 
methods used to find out the model parameters (Das and Basudhar, 
2006). Very often, it is difficult to develop theoretical or statistical 
models due to the complex nature of the problem and uncertainty 
in soil parameters. These are situations where the data-driven 
approach has been found to be more appropriate than the model-
oriented approach. To study such problems, artificial neural 
networks (ANNs) based on artificial intelligence (AI) have been 
developed in the computational methods. Within a short period, it 
found wide applicability, cutting across various disciplines. This 
has led to a growth in research activities into the art of applying 
such methods to solve real-life problems, highlighting the latent 
capabilities and drawbacks of such methods (Das, 2013). There 
have been many different areas in geotechnical engineering that 
have been investigated in the past years, using various types neural 
network analyses. Farfani et al. 2015 studied the soil-structure 
interaction problem using data-based methods that benefit from 
developing mathematical models on the experimental data. A 
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mathematical model for the seismic analysis of soil-pile-structure 
(SPS) systems was built in the neural networks environment based 
on the existing experimental data. Different sets of data were 
utilized for training, testing, and validation of the ANN model to 
avoid over fitting by cross-validation. The accuracy of the neural 
networks to predict the seismic behavior was enhanced by the 
parallel vectoral analysis technique of the support vector machines. 
It was shown that the model can predict the dynamic characteristics 
and seismic response of the soil-structure system with good 
accuracy in much less time compared with the finite element 
method. Zhang and Goh, 2016 studied the drivability of piles, using 
a multivariate adoptive regression splines and neural network 
models. Tarawneh, 2013 developed an ANN model for predicting 
pipe pile setup using 104 data points, obtained from the published 
literature. The choice of input and internal network parameters, 
which were examined to obtain the optimum ANN model were also 
discussed. It was demonstrated that the ANN model satisfactorily 
predicts the measured pipe pile setup and significantly outperforms 
the examined empirical formulas.  
An accurate estimation of pile response to loading is a challenging 
task due to the complexity of the combined soil and pile reactions 
and uncertainties in the soil properties. Conventional methods of 
predicting pile load-settlement relationship either oversimplify the 
problem or require the parameters that are difficult to determine in 
the laboratory. Ismail and Jeng, 2011 modeled load-settlement 
behavior of piles using high-order neural network (HON-PILE 
model). The results indicated a significant improvement in the 
quality of HON predictions over that of other ANN analyses such 
as BPN, RBF and GRNN models. Nejad and Jaksa, 2017, used in-
situ Cone Penetration Test (CPT) data and modeled load-settlement 
behavior of single piles using artificial neural network. Their work 
was based on about 500 data sets, obtained from the published 
literature, to develop the ANN model. A comparison between the 
predictions obtained by the ANN and those given by a number of 
traditional methods was performed and it was observed that the 
ANN model significantly outperforms the traditional methods. 
Jesmani and Kamalzare (2010) investigated different analytical and 
numerical methods of analyzing the rigid circular machine 
foundation under vertical harmonic loading considering elastic half 
space theory, lumped mass theory, finite element method with 
elastic behavior and finite element method with Mohr-Coulomb 
behavior. Comparison was made with the results of analytical and 
computational methods, and limitations of the analytical methods 
were discussed in different soils. Chan and Low, 2012, performed 
a probabilistic analysis of laterally loaded piles using response 
surface and neural network approaches. A two-step hybrid 
approach for reliability analysis was proposed. The proposed 
method was first illustrated for a hypothetical laterally-loaded pile 
with analytical solutions. Comparisons were made with Monte 
Carlo simulations incorporating importance sampling, and the 
influences on the reliability index and the probability of failure by 
the lateral load, depth of water table and correlation coefficient 
between unit weight and friction angle are investigated and 
discussed. Jesmani et al. (2014) investigated the buckling behavior 
of concrete piles under axial loads in sandy soils, using a numerical 
model. These piles can be particularly found under bridges and pier 
where scouring makes the buckling an inevitable issue. 
Investigations were performed, and the results of numerical 
modeling were compared with the available experimental studies. 
Sensitivity analysis were also performed for different pile 
parameters, and the effects of each parameter on the buckling 
behavior of piles were discussed. Jesmani et al. (2015 and 2018) 
also investigated the bearing capacity of pile foundations located 
near various types of clay slopes under undrained vertical loading 
conditions. A series of three-dimensional numerical models were 

performed for various pile geometry, different distances of the pile 
and slope angle. The obtained results provided suggestions for the 
pile embedded length, distance from the slope crest, lateral 
movement of soils, etc. The results of the analysis are presented in 
chart form as reduction factors (RF) on horizontal ground ultimate 
loads. 
Over the past few years, design of pile foundations and estimation 
of the static pile bearing capacities based on measured soil 
properties have improved considerably. However, due to inherent 
soil variability and the disturbance caused by pile installation, there 
is always an element of uncertainty about the designed allowable 
bearing capacity. Design of piles under axial loading (vertical load) 
would usually be performed by solving equations of static 
equilibrium whereas design of the laterally loaded piles requires 
solution of nonlinear differential equations. Poulos and Davis (1980) 
investigated the behavior of a pile under lateral load by using the 
elastic analyses and adopting the Winkler soil model. However, 
such methods are not very suitable for the nonlinear soil behavior, 
which can be incorporated in the analysis by considering nonlinear 
p-y curves as suggested by Matlock and Reese (1962). Portugal and 
Seco-e-Pinto (1993) investigated the behavior of the laterally 
loaded piles using a finite element method and considering the 
nonlinear p-y curves. Their results showed an improvement in the 
prediction of the bearing capacity of piles under lateral loads. 
However, even though this method is currently most widely being 
used among the professional design engineers, there is yet 
uncertainties in the lateral bearing capacity of piles due to the 
variability of soil properties and complexity of the soil and pile 
reactions. There have been a number of other semi-empirical 
methods as well, which were developed by other researchers to 
predict and calculate the lateral bearing capacity of piles (Hansen, 
1961, Broms, 1964 and Meyerhof, 1976). These semi-empirical 
methods also face similar uncertainties in the prediction of the 
lateral bearing capacity.   
The true bearing capacity of the pile as installed in the field, could 
only be measured and verified by static pile testing programs. 
However, these testing programs test are generally costly and time-
consuming. In certain situations, such as in the offshore 
environment, the adverse site conditions may challenge the pile 
testing program and make it unmanageable or very expensive. 
These practical constraints and cost considerations have provided 
great impetus for research into alternative methods of determining 
pile capacities. In recent years, Artificial Neural Networks (ANNs) 
have been successfully applied to many different applications in 
geotechnical engineering. In particular, Neural Networks have been 
used to predict the static pile bearing capacity. Goh, 1995a used 
Back Propagation Neural Network (BPNN) to predict the skin 
friction of pile in clay. Goh, 1995b and 1996 studied the capabilities 
of Neural Network analyses in comparison to more traditional 
methods, and observed that ultimate bearing capacity of driven 
timber, precast concrete and steel piles in cohesionless soils using 
ANN would provide more realistic results compared to other 
experimental and analytical solutions. Chan et al., 1995 and Teh et 
al., 1997 found that the static pile bearing capacity predicted by 
Neural Network analyses has excellent agreement with the same 
obtained using the commercially available computer code 
CAPWAP (Rausche et al. 1972).  
Neural Networks have also been studied by various researchers in 
regard to the lateral bearing capacity of piles. Lee and Lee, 1996 
used neural networks to predict the ultimate bearing capacity of 
piles based on the results of a series of in-situ pile testing programs. 
Abu-Kiefa, 1998 used a generalized regression neural network 
(GRNN), which is a probabilistic neural network analyses, to 
predict the loading capacity of piles, considering separately the tip, 
the shaft, and total loading capacity of piles driven in cohesionless 
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soils. Nawari et al., 1999 have used Neural Network for prediction 
of axial loading capacity of steel H-piles, steel pile, pre-stressed, 
and reinforced concrete piles using both BPNN and GRNN. Using 
the results of an in-situ testing program, they were able to predict 
the top settlement of drilled shaft due to lateral loading.  
In this paper, an artificial neural network has been developed to 
analyze the bearing capacity of various laterally loaded pile 
foundations. Two criteria are selected to compare the ANN model 
with the available theoretical method: the best fit line for the 
predicted load capacity (Qp) and the measured capacity (Qm), and 
the cumulative probability for Qp/Qm. A set of sensitivity analyses 
have also been performed on a number of different short and long 
piles, with various length and diameters, using the developed ANN, 
and the most important parameters with the highest effects on the 
final geotechnical lateral bearing capacity have been discussed and 
identified. Finally, a new geotechnical bearing capacity equation 
has been proposed that would consider various parameters of 
combined soil and pile reactions and provide more realistic results.  
 
2. Artificial Neural Networks 
 
The concept of an artificial neural network (ANN) was inspired by 
the complex architecture of the human brain, regarded as a highly 
non-linear, parallel operating system (Haykin, 1999). Over the past 
two decades, ANNs have emerged as powerful and versatile 
computational tools for organizing and correlating information in 
ways that have proved useful for solving certain types of problems 
that are difficult to tackle using traditional numerical and statistical 
methods (Transportation Research Board, 1999). ANNs consist of 
a group of artificial neurons that are interconnected in a way similar 
to the architecture of the human brain. This computational 
technique has the ability to recognize, capture and map features 
known as patterns contained in a set of data, mainly due to the high 
interconnections of neurons that process information in parallel 
(Zeghal and Khogali, 2005). A network that has learned the patterns 
defining the relationship between the input and output of a certain 
test or process can later be used to predict new conditions for which 
the output is not known. An artificial neural network system 
generally consists of several layers. The first layer has the input 
neurons (parameters), while the last layer contains the output. In 
addition, one or more layers can be between the input and output 
layers, which are known as the hidden layers. Those layers form the 
network's means of delineating and learning the patterns governing 
the data that the network is presented with (Tarawneh, 2013). Fig. 
1 shows a schematic view of the various layers in ANN with respect 
to each other.   
 
3. Lateral Bearing Capacity of a Single Pile  
 
3.1. Analytical Solution 
 
Similar to shallow foundations, regardless of the construction 
method of the deep foundations (i.e. free head or fixed head), the 
allowable bearing capacity would be calculated by considering the 
shear strength of the soil, and also pile-soil deformations. There are 
however, several conditions such as earthquake, wind, wave, etc. 
that lateral loads and bending moments would be applied to a deep 
foundation. The existing analytical method for calculating the 
allowable lateral bearing capacity of piles are consequently divided 
in two main categories: Ultimate Lateral Bearing Capacity methods, 
and Lateral Deformation methods. Hansen, 1961 presented one the 
first methods to calculate the ultimate lateral bearing capacity of 
vertical piles. Although that method had many advantages 
compared to other existing methods at that time, but it is only 

applicable to short piles, and calculates the lateral deformation of 
the pile based on a trial and error method. Broms, 1964 presented 
another method to calculate the allowable lateral bearing capacity 
of pile foundations based on the theory of the soil lateral pressure. 
This method became widely acceptable within the engineering 
society as it was applicable to both short and long piles, embedded 
in cohesive or cohesionless soils, and constructed with a free head 
and fixed head system. The other common methods of calculating 
the allowable lateral bearing capacity of piles are based on the 
theory of elasticity or soil reaction method that have some 
limitations such as high uncertainties in soil parameters obtained 
from field investigations. These methods also require interpolation 
of a number of parameters from various graphs and tables, which 
make it difficult for design engineers to apply these methods. 
Considering these, in this paper, various piles/piers with different 
diameters and lengths, embedded in very loose, loose, and medium 
sandy soil were considered and the allowable lateral bearing 
capacity of the piles were calculated. A new equation was also 
developed to simplify the pile bearing capacity designs. The other 
goal of this study was also to investigate the shear failure of the soil 
surrounding the pile. Therefore, to assure that all of the soil-pile 
system failures would only occur due to the failure of the 
surrounding soil, the dimensions of the piles were selected in a way 
that all of the piles would be considered as a short, and rigid pile. It 
should be mentioned that in this study, it was considered that the 
piles would not experience internal structural failures. The 
combined reactions of pile and soil in short and rigid piles are in a 
way that cause the pile-soil system to fail due to the eventual 
surrounding soil failure rather than the other factors compared to 
flexible or long piles. 
 

 
Fig. 1. Various layers in ANN with respect to each other 

  
One of the most important steps in modeling a real problem is to 
simulate realistic soil parameters that correspond to field conditions. 
The pertinent properties of sandy soils in this paper were selected 
based on the common values in practical projects and records 
related to some soil investigation. To have a comprehensive study, 
various piles with different length and diameters, were modeled in 
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three different soils. Table 1 as an example, shows a summary of 
some of the training parameters used in modeled soil-pile systems. 
It should be noted that in this table, ! is the internal friction angle, 
and γd is the dry unit weight of soil. The modulus of elasticity of 
pile (concrete) was also considered as 26x106 kN/m2 for all of the 
piles. These values are selected according to the suggestions 
provided for typical sandy soils (Das, 2018).  
 

Table 1: Properties of Soil-Pile models 

Soil Type !∘ γd 
(kN/m3) 

Pile 
Diameter 

(m) 

Pile 
Length 

(m) 

Soil I 
(very loose 

sand) 
 

20 17.0 

1 
3 
4 
5 

1.25 
3 
4 
5 

1.5 
3 
4 
5 

Soil II 
(loose sand) 25 18.5 

1 
3 
4 
5 

1.25 
3 
4 
5 

1.5 
3 
4 
5 

Soil III 
(medium 

dense sand) 
30 20.0 

1 
3 
4 
5 

1.25 
3 
4 
5 

1.5 
 

3 
4 
5 

 
 
3.2. Neural Network Solution and Optimization  
 
There are several methods a neural network can be trained. In this 
study, the back-propagation technique, which was developed by 
Rumelhart et al. (1986) was used. This method is the most popular 
process and has been used in many fields of science and 
engineering (Tarawneh, 2013). With this method, the weights of the 
network are adjusted during the training phase to minimize error. 
In each iteration, the error propagates backward to minimize the 
error to a desired level. Mean Square Error (MSE) was 
implemented to the back-propagation technique to complete the 
training process of the neural network in this investigation. During 
the training phase of the analyses, MSE method uses a decreasing 
gradient function to minimize the differences between the predicted 
values and the real values of the output parameters, which would 
be in fact the error of the ANN. A decrease in the value of MSE 
would show a progress in the ANN training process. However, if 
MSE would become very small it might a sign that the ANN has 
memorized the training data and might not be able to predict the 
final results well if it is exposed to new sets of data. Therefore, it is 
necessary to consider the MSE values, real values, and the predicted 
values of the training data set along with the arbitrary testing data 
sets to evaluate the capabilities and validities of the ANNs.  

In the training process, it is common to consider that the neurons of 
the first layer are independent parameters, and there is certain 
number of these parameters throughout a specific investigation. 
The neurons of the last layer are also representing the final results 
and the parameters that were the goals of a specific investigations. 
Therefore, there will also be a specific number of neurons in the 
last layer as well. However, the middle layer or layers, might 
consist of various number of parameters as these parameters might 
be modified or eliminated during the training process of the ANN. 
With MSE method, the weights of the network are adjusted during 
the training phase to minimize error. To develop the appropriate 
neural network, the first the number of the neurons in the hidden 
layers will be considered as a fixed number, while the number of 
the hidden layers would change to find the most appropriate 
network.  
In neural network terminology, one “epoch” is one forward pass 
and one backward pass of all the training examples; “batch size” is 
the number of training examples in one forward/backward pass. 
The higher the batch size, the more memory space would be needed; 
and number of “iterations” is equal to the number of passes, each 
pass using batch size number of examples. It should be noted that 
one pass equals to one forward pass plus one backward pass (the 
forward pass and backward pass would be count as two different 
passes). In this study, as one of the first steps, the most optimum 
number of epochs was found by running some analyses on two 
different sets of available data, training batch, and testing batch. 
Increasing the epoch will always decrease the error for the training 
data batch, however, for the testing data batch, the error will first 
decrease and then increases by increasing the epochs. The reason is 
that after passing the optimum number of epochs, the ANN would 
memorize the data rather than predicting it, and this will result in 
larger errors in real projects (data sets). Therefore, the number of 
the epochs would be increases for the network to the point that the 
error from both of the results of the training, and testing data sets 
decreases. Fig. 2 shows an illustration of the number of epochs 
versus the mean square error of one of the models in this paper.  
 

 
Fig. 2: Number of epochs versus mean square errors of one of the 

models 
 
In this research, artificial networks with one, two and three hidden 
layers and various number of neurons were investigated to find the 
most appropriate ANN. It should be mentioned it is essential that 
the training data would be introduced to the network in a random 
manner so that the network would not forget the trainings in 
previous steps. The comparison of the performed analyses showed 
that the neural network with one hidden layer, and eight neurons 
(cell) would have the most optimum results for ultimate bearing 
capacity, studied in this paper.  
Input parameters of ANN in this study were considered as D (pile 
diameter), L (pile length), γd (unit weight of sand), and ! (internal 
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friction angle of sand) while the ultimate lateral bearing capacity of 
pile as considered as output parameter. All the variables (input and 
output) were normalized in the range [-0.9,0.9] before training. A 
multilayer feedback propagation neural network was used with 
hyperbolic tangent sigmoid function as the transfer function. The 
network was trained with momentum learning rule. Momentum 
Learning is a compromise that will smooth out the erratic behavior 
of the on-line updates, without slowing down the learning too much. 
It is to update the weights with the moving average of the individual 
weight changes corresponding to single training patterns. If 
everything is labeled by the time t (which conveniently can be 
measured in weight update steps), then implementing a moving 
average would be as Eq. 1.  
 
 
∆whl

(n) (t) = η ∑ delta αl
(n) (t). outh

(n-1) (t) + α.∆whl
(n) (t-1) (1) 

 
 
A momentum term can be simply added as α.∆whl

(n) (t-1), which is 
the weight change of the previous step times a momentum 
parameter α. If α is zero, then we have the standard on-line training 
algorithm used before. As α increases towards one, each step 
includes increasing contributions from previous training patterns. 
Obviously, it makes no sense to have α less than zero, or greater 
than one. Good sizes of α depend on the size of the training data set 
and how variable it is.  
Learning algorithms, which work by taking a sequence of steps in 
weight space all have two basic components: the step size size(t) 
and the direction dirhl

(n)(t) such that ∆whl
(n)(t) = size(t). dirhl

(n)(t). For 
gradient descent algorithms, such as Back-Propagation, the chosen 
direction is given by the partial derivatives of the error function 
dirhl

(n)(t) = −∂E(wjk
(m))/ ∂whl

(m), and the step size is simply the small 
constant learning rate parameter size(t) = η. A better procedure 
might be to carry on along in the chosen direction until the error 
starts rising again. This involves performing a line search to 
determine the step size. The simplest procedure for performing a 
line search would be to take a series of small steps along the chosen 
direction until the error increases, and then go back one step. 
However, this is not likely to be much more efficient than standard 
gradient descent.  
One of the greatest challenges encounter in ANN analyses is when 
to stop the training. If training is insufficient then the network will 
not be fully trained, where as if training is excessive then the 
network will memorize the training pattern or as it is known in 
ANN analyses, the network would learn noise rather than the 
relationship between parameters, and therefore, it will not 
generalize the trained relationships for the new sets of data. In 
training of a network as the number of epoch (iteration) increases 
there is decrease in error during training, but for testing set data 
initially there is a decrease in error up to a certain iteration, and then 
the error increases or remains constant. Hence, the training in this 
study was stopped when the testing phase error increases even 
though error during the training phase may go on decreasing. This 
is known as early stopping criteria by comparing the MSE value for 
training and testing simultaneously (Basheer, 2001 and Shahin et 
al., 2002). Fig 3 shows the results of the comparison of the 
predicted pile lateral load bearing capacity using the trained ANN 
and Brom’s solution. As it can be seen, the ANN results are 
consistent with the results of Broms’ solution. 
The results of these networks and the effects of various parameters 
have been discussed in the following sections. 

 
Fig 3. Comparison of the predicted pile lateral load bearing 

capacity using the ANN and Brom’s solution 
 
 
4. Results and Discussion  
 
4.1. Sensitivity Analyses 
 
A set of sensitivity analyses were performed in this research to 
investigate the importance of various studied parameters on the 
piles’ lateral bearing capacities. As it was mentioned in previous 
sections, there are two common methods to perform a sensitivity 
analyses, Garson’s algorithm and Profile’s method. In Garson’s 
algorithm, the weight of the connections between input layers and 
the hidden layers will be considered along with the weight of the 
hidden layers and the output layers of the trained network. The 
absolute values of these weights will be used then to perform the 
sensitivity analyses. Therefore, this method would not provide any 
information regarding the direct effects of the input parameters on 
output parameters or vise versa. Profile’s method, however, is 
based on a different approach. In this method, different values of 
one parameter will be introduced to the network, while all other 
parameters are kept constant. Eventually, a matrix will be created, 
which considers the range of all of the input parameters. In other 
words, Profile’s method considers a maximum and minimum value 
for each parameter and divides this range to various scales. For 
every scale, all the parameters will be set to the minimum values, 
except the one which is being studied. These parameters will then 
be increased to one fourth, one half, three fourth of the maximum 
values, and then to the maximum values. Therefore, in each scale, 
there will be five values calculated for each of the parameters. The 
average of these five values will be presented as the result of the 
sensitivity analyses in Profile’s method. Fig. 4 shows the results of 
Profile’s sensitivity analyses as an example, while Table 2 shows 
the results of the analyses from both Profile’s method and Garson’s 
algorithm for each of parameters considered in this research. 
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Fig. 4. Sensitivity of the ultimate lateral bearing capacity of pile 

with respect to the variation of different parameters  
 
 
4. 2. Newly proposed equation for the ultimate lateral 
bearing capacity of pile  
 
The basic mathematical equation in the ANN that relates the input 
and output variables can be written as: 
 
 

#$% = '()* +,- +/ 012 ×	'()*(,62 +	∑ 1)28)):
);< )=

6

2;<
>        (2) 

 
where,  
 
Qpn: Normalized predicted lateral bearing capacity 
fsig: Sigmoid transfer function (tangent hyperbolic) 
b0: Output layer bios 
wk: Weight of the link of associated neurons in the hidden layers 
to the neurons of the output layer 
bhk: Bios in the associated neurons of hidden layers 
h: Number of neurons in the hidden layer 
wik: Weight of the link of associated neurons in the input layer to 
the neurons of the hidden layers 
Xi: Normalized input variable i in the range [-0.9,0.9]  
 
The equation for the model developed in this study can be then 
written based on the trained weight of the ANN:  
 

#$% =	 ?
@AB	?C@A

?@AD	?C@A
     (3) 

 
where: 
 
O1= -0.2099 + A2 + B2 + C2 + D2 + E2 + F2 + G2 + H2   
 

EF = −0.2066	 ?
LAB	?CLA

?LAD	?CLA
 ;   MF = −0.3053	 ?

PAB	?CPA
?PAD	?CPA

 ;   QF =

−0.4997	 ?
UAB	?CUA

?UAD	?CUA
 ;   

VF = −0.3563	 ?
WAB	?CWA

?WAD	?CWA
 ;  XF = −0.3441	 ?

ZAB	?CZA
?ZAD	?CZA

 ;     [F =

−0.3575	 ?
\AB	?C\A

?\AD	?C\A
 ;  

]F = −0.1021	 ?
^AB	?C^A

?^AD	?C^A
 ;  _F = −0.4082	 ?

aAB	?CaA
?aAD	?CaA

 
 
and  
 
A1 = -0.5466 - 0.0838 bd - 0.3696 ! + 0.1309 D - 0.2066 L 

B1 = 0.8111 - 0.5085 bd - 0.6851 ! - 0.2656 D - 0.0492 L  
C1 = -0.0439 - 1.1050 bd - 0.4688 ! + 0.1952 D + 0.3830 L  
D1 = 0.3290 + 0.1752 bd - 0.6328 ! + 0.5495 D + 0.1893 L  
E1 = -0.5029 + 0.0460 bd + 0.1695 ! - 0.4734 D + 1.2343 L 
F1 = -0.8128 + 0.1549 bd - 0.3750 ! + 1.0312D + 0.5315 L  
G1 = 0.4078 + 0.1513 bd - 0.2394 ! - 0.0646 D + 0.3098 L  
H1 = 0.3042 - 0.3357 bd - 0.6554 ! + 0.3244D + 0.9437 L 
 
 
The Qpn value as obtained from above equation is normalized in the 
range [0.9, -0.9] by below coefficients:  
 

Qultp = [Qpn - Off(Qp)] / Amp(Qp)   (4) 
 

where: 
Amp(Qp) = ([0.9 - (-0.9)]) / (max Qp - min Qp)  
Off(Qp) = 0.9 - Amp(Qp) × max(Qp) 
 
As it can be seen, this equation has many different lengthy 
parameters that make it difficult to work with and undesirable for 
professional engineering design calculations. Therefore, in this 
paper, based on the results of the trained ANN, and the large 
number of performed analyses, innovative mathematical technics 
were applied, and a new two variable design equation was 
developed (Eq. 4), using dimensionless parameters.  
 

Qu = [-7.18 (L/D)2 + 41.38 (L/D) - 32.44] !2 + [158.7 (L/D)2 - 
653.6 (L/D) - 563.6] ! + [178.8 (L/D)2 - 6827 (L/D) + 30495]

      
     (5) 

 
Since this equation calculates the geotechnical bearing capacity of 
soil-pile system based on the normalized parameter of “L/D”, it can 
be used for a wide range of pile/pier with various diameters and 
lengths. The equation can be used to calculate the geotechnical 
lateral bearing capacity of pile foundations in soils with similar 
properties to the investigated soils in this study. Similar equations 
can also be developed for other clayey soils to simplify the lateral 
bearing capacity calculations.   
To have a better understanding of the how the corresponding 
function behave with respect to changes of different variables, the 
Eq. 4 has been demonstrated on a three-dimensional graph, which 
can be seen in Fig. 5.  
 

 
Fig. 5. Variation of ultimate lateral bearing capacity (Qu) with ! 

and L/D 
 

To find the accuracy of the proposed equation (Eq. 4), a set 
comparison were performed between the obtained Qu from the Eq. 
4, and the results of the ANN analyses.  
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Table 2: Relative importance of different inputs as per Garson’s algorithm and Profile method 

Parameter 

Garson’s Algorithm Profile Method 

Relative 
importance 

Ranking of the inputs as per 
relative importance 

Ranking of the 
inputs 

D 03/22  3 1 

L 46/28  2 2 

Ø 52/30  1 3 

γd 99/18  4 4 

 
 
The results are shown in Table 3. Using similar mathematical 
technics, the below equation was developed to accompany Eq. 4 
and calculate the relative discrepancy of Qu with respect to other 
parameters.   
 
 
d = [-1.07 (L/D)2 + 7.78 (L/D) – 13.77] !2 + [57.24 (L/D)2 – 414.1 

(L/D) + 55.12] ! + [-763 (L/D)2 + 5521 (L/D) – 9762]   
      

    (6) 
 
 
Eq. 5 is also demonstrated in a three-dimensional graph (Fig. 6). It 
can be seen from Fig. 6 that by increasing in the values of internal 
friction angle (!), in lower and higher values of L/D, the relative 
discrepancy of Qu, d, would increase first and then decrease. It can 
also be seen that by increasing the values of L/D, in lower and 
higher values of the internal friction angle (!), d would increase 
first and then decrease. However, in the middle ranges of L/D, the 
values of d would decrease first and then increase by increasing the 
values of internal friction angle (!).    
 
 

 
 

Fig. 6. Relative discrepancy of Qu (Eq. 4) with respect to other 
parameters 

 
 
 

5. Conclusions 
 
An artificial neural network has been developed in this paper to 
analyze the Bearing Capacity of various laterally loaded pile 
foundations. Two criteria were selected to compare the ANN model 
with the available theoretical method. A set of sensitivity analyses 
were also performed on a number of different piles, using the 
developed ANN, and the most critical parameters with the highest 
effects on the final lateral bearing capacity were discussed and 
identified. A new equation, which would consider various 
parameters of the combined reactions of soil and pile, and provide 
more realistic results was also proposed to simplify the lateral 
bearing capacity calculations for professional design analyses. The 
follow specific conclusion can be drawn from this study:   
 
1. By increasing the diameter of the pile, the ultimate lateral bearing 
capacity of piles increases linearly first and then increases with a 
higher rate along a curve.  
2. Based on the performed analyses in this paper, and considering 
the Garson’s and Profile’s methods, the most important parameters 
that affect the ultimate lateral bearing capacity of a pile are internal 
friction angle (!) and diameter of pile (D). 
3. For soils with properties similar to the studied soil in this research, 
the changes in dry unit weight (bd) does not have a significant effect 
on the ultimate lateral bearing capacity of pile.  
4. By increasing the ratio of pile length to pile diameter (L/D), for 
higher values of internal friction angle (e.g. ! = 30 degrees), the 
ultimate lateral bearing capacity of pile would first increase and 
then decrease. The most critical lateral bearing capacity would 
occur at L/D = 3.5.  
5. By increasing the ratio of pile length to pile diameter (L/D), for 
lower values of internal friction angle (e.g. ! = 20 degrees), the 
ultimate lateral bearing capacity of pile would first decrease and 
then increase. The most critical lateral bearing capacity would still 
happen at L/D = 3.5.  
6. Only in lower values (smaller than 2) or higher values (larger 
than 5) of L/D the ultimate lateral bearing capacity would decrease 
by increasing the internal friction angle (!). In the middle values of 
L/D, the ultimate lateral bearing capacity would increase by 
increasing the !.       
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Table 3: Comparison between the results of the ANN and the 
proposed Equation (Eq. 4) 

 

! L/D Qu (ANN) Qu (Eq. 4) ∆	(%)* 

20 

3 565 533 6 

3.33 536 433 23 

3.5 560 422 32 

4 669 552 21 

22 

3 649 616 5 

3.33 618 634 3 

3.5 661 661 0 

4 790 803 2 

24 

3 764 915 17 

3.33 782 1042 25 

3.5 861 1094 21 

4 981 1200 18 

25 

3 1158 1146 1 

3.33 1277 1323 3 

3.5 1451 1385 5 

4 1528 1453 5 

27 

3 1718 1770 3 

3.33 1995 2039 2 

3.5 2287 2112 8 

4 2166 2068 5 

28 

3 2484 2163 15 

3.33 2868 2474 16 

3.5 3039 2548 19 

4 2740 2430 13 

30 

3 2985 3112 4 

3.33 3300 3499 6 

3.5 3378 3569 5 

4 3142 3264 4 

 

* ∆	(%) = efg	(Zh.i)Bfg	(Ljj)fg	(Zh.i)
e × 100 
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Abstract 
 
This study was to assess the durability characteristics of lime-
wood ash stabilized lateritic soils. This was carried out to establish 
it as a more environmentally friendly and cheaper alternative to 
cement addition under moisture condition as is practice in 
standard stabilization techniques for pavement construction. Field 
sampling and testing were carried out in accordance to British 
Standard 1337 of 1992.  The soil samples were subsequently 
stabilized at constant lime contents of 2% and 4%, with variations 
of wood ash at 2%, 4% 6% and 8% and all percentages used were 
by the weight of dry soil to determine the influence of the 
stabilizing agents on the engineering properties of the soils. 
Durability tests were carried out according to BS 1924: Part 2: 
1990. Specific gravity was gotten to be 2.66, while grain size 
analysis value of 2.56%, 86.06% and 11.38% respectively was 
obtained for Gravel, Sand and Fine portions. The soils were 
classified as Fair to Poor, Clayey Soil (A-7-6) using the AASTHO 
classification system and Clay of High Plasticity (CH) in the 
Unified Classification System. The lateritic soils were of 
relatively high plasticity. 
Stabilization of the lateritic soil using lime in addition with wood 
ash was quite effective. Significant increase from 200.5kN/m3 to 
532.8kN/m3 and 571.5kN/m3 for 2% and 4% Lime addition at 6% 
Saw Dust Ash Content were obtained upon stabilization. 
Durability tests carried out on the samples showed that a 
resistance to loss in strength within the range of 67.33% to 
75.33% with maximum value obtained for samples with 4% Lime 
and 6% Wood Ash addition. Although, the values fell short of the 
80% used as evaluation criterion, the improvement of the soil 
shows effectiveness under poor moisture conditions, without 
losing much of their strength. 
 
Keywords: Stabilization, Lateritic Soil, Lime, Wood Ash, Strength, 
Durability 

1. Introduction 
 
The present economy quagmire of Nigeria is really hindering the 
construction industry, the cost of convectional materials is at high 
side and generally prices are unstable. It is pertinent that the way 
forward is to start cutting down cost of conventional materials. 
With advancement in technology, more local materials are being 
found and processed as alternatives to improving the quality of the 
material. 
Lateritic soils have been identified as the most common material 
for pavement construction in the tropics and sub tropics (Osunubi 
and Kate, 1997), and while some aspects of civil engineering are 
not concerned primarily with the properties of materials being 
used, highway engineers have to understand the behavior of 
utilized soil under a varying range of conditions (O’Flaherty, 
1974).  
Lateritic Soils are rich in iron aluminum, due to their wide 
availability in the tropical region they are a cheaper option and a 
common material for road construction in Nigeria. According to 
Millogo et al., (2012), Roads built with lateritic soil are subject to 
deterioration due to their geotechnical and mechanical 
characteristics when carrying intense traffic as well as during the 
rainy season. Ola (1977) highlighted that all Nigeria Lateritic soils 
from A-1a to A-7-6 soil can be improved with substantially lime 
stabilizer in Engineering. 
Amu et al., (2008) investigated the stabilization characteristics of 
lime on palm kernel blended lateritic soil, from the research, lime 
stabilization of palm kernel blended lateritic soil caused a 
plasticity index reduction and hence it improved workability of 
the material. 
While design must be accurate, it is imperative to consider cost of 
construction, materials to be utilized in the construction of 
pavements should be selected to give the most economic option 
without sacrificing safety. Soil stabilization, a process of treating a 
soil to maintain, alter or improve its performance as a construction 
material (Patel, 2012), has been employed as one of the best 
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alternatives to achieving an economic design. This may involve 
blending and mixing materials with another soil to achieve the 
wanted graduation and improve certain properties or the mixing of 
commercially available additives that majorly alter, texture or 
plasticity or cut as a blender for cementation of the soil 
(Ogundipe, 2013). 
Lime stabilization is one of the oldest method and widely 
embraced means of improving the engineering properties of soils 
and is widely utilized in stabilizing materials for use as both base 
and sub base (Garber and Hoel, 2000), also Dash and Hussain, 
(2012) highlighted that lime is one of the oldest road construction 
material, and many researchers such as Machedo et al., (2006), 
Consoli et al., (2009a) and Consoli et al., (2009b) have shown that 
lime is a good soil stabilizing agent. 
 The addition of lime with other materials such as cement and fly 
ash, have been found to have beneficial effects on engineering 
properties, including reduction in plasticity, improved workability, 
increased strength, and enhanced durability (Riskowski, 2004).  
Several successful studies have been carried out on the 
stabilization of soils, using lime and additives such as cement (e.g. 
Ola, 1977; Bell, 1996; Adeyemi et al., 2003, Al Rawas and 
Goosen, 2006). While these methods have been effective, they 
have been in recent times either partially or totally replaced 
because of the high cost of purchase and difficulty in accessing 
when required. Unfavorable exchange rates, high import costs, 
quality control and environmental issues have shifted focus in 
more recent times to more locally available alternatives which are 
more accessible, relatively cheap and environmentally friendly. 
Research carried out utilizing locally sourced materials, such as 
blast furnace slag, cement kiln dust, carbide waste, rice husk ash, 
groundnut shell ash sugar cane bagasse and wood ash to stabilize 
soils have recorded improvement in their geotechnical properties; 
including Plasticity Index (PI), Unconfined Compressive Strength 
(UCS), and Carlifornia Bearing Ratio (CBR) (Hughes and 
Glendinning 2004; Iorliam et al. 2012a; Agbede and Joel 2011; 
Okafor and Okonkwo 2009; Oriola and Moses 2010; Medjo Eko 
and Riskowski 2004).  
According to Ugbe (2011), lateritic soils, which are the products 
of intensive weathering resulting in the accumulation of the 
hydrated iron and aluminum oxides which are primarily clay. 
High clay content in some laterites result in a low bearing capacity 
and low strength especially in the presence of moisture. High 
plasticity values may also cause cracks or damage on pavement 
and road ways. Thus, on many flexible pavement constructions 
involving laterites, improvement in the plasticity, strength and 
durability of lateritic soil in the recent time has become a 
necessity. Wood waste from local saw mills have been found to be 
a suitable alternative to the use of cement or fly ash in addition 
with lime for stabilization (Okunade, 2008). Apart from being a 
valuable source of stabilization, the use of wood ash also solves 
the problem of waste and environmental pollution, as wood waste 
is most times dumped or burnt indiscriminately, negatively 
impacting the environment (Amu and Babajide, 2011). Ondo state 
is one of the largest producer of wood and wood products in 
Nigeria and accounts for majority of wood waste production in the 
country. This stabilization effort would find a sustainable 
approach to fixing the problem of wood waste and reverse its role 
from being a problem to a valuable raw material in construction. 
The Ability of wood ash in combination with lime is researched 
into, particularly the durability properties, as this affects the 
performance of the stabilized soil under unfavourable conditions 
like saturation, where the presence of clays in soil cause a 
decrease in strength and bearing capacity. 
 

2. Materials and Methods 
 
2.1 Materials and preparation 
 
This study was conducted at the Geotechnical laboratory of the 
Department of Civil and Environmental Engineering, The Federal 
University of Technology, Akure, Nigeria. The materials used 
were: lateritic soil, lime, wood ash and potable water. The lateritic 
soil samples were obtained from a lateritic soil deposit around the 
West gate of the Federal University of Technology, Akure. It was 
collected at a depth of 1.2 m at 2 different points of about 3 m 
apart using the trial pitting method to recover disturbed samples, 
while hydrated lime was purchased in 25 kg bags from a standard 
chemical store. Wood waste was collected from one of the various 
commercial plank markets along the Akure-Benin road in Ogbese, 
Akure-North Local Government Area of Ondo State in bags and 
incinerated into ash in a furnace at temperature of up to 500oC 
after which it was allowed to cool and thoroughly ground. It was 
then sieved through 75μm sieve as required by BS 12 (1996). 
Potable water was available in the laboratory. Proper care was 
ensured in handling and storing the samples. 

2.2 Methods 
 
Index property (preliminary) tests such as natural moisture 
content, specific gravity, particle size analysis and Atterberg’s 
limits test were firstly carried out according to BS 1377: Part 2 
(1990) on the soil samples. The soil samples were subsequently 
stabilized at constant lime contents of 2% and 4%, with variations 
of wood ash at 2%, 4% 6% and 8% in order to determine the 
effect and required mix ratio for optimum stabilization of the 
samples. Unconfined compression (BS 1924: 1990) and durability 
tests were carried out on both natural (control) and stabilized soil 
samples. As neither unconfined compressive strength test nor the 
California bearing ratio test fully reflects the ability of the 
stabilized materials to withstand the effects of harsh conditions 
and perform optimally under saturation. The durability test is 
employed to assess the ability of the laboratory specimens to resist 
exposure to effects of wetting and drying conditions. The BS 
1924: Part 2 (1990) was followed which adopts the unconfined 
compressive strength. Two identical sets (3 samples each) of UCS 
specimens were prepared with one set cured at constant moisture 
content for seven days. At the end of the seven-day period, the 
samples are then immersed in water to cure for another seven 
days, while the other set is cured by immersion in water for 14 
days. After 14 days, both sample sets were crushed and durability 
was determined as the strength of the set firstly cured at constant 
moisture content expressed as a percentage of the strength of the 
set immersed in water. This index is a measure of the resistance to 
the effect of water on strength. These properties determined were 
compared with the control to assess the effects of Lime-Wood ash 
on the stabilized samples. The conventional criterion of a 
maximum allowable loss in strength of 20%, which translates to 
80% resistance to loss in strength (Ola 1974) was adopted. 

 
3. Results and Discussion  
 
3.1 Preliminary Test 
 
The average moisture content of the samples collected was 
obtained to be 13.81%. Sample was collected after a previous 
rainy day and this could largely affect the moisture content value 
obtained from the test. Specific gravity values for the soil sample 
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was obtained to be 2.66. The typical range of specific gravity for 
tropical iron-rich laterite, as well as some lateritic soils is usually 
between 2.75 and 3.0, the presence of sand particles composed of 
quartz would be responsible for the drop in specific gravity values 
Trow & Morton (1969). Also, according to Das (2000) most clay 
minerals have specific gravity falling within a general range (1.6-
2.9), therefore, the soil sample contains halloysites. 
Grain size distribution curve for the soil sample is given in Fig. 1. 
The percentage gravel, sand and clay fractions were obtained as 
2.56%, 86.06, and 11.38%, respectively. It is significant to note 
that the presence of clay content within the soil sample serves as a 
high source of silica for pozzolanic reaction during stabilization. 
The Uniformity Coefficient Cu and Coefficient of Curvature Cc 
were obtained as 41.72 and 0.66 respectively, making the soil well 
graded.  

 
Fig.1. Particle Size Distribution Curve for Lateritic Soil 

 
Moisture content at Liquid Limit of the sample was obtained to be 
41.5%, while Plastic Limit was a relatively high value of 20.6%. 
The plasticity Index was calculated to be 21.0%. Linear shrinkage 
for the soil sample was gotten to be 5.7mm. The Soil has a group 
index of 18.4 and is classified as CH in the Unified Soil 
Classification System and as fair to poor clayey soil (A-7-6) 
Material under the American Association of State Highway and 
Transportation Officials (AASHTO), widely used by many state 
and federal highway departments for road related constructions 
with soil. The soil is described as a fair to poor, Reddish-brown, 
Clayey Lateritic Soil Sample. According to Nigerian General 
Specification (1997), this type of soil cannot be used directly as 
road base for flexible pavement. It therefore needs to be stabilized. 
Compaction test carried out on the natural soil sample gave the 
values of the Maximum Dry Density to be 1812.5 kg/m3 at an 
Optimum moisture content of 15.70%. The values of MDD and 
OMC gotten from the Compaction test were utilized in 
compacting the soil sample for the CBR test. A maximum CBR 
value of 9.9% was gotten for Top and 9.5 % for the Bottom. 
Unconfined compression test carried out on the soil sample gave 
the strength value to be 200.5 kN/m2. The summary of the 
preliminary and strength test results for the natural soil samples 
are shown in Table 1. 
 
3.2 Unconfined Compression Test 
 
The effect of Lime-Wood ash additive on the unconfined 
compressive strength (UCS) of the soil is shown in Fig. 2 below. 
The improvement in strength of treated soil is attributed to soil-
lime-ash reaction, which results in the formation of cementitious 
compounds that binds soil aggregates (Locat et al. 1990; 
Narasimha Rao and Rajesekaram 1996). Furthermore, the addition 
of Saw Dust Ash at each specified lime content further increased 
the UCS. This increment was rapid between 0 to 6% Saw Dust 
Ash (SDA) content but decreased in rate from 6 to 8% SDA 

content. The decrease in rate of strength increase after 6% could 
be attributed to the SDA being in excess.  

 
Figure 2: Variation of Unconfined Compressive Strength with 

Saw Dust Ash Content 
 
Table 1: Summary of properties of soil samples 
Property Quantity 
Natural moisture content (%) 
Colour 
% Gravel 
% Sand 
% Fines 
Specific Gravity 
Liquid Limit (%) 
Plastic Limit (%) 
Plasticity Index (%) 
Group Index 
USCS Classification 
AASHTO Classification 
Maximum Dry Density (kg/m3) 
Optimum Moisture Content (%) 
Unconfined Compressive Strength (kN/m2) 
California Bearing Ratio (Unsoaked) (%) 

13.81 
Reddish Brown  

2.56 
86.06 
11.38 
2.66 
41.5 
20.6 
21.0 
18.4 
CH 

A-7-6 
1812.5 
15.70 
200.5 
9.9 

 
3.3 Durability Tests 
 
Unconfined Compressive Tests were carried out on samples cured 
at Constant Moisture Content (CMC) wrapped in black 
polyethene nylon bags and a different set cured in water up to 14 
days after prior curing for 7 days. There is a remarkable difference 
between the constant moisture cured and water cured samples as 
evident in Figure 3.  
Table 2 shows the respective compressive strengths of samples 
both cured at constant water content (CMC) after 7 days and at 14 
days respectively with water for the different Lime-Saw Dust Ash 
additions. This increment was also between 0 to 6% Saw Dust 
Ash content but decreased slightly from 6 to 8% Saw Dust Ash 
content. Owing to the fact that curing and chemical has occurred 
in the samples, it is believed that the Ash content is in excess from 
beyond 6%. 
Durability test results showed that a maximum resistance to loss 
in strength value of 75.33% was attained from the tested samples 
at 4% Lime and 6% Wood Ash addition. Although, the values fell 
short of the 80% used as evaluation criterion (Ola 1974), they still 
show some promise for effectiveness under poor moisture 
conditions, without losing much of their strength. The 
improvement of the soil from an A-7-6 (fair to poor) via 
stabilization is found to be satisfactory. 
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Figure 3: Variation of Unconfined Compressive Strength of 14 

Days Cured Samples 
 

 
 

Figure 4: Variation of resistance to loss in strength with Wood ash 
additions 

 
  
Table 2: Unconfined Compressive Strength of Cured Stabilized Samples 

 Compressive 
Strength (kN/m2) 

2% Lime 4% Lime 

0 2 4 6 8 0 2 4 6 8 

CMC* 535.2 784.3 904.6 1003.1 997.2 752.42 932.7 1060.1 1157.1 1123.3 

Cured 987.12 1164.79 1283.87 1374.71 1365.24 1103.54 1294.2 1442.5 1536 1524.3 

Resistance to Loss 
in Strength (%) 54.22 67.33 70.46 72.97 73.04 68.18 72.07 73.49 75.33 73.69 

*CMC – Cured at Constant Moisture Content up to 14 days, after prior 7 days of water curing 
 

4. Conclusions  
 
This study has evaluated the extent to which wood ash and lime 
can improve the physical, as well as the mechanical property of 
clay. The results from this research has significant implementation 
for making use of locally sourced material (Saw Dust) possible 
and thus lowering construction costs. 
Significant conclusions from this research include 
1. The lateritic soil is classified as A-7-6 or CH in accordance 
with AASHTO (1986) and Unified Soil Classification Systems. 
2. There is an observed decrease in the Maximum Dry Density 
(MDD) of the lateritic soil and increase in the Optimum Moisture 
Content (OMC). This is due to chemical reactions between the 
lime, ash and clay portion of the soil. Also, the addition of lime 
causes an increase in the amount of water required. 
3. There is a general increase in strength with increase in Lime 
content from 2% to 4%. 
4. Further addition of Saw Dust Ash improved the properties of 
the lateritic soil up till 6% after which there was slight decrease in 
the same properties. 
5. Specimens treated with 4% lime and 6% Saw Dust Ash yielded 
a maximum UCS value of 571.5 kN/m2 to 1536.02 kN/m2 on 
curing (14 Days) from an untreated value of 200.5 kN/m2. CBR 
values increased from 9.9% to 30.9%.  
6. Stabilized samples improved in strength on curing with 
percentage improvement with a maximum UCS value of 1536.0 
kN/m2 at 4% Lime and 6% Wood Ash addition. 
7. There is remarkably high Resistance to Loss in Strength (RLS) 
for stabilized samples, with maximum RLS values at 75.33% at 
4% Lime and 6% Wood Ash additions. Although they do not meet 
up with the 80% criterion by Ola (1974), they show promise of  

effectiveness under unfavorable conditions. 
It is therefore concluded that low performance lateritic soils can 
be successfully stabilized for use in pavement construction with 
the combined effect of wood ash and lime at 6% and 4%, batched 
by weight respectively. It is worthy of note that this stabilization 
process not only significantly reduces the cost of carrying out 
projects that would otherwise have incurred high cost due to cut 
and fill practices, but also reduces the environmental problems 
associated with indiscriminate disposal of wood waste. 
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Abstract 
 
Presented in this study is a combined approach for determining 
turning movements at traffically indeterminate T-junctions with 
U-turns. This approach combines the use of turning movement 
counts for the three redundant turning movements together with a 
mathematical model to be developed that relies on link counts and 
a volume count at a chosen section within the intersection. The 
model consists of a consistent system of six linearly independent 
algebraic equations in nine unknowns. The paper shows that the 
use of an internal section for volume count inside the junction is 
required for the system of equations to be linearly independent. 
For each chosen internal section within the junction, the Gaussian 
elimination process on the system of equations shows that there is 
a certain traffic stream (turning movement) that can be determined 
directly as it is independent of the three redundant traffic streams. 
The choice of the three redundant turning movements, determined 
manually or by video-camera, is subjected to some restrictions 
depending on the internal section used. The choice of all three U-
turns as the redundant turning movements is always correct and 
possible. The paper reveals also that other combinations of three 
redundant turning movements, are also possible. Such a 
combination represented by two right-turning movements with a 
U-turn, was applied successfully. The application of the developed 
approach on a T-junction with U-turns and known O-D matrix 
validated this economic approach. One case study for a T-junction 
utilizing traffic data collected from the urban area of a city in Iraq, 
are set up to demonstrate the application of the proposed 
combined approach. The traffic data was collected both manually 
and by automatic traffic counters. Before using the automatic 
counts in the developed approach, they were corrected for 
undercounting and inconsistency of in- and outflows. The 
estimated turning movements using the developed approach are in 
good agreement with those obtained manually indicating the 
reliability of the developed approach for T-junctions with U-turns. 
 
Keywords: mathematical modeling, O-D matrix, traffic 
engineering, T-junction, traffically indeterminate intersections, 
turning movements 
 

1. Introduction 
 
Traffic data collections for road junctions are an essential 
foundation for a variety of uses such as traffic control, geometric 
design, traffic impact assessment and transportation planning 
[1,2]. Turning movement field data for a road junction, whether 
signalized or unsignalized,  can be collected by automatic counters 

[3], videoing techniques [4] or manual methods [5].The use of the 
manual method and the automatic counters such as the pneumatic 
tube detectors, is very popular in developing countries. 
 In developing countries, U-turning movements at unsignalized as 
well as signalized intersections with non-traversable median cross 
sections have been reported by many authors [3,6,7,8]. At a T-
junction in Baghdad, Iraq, it was found that the highest U-turn 
volume was about 7.4% of corresponding link inflow, while in 
Hilla city (Babylon), Iraq, the highest U-turn volume at T-
junctions was low of about 2.5 % of corresponding link inflow 
[6]. In developed countries such as the United States, there are 
junctions with prohibited or permitted U-turns depending on the 
State. The research team mentioned in [9] collected traffic data at 
13 unsignalized intersections (with U-turns) in the Tampa Bay 
area of Florida, USA, while in other States like Michigan, U-turns 
and /or left turns are prohibited at some junctions. 
 According to [10], the T-junction (three-legged intersection) is 
the most common type of road junctions resulting from 
intersecting roads at an angle of 750 to 1050. Due to the 
complexity of the problem of road junctions with all possible 
turning movements, the present paper is devoted only to the 
general case of a T-junction with U-turns having accordingly nine 
turning movements (nine traffic streams). 
Similar to statically determinate and statically indeterminate 
structures, road junctions have been classified into two groups, 
namely traffically determinate and traffically indeterminate road 
junctions [3]. A traffically indeterminate junction is one that 
provides a number of linearly independent equations which is less 
than the number of turning movements in that junction. The 
difference between the number of turning movements and the 
number of available equations represents the redundant turning 
movements. Thus, the traffically determinate junction is that with 
zero redundant turning movements. Accordingly, the T-junction 
with U-turns of interest in this paper is traffically indeterminate 
having three redundant turning movements as will be shown under 
section 4.  
The manual method for collecting traffic field data at road 
intersections is the most expensive especially when the traffic 
flow is high, and the junction is large. In addition, the analysis of 
data to get the turning movements matrix is time consuming and 
therefore costly. Accordingly and due to the fact that the use of 
automatic detectors is much economical if they can yield the 
traffic matrix with the full /partial help of mathematical models, a 
number of methods were developed for estimating turning 
movements at road intersections making use of traffic flows 
entering and leaving the intersection [3,11,12]. An estimation 
procedure for an intersection turning movements based on path 
flow estimator was suggested in [12]. A technique for data 
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collection and proposal for estimating turning movements at 
roundabouts was developed as in [13]. 
The accuracy of turning flow estimates at road junctions from 
traffic counts was examined as in [7,14]. A relative difference of 
about 22.5% for traffic flows in the region of about 1575 vph 
(vehicle per hour) and an absolute difference of 74 vph for traffic 
flows of 454 vph was accepted as in [14]. However, a relative 
difference between actual and estimated flow of 13.1% for traffic 
flows of 168 vph was accepted as in [7]. 
Based on video recordings [15], the errors in 5-minute counts 
were reported to be less than 1% and errors in vehicle 
classification were between 4 and 5%. The accuracy of estimation 
of turning flow counts data gathered manually at four intersections 
has been tested as in [8] who concluded that the higher the number 
of legs in an intersection, the lower the accuracy of estimation. 
However, the estimation of turning movements relied heavily on 
the initial model inputs.  
 

2. Aim of the Study 
 
To achieve a very economic and optimum solution for 
determining turning movements at road intersections, the traffic 
engineer aims at reducing or eliminating, if possible, the manual 
observers /data collectors to cut the cost of such traffic data 
collection survey. The aim of this paper is to develop a combined 
approach for determining turning movements at traffically 
indeterminate T-junctions with U-turns. This approach combines 
the use of turning movement counts for the three redundant 
turning movements together with a mathematical model to be 
developed that relies on link counts and a volume count at a 
chosen section within the junction. 
The analysis of  the  model  will yield the turning movement that 
can be determined directly from the model  and will allow the 
selection of the three redundant traffic streams with the 
restrictions on their selection. The application of the developed 
approach on a T-junction with known O-D matrix, will validate 
this economic approach. One case study for a T-junction utilizing 
traffic data collected from the city of Hilla, Iraq are set up to 
demonstrate the application of the proposed combined approach.  
 
3. Mathematical Modeling for a T-Junction with 
U-turns 

 
To develop the required mathematical model for use in accurately 
estimating turning movements at a “traffically indeterminate” T -
road junction as shown in Figures 1& 2, the following two 
assumptions are made.  

The first assumption is that the traffic flow through the junction is 
continuous (flow conservation that means total inflow is equal 
total outflow),while the second is that the  traffic is homogeneous. 
Accordingly, the following equation of continuity of flow applies: 
 
        E1+E2+E3=L1+L2+L3                                                             (1) 

                                                                                                                             
where   Ei = actual volume of traffic entering the junction from 

road no. i (i=1,2,3), Li =actual volume of traffic leaving the 
junction from road no. i (i=1,2,3). 
The assumption of homogeneous traffic is true in urban areas 
where the traffic consists mainly of passenger cars. In rural areas, 
the traffic composition is generally non-homogeneous. However, 
for mixed traffic [16], each traffic category can be treated 
separately. 
 

  
Fig. 1.  Turning movements at a Traffically Indeterminate T-

junction 
 
Based on the assumptions made above, the mathematical models 
for “traffically indeterminate” T-road junctions can be formulated 
bearing in mind that each section count yields one equation. To 
arrive at a linearly independent system of algebraic equations [17] 
for a junction, one section count either at an entrance to or exit 
from the junction, should be omitted and replaced by a section 
count inside the intersection. 

Note that for the case of inconsistent in- and out-flows, which is 
common when using automatic traffic counters, the correction 
method as in [18]  can be applied to increase the accuracy of 
results of the mathematical models. Similarly, automatic counts 
should be corrected for undercounting using proper correction 
factors as presented in [3,6]. 
For this purpose, the mathematical model for traffically 
indeterminate T-road junction is to be developed for each of the 
two possible locations of the internal section within the junction. 
 

3.1. Mathematical Model for a T-Junction with Internal 
Section S1 
For the T-junction shown in Figure 1, cross-section counts at all 

 

 
Fig. 2.  Locations of cross-section volume counts at the entrances 

and exits of a T-junction 

 
entrances and exits of the three roads of the junction should be 
carried out (see Figure 2) although one of these counts could be 
cancelled but it is useful for checking the validity of Equation 1. 
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These counts yield five linearly independent equations. The 
necessary additional internal section, for example, S1 
(perpendicular to the main road 2-3) shown in Figure 3, will 
provide the sixth equation of the system of linearly independent 
algebraic equations. 
In matrix form and following the counterclockwise numbering 
of the three links of the junction as shown in Figure1, this system 
of equations, after omitting L3, becomes: 
 
                                         AB=C                                                  (2)                                                                                                                
 
A = coefficient matrix 
 

 
Fig. 3.  Internal section S1 inside the T-junction with the 

corresponding turning movements   
 

      A=                                (2a)                  

 
             B=[T11 T12 T13 T21 T22 T23 T31 T32 T33]T              (2b)       

 
            C= [L1 L2 S1 E1 E2 E3]T                                        (2c)                                                                                                                          

 
B== column vector of unknown  traffic streams (unknown turning 

movements) ; C= column vector of known quantities                                                 
Tii =traffic flow count from and to road ( arm or link) i(i.e.Uii-
turn) 
S1 = traffic flow count at the internal section S1 (perpendicular to 
the main road) 

Tij= traffic flow count from road i to road (arm or leg) number j 

It is quite obvious that there are six equations in nine unknowns. 
However, it can be shown easily that the system of equations is 
consistent as the augmented matrix [17] has the same rank as the 
coefficient matrix. 
  
3.2 Mathematical Model for a  T-Junction with 
Internal Section S23 
 
This case is quite similar to that discussed under 3.1 but with the 
exception of using the internal section S23  (between links 2 and 3) 
as shown in Figure 4.   

 
Fig. 4.  Internal section S23 inside the T-junction with the 

corresponding turning movements 
 
In matrix form, this system of equations, after omitting L3,       
becomes: 

                                            A1B1=C1                                                                 (3)  
 

              A1=                  (3a)                                                                

 
                   B1=B=[T11 T12 T13 T21 T22 T23 T31 T32 T33]T             (3b)            

 
                  C1=[L1  L2  S23  E1  E2  E3]T                                        (3c) 

        
Here again ,it can be shown easily that this system of six 
equations in nine unknowns is consistent and, as it will be 
discussed in subsequent sections, linearly independent. 

 
4. Solution Vectors 

4.1 Solution Vector for the case of Internal Section S1 
Using the Gaussian elimination process [17],it can be shown 
easily that Equation 2 reduces to the following form: 

 
                                 A*B=C*                                                      (4)                                                                                                                                                                    

     A*=                       (4a)                                                

 
 
 

C*=[L1  L2  (S1-L1)  (S1+L2-E1)  E3  (S1+L2-E1-E2)/2]T           (4b) 
 
As there is no zero row in the coefficient matrix A*   represented 
by equation (4a), this proves that the system of equations is 
consistent and linearly independent 
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However, the last row of the coefficient matrix A* reveals that the 
turning movement or traffic stream T32 can be obtained directly in 
terms of known values from the traffic counts at the road junction 
as follows: 
 
                                T32= (S1+L2-E1-E2)/2                                  (4c)  

                                                                    
 Accordingly, the traffic stream T32 can not be chosen as a 
redundant traffic stream. 
Taking this into account, the matrix Equation 4 can be simplified 
as follows 

 
                               A2 B2=C2                                                       (5) 

                                                                      

           A2=                        (5a)                                                    

 
  B2=[T11 T12 T13 T21 T22 T23 T31 T33]T                                                           (5b)          

 
C2=[L1  (L2-T32)  (S1-L1-T32)  (S1+L2-E1-2T32)  (E3 –T32)]T         (5c) 

                                          
It is quite obvious from equation 5 that there are five algebraic 
equations in eight unknown traffic streams. Thus, to achieve a 
unique solution, any three redundant traffic streams (turning 
movements) from vector B2 (provided that at least one non-zero 
element remains in each row of matrix A2) should be determined 
in advance. It is wise to choose three light turning movements 
from vector B2 that can be obtained and analyzed easily and 
economically from the traffic survey at the road junction. 
 
4.1.1 U-turns as the three Redundant traffic streams  
 
If the three U-turns (Ui i= Tii) are light, then it is advisable to 
choose them as the three redundant turning movements (traffic 
streams). Accordingly, matrix Equation 5 can be written as 
follows:    
 

 =                                       

                                                                                                      (6) 

Using any method of solution of Equation 6, it can be shown 
easily that the solution vector becomes 
 
[ T12  T13  T21  T23  T31  ]T= 

 
          0.5 ( E1+E2+L2-S1) U22 
         0.5 (S1-L2+E1-E2) -U11+U22 

         0.5(S1+L2-E1-E2-2 E3) +L1-U11+U33                        (6a)        
         0.5(E1+3E2-S1-L2)+ E3-L1+U11-U22-U33   
             0.5 (E1+E2+2E3-S1-L2 )-U33 
 
 
Thus, the complete solution vector can be written as follows: 

 

        =        (7)                                  

                                                                               
4.1.2 Two right turns with one U-turn as the redundant 
turning movements 

 
When the two right turning movements are light or in the case of 
separated turning lanes through either channelization or pavement 
marking indicating for right turns only, then these two turning 
movements can be chosen as two redundant traffic streams. The 
remaining third redundant should be chosen so that each algebraic 
equation of the matrix equation should contain at least one 
unknown traffic stream. 
Thus, considering T11, T12 and T31 as the redundant steams, the 
matrix Equation 5 can be simplified to the following form: 

 

  =  

   

                                  (8)                                                                                                                                

 
The solution of this system of equations reveals the following 
solution vector: 

 
[ T13  T21  T22  T23  T33]T = 

            (8a) 

Thus, the complete solution vector becomes: 
 
[ T13  T21  T22  T23  T32  T33]= 
 
 

     (9)  
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4.2 Solution Vector for the case of Internal Section S23 
 

Using Gaussian elimination ,the matrix Equation 3 reduces to the  
following form 

: 
                            A*2B*2=C *2                                                             (10) 
 

     A*2=        (10a)       

 
                           B*2=B*1=B                                                    (10b) 
C*2=[L1  L2   S23  0.5(L1+L2-E1+S23)  {E2+0.5(E1  
                    -L1-L2-S23)} {E2+0.5(E3+E1-L1-L2-S23)} ]T           (10c)  

 
It is obvious from the matrix Equation 10 that the traffic stream 
T23 can be obtained directly without the knowledge of the three 
redundant traffic streams as follows 
 
              T23= 0.5(E3+2E2+E1-L1-L2-S23)                                 (10d) 

 
Tt taking this into account, the matrix Equation 10 can be 
simplified as follows: 
                                  A**2 B**2= C**2                                     (11)  

                                                                               

A**2=                         (11a)  

 
B**2=[ T11  T12  T13  T21  T22  T31  T32  T33]T                              

(11b) 
 

       C**2=[L1  L2  S23  0.5(L1+L2-E1+S23)  (-2E2-  
       E1+L1+L2+S23+2T23)]T                                                                               (11c)  
  
 

4.2.1 First option for selecting the three redundant 
traffic streams 
 
If all three U-turns are considered as the three redundant traffic 
streams, then the matrix Equation 11 can be simplified as follows: 

      
A***2 B***2= C***2                                                            (12)      

A***2 =                                                

(12a)                                                                               
 

B***2=[T12   T13   T21   T31   T32]T                                            (12b) 
 

 C***
2=[(L1-T11)  (L2-T22)  (S23-T22-T33)  {0.5(L1+                                                                                                                                                                                   

           L2-E1+S23-T33)-T22}  (L1+L2+S23- E1-2E2+ 2T23-T33)]T                                                                                                                                                                                                                         
                                                                                                  (12c) 

 

The solution of Equation 12  yields: 

 
Thus, the complete solution vector can be written as follows 

  =     (13) 

 
 

4.2.2  Second option for selecting the three redundant 
traffic streams 
 

If the two right turns T12 and T31 with the U-turn T11 are 
considered to be the three redundant traffic streams, then Equation 
11  can be reduced to the following five equations: 
 

 =  

The solution of this equation yields 

 

 Thus, the complete solution vector becomes:  
 
[ T13  T21  T22  T23  T32  T33 ]T = 

 

                                                                                                                                     
(14)                                            

 5. Validity of developed model 
 
To validate the developed algorithm, it is necessary to apply it to a 
case of known origin-destination matrix. Such a case was 
presented by [6] under the supervision of the author, for which the 
manual traffic survey at a T-junction in Babylon Governorate 
(Hilla city- urban area) revealed the complete data shown in Table 
1 using the link numbering system of this work. 



65

Razouki

 
Note that at the locations of the automatic counters, link #1 was a 
three-lane dual carriageway ,while link# 2  was a two-lane dual 
carriageway and link #3 was a three-lane dual carriageway .The 
manual count at the internal section was carried out at S23 .To 
carry out the survey perfectly with checking, ten observers were 
required. However, only four observers were available and used to 
follow directly the traffic streams at this signalized junction with 
homogeneous traffic for one hour namely 9:30-10:30 am on 
Sunday March 14,1993.  
It is quite obvious from Table 1 that inflow is equal to the outflow 
and that there are three U-turns namely U11= 11 vph, U22=4 vph 
and U33= 39 vph. Note that the inflows, outflows and the three U-
turns are the only values required for the developed algorithm. 
Using matrix Equation 13 in connection with internal section S23, 

the solution vector becomes:  
 
[ T12  T13  T21  T23  T31  T32 ]T =   [249  1031  328  362  1176  331]T       
vph                                                                                               (15)  

 
This solution vector is in complete agreement with the manually 
collected data of Table 1 proofing the validity of the developed 
algorithm. 
If the three redundant traffic streams considered are two right 
turns and one U-turn namely, T12,T31 and T11  with internal section 
S23,then the use of Equation 14  yields the following solution 
vector: 

 
[ T13  T21  T22  T23  T32  T33 ]T = [1031  328  4  362  331  39 ]T                                                                               

( 16) 
 
Here again, this solution vector is in complete agreement with the 
manually collected data of Table 1 proofing the validity of the 
developed algorithm. In a similar way, the validity of the 
developed algorithm can be shown easily for the case of using 
internal section S1. 
 
6. Case Study 
 
To demonstrate the application of the proposed combined 
approach and its reliability in practice, a case study for a T-
junction utilizing traffic data collected from the city of Hilla, Iraq 
are set up for this purpose.  

The economic benefit of the developed algorithm lies in the 
possible use of automatic traffic counters (ATCs) at the entrances, 
exits and at an internal section of the junction to eliminate or 
minimize the required number of observers for the survey. 
However, various faults are liable to occur in the automatic counts 
requiring some corrections. The first correction is that due to 
under-counting of the automatic traffic counters. For this purpose, 
the use of an adjustment factor by which the automatic count 
should be multiplied to yield results close to the actual count, is 
required. The adjustment factor depends on the quality and 
position of the counter, amount of maintenance as well as on the 
number of lanes and the traffic volume at the time of the survey.  
For entrances and exits of the junction, use can be made of the 
following values for peak hour conditions, namely: 1.09 ,1.18 and 
1.24 for 2-,3- and 4-lane entrances/exits respectively [6]. For the 
internal section within the junction, it is recommended [6] to use a 
correction factor of 1.52 for light flow (off-peak period) and 1.91 
for heavy flow (peak hour flow). The second correction to 
automatic counts is due to inconsistent in- and out-flows. The 
difference between the total in –and out-flows obtained from 
ATCs can be distributed as in [18]. 
For the T-junction discussed above, data was collected using both 
the manual method and the pneumatic tube detectors method as 
shown in Table 1. This gives the possibility of presenting and 
discussing the advantage of the developed algorithm in 
minimizing the number of observers required for the collection of 
turning movements data. Comparing the data in brackets in Table 
1 representing the automatic traffic counts with the corresponding 
manual counts, the problem of under-counting of ATCs as well as 
of inconsistent in- and outflows, becomes obvious. Table 2 shows 
the corrected automatic counts for undercounting using the 
suggested correction factors by [6]. 

  
Table 2. Corrected Automatic Counts for Undercounting  

  for the T-junction in Hilla City, Iraq 
Link Link 1    Link2      Link 3 Total 

Number of lanes per 
entrance 
 or exit 

Correction factor for 
 undercounting    

ATC for inflow (vph) 
Corrected link inflow (vph) 

ATC for outflow (vph) 
Corrected link outflow 

(vph) 

2          3          3 
 

1.09       1.18      1.18 
 

596        1044     1256 
650        1232     1482 
513        1251     1204 
559        1476     1421 

 
 
 
 

2896 
3364 
2968 
3456 

 
 
The corrected count at the internal section becomes 
  

S23=1.91x 689=1316 vph 
 

It is quite obvious from Table 2 that the total in- and outflows are 
inconsistent by 3456-3364=92 and they should be corrected using 
the correction factor C as in [18] as follows: 

 
 

Ci =1+y for inflows, Co=1-y for outflows                                         
 

Where   y= difference between out-and inflows / sum of total in- 
and outflows        

 
 For this case y= 92/ (3364+3456) = 0.0135 

 

 

Table 1. Traffic Manual Count Matrix for a T-junction in Hilla City, Iraq *   

                     To       Link 1               Link 2              Link 3            Link inflow    Volume count at S23 

From                                                                                                       (vph)                      (vph) 

Link 1                             11                     249                    1031         1291  (1044) 

Link 2                           328                         4                       362           694  (596)          1402  (689 ) 

Link 3                           1176                  331                        39            1546  (1256) 

 

Link outflow (vph)       1515                 584                     1432          3531  ( 2896)      

                (1251)              (513)                   (1204) (2968 ) 

* data in brackets represents automatic traffic counts 
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By substituting the in- and outflows from Table 3 together with 
the corrected S23 value of 1316 vph into equation 13, the resulting 
turning movements become:  
[T12  T13  T21  T23  T31  T32 ]T = 

 [ 247  991  283  373  1163  301 ]T  
 
 

 Table 3. Final Corrected In- and Outflows for the T-junction 
 in Hilla City, Iraq 

 
Link  Link1 Link 2   Link3  Total 

Corrected ATC for inflow 
(vph) 

 
Correction factor Ci    

Final corrected inflow 
(vph)  

Corrected ATC for outflow 
(vph) 

Correction factor Co 
 

Final corrected outflow 
(vph)                            

650     1232       1482 
 
 
1.01351.0135 1.0135 
659     1248       1502 
 
559      1476      1421 

 
0.986   0.986   0.986 

 
551   1456       1402             

3409 
 
 

3409 
 

 
   

Table 4 shows that the estimated turning movements on the basis 
of ATCs and the developed algorithm are in good agreement as 
the maximum relative difference obtained is 13.72% which is 
much less than that of 22.5% accepted by [14]. This indicates that 
the developed algorithm provides great economic benefit even 
when corrected automatic count results are used as input data. 
Thus, the developed approach is quite reliable. 

 
Table 4. Comparison of Turning Movements from Manual 

Count with Corrected ATCs Using the Developed Algorithm 
 

Turning 
movement 

 (vph) 

Manual 
count 
(vph) 

Corrected 
ATC 
(vph) 

Absolute  
difference* 

(vph) 

Relative 
difference** 

(% ) 
 

T12 
T13 
T21 
T23 
T31 
T32 

249 
1031 
328 
362 
1176 
331 

247 
991 
283 
373 
1163 
301 

2 
40 
45 
-11 
13 
30 

0.80 
3.88 
13.72 
-3.04 
1.11 
9.06 

*Absolute difference=manual count- corrected ATC 
** Relative difference=absolute difference /manual count 

 
8. Conclusions 
 
The main conclusions of this work can be summarized as follows:  
1. The mathematical model as part of the combined approach, can   
be applied for homogeneous traffic. For the case of classified   
traffic count, the model can be applied for each traffic category 
separately. 
2. The use of an internal section within the intersection is 
necessary to provide a consistent system of six linearly 
independent algebraic equations in nine unknowns. 
3. For each chosen internal section for volume count within the 
junction, there is one traffic stream (turning movement) 

independent of the redundant three traffic streams and accordingly 
it can be determined directly. 
4. The choice of the three redundant traffic streams should follow 
certain restrictions depending on the internal section used. 
5. The use of the three U-turns as the three redundant traffic 
streams is always possible for any internal section chosen for 
traffic volume count. The use of any other three redundant traffic 
streams is possible but it is subjected to certain restrictions. 
6. The validity of the developed models is proofed by applying 
successfully the developed mathematical models on a T-junction 
with U-turns. For the studied case, the O-D matrix obtained from 
the model is in complete agreement with that obtained manually. 

7. The use of the proposed mathematical models could save time 
and cut on labor costs as well as    savings due to time required for 
the analysis in calculating the required turning movements. 
8. The developed model is reliable even when the input traffic 
data is collected by automatic traffic counters and corrected for 
undercounting and inconsistency of in- and outflows.  A case 
study revealed that the estimated turning movements using the 
developed approach, are in good agreement with their 
corresponding turning movements obtained by manual count. 
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