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ABSTRACT 

The subgrade is a soil layer on which a pavement and unbound soil layers are placed. Thus, 

it works as a foundation to support the pavement’s structure. The important geotechnical 

design parameter that describes the relationship between stress and the associated 

settlement of subgrades is the modulus of subgrade reaction (Ks). The modulus of subgrade 

reaction is an essential parameter in the design and analysis of rigid pavements. It has a 

significant effect on the required thickness of pavements surface, and gives an estimation 

of the supporting of the layers under pavement surface. The Ks is typically obtained from 

the plate load test, PLT.  The PLT test has a several limitations; difficult to carry out, costly, 

and time-consuming. To overcome some of these limitations, it is requisite to find an 

alternative testing technique which can rapidly and simply predict this parameter.  

This study aims to evaluate the effectiveness of using a light weight deflectometer 

(LWD) in predicting subgrade reaction modulus of subgrade soils. LWD is a portable non-

destructive testing device also known as the dynamic plate load test that is utilized to 

measure the properties of soil layers under the effect of dynamic loads. To achieve the aim 

of this study, a series of tests were carried out on three types of subgrade soils. The 

subgrade soils were collected from different site projects in Karbala city (Al-Meelad, Al-

Faris, and Al -Rofae), the soils collected and tested into two phase; [1] in the laboratory to 

identify the type and classification of soils, and to identify its basic properties. [2] in a 

laboratory setup model which is designed and manufactured to simulate the field 

conditions. The collected soils were prepared and compacted in the laboratory setup, three 

degree of compaction were achieved and tested the soil under each degree of compaction 

using the dynamic light weight deflectometer (LWD) in conjunction with the static plate 

load test (PLT).  

On the other hand, the experimental results were statistically modeled to predict the 

subgrade reaction. The statistical analysis was carried into to phase; granular subgrade 

soils, and fine subgrade soil.  

For granular subgrade soils, three groups of regression models were developed 

based on independent variables; [1] LWD measurements data, [2] basic soil properties, [3] 

both the LWD measurements and basic soil properties. In this phase the higher value of R2 
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was 0.93 for subgrade reaction modulus – LWD degree of compatibility model (KS –Dc) 

model. 

For fine subgrade soil, two groups of regression models were conducted based on 

independent variables; [1] LWD measurements data and [2] basic soil properties. The 

results showed that there is a good correlation between Ks and LWD measured data (Ed, 

δd, and Dc). Also, a strongly correlation was identified between the dry density of the 

subgrade soil and Ks. The results also showed acceptable relation between Ks and water 

content.  

Additionally, the results of experimental work were verified using the finite 

element software PLAXIS 3D. Two types of models were used to simulate the soil 

behavior. The linear elastic model was used to represent the behavior of subgrades under 

the effect of LWD dynamic loads. And the Mohr-Coulomb was used to represent the 

behavior of subgrade under the effect of static PLT load.  

The FE results were compared with those obtained from experimental work, and 

the T-Tests were carried out to examine the variance between the results.  

In the term of LWD surface deflection the mean deference between predicted and measured 

value ranged from 0.003 to 0.242 mm. And in the term of PLT surface deflection the mean 

deference ranged from 0.105 to 0.15 mm, and for the subgrade reaction modulus the mean 

deference ranged from 3.088, and 25.125 kPa/mm.  

Finally, the results of this study showed the efficiency and possibility of using the 

LWD device rapidly and easily to predict the subgrade reaction modulus of pavements 

materials. 
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Chapter One 

Introduction  

 

1.1: Background 

The subgrade is a soil layer of natural formation which can bear wheel loads transporting 

from vehicles as well as from pavement layers. The subgrade soil works as the foundation 

that supports the road. The success or failure of any pavement system is more often 

dependent upon the strength of the underlying subgrade upon which the pavement structure 

is built. The main functions of subgrade soils are principally based on several parameters, 

such as load-bearing capacity, and moisture content. These necessary parameters are 

typically characterized by resistance to deformation under wheel load actions, which can 

be either a measure of strength or a measure of stiffness (Marradi et al, 2014).  

In the rigid pavement, the modulus of subgrade reaction (Ks) is an essential parameter 

which needs to be considered in the design procedure, and it estimates the supporting of 

layers under the surface of pavement (Ping and Sheng, 2011). The modulus of subgrade 

reaction depends on various factors including: elastic properties of soil, dimensions of the 

area acted upon the subgrade soil, and other parameters like soil type, shape particle, 

embedment depth and type of foundation. The subgrade reaction (Ks) can be obtained from 

the field plate load test according to (AASHTO T 222, 2007) and (ASTM D 1196, 2004). 

However, this test has several limitations as itis difficult and expensive …etc. Therefore, 

many studies investigated the possibility of unitizing alternative methods to predict the 

subgrade reaction modulus. Several researchers developed empirical and theoretical 

relationships between the modulus of subgrade reaction of the pavement layer and other 

soil properties that can be determined from field or laboratory tests.  

Pavement design methodologies depend increasingly on non-destructive tests to predict 

the dynamic pavement response to traffic loadings. Non-destructive deflectometer testing 

techniques including falling weight deflectometer (FWD) and light weight deflectometer 

(LWD) are the most common devices for assessing the structural performance of pavement 

systems (Alavi, and Lecates, 2002). 
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1.2: Research Problem 

One of the most important engineering parameters that needs to be considered in the design 

of pavements underlying soils is the reaction modulus of soil in contact with pavements 

structure. The modulus of subgrade reaction (Ks) describes the relationship between the 

applied pressure and the vertical deflection of soils. The Ks is typically determined from 

the standard plate loading test according to (AASHTO T 222, 2007) and (ASTM D 1196, 

2004). The nonrepetitive static plate load test is the most popular test that performed on 

pavement components and subgrade soils in either compacted conditions or in its natural 

state, to determine the modulus of subgrade reaction and bearing capacity of soils. 

However, there are several limitations associated with performing the plate load test 

including: 

1. It is exceedingly time-consuming and expensive. 

2. Test’s results may be evaluated only for the specific conditions under which the tests 

are performed. 

3. There is a difficulty in selecting a proper critical deflection value. 

4. It is difficult to conduct this test in narrow trenches and exploration pits because there 

is insufficient space. 

In order to overcome some of these problems, many studies examine the possibility of 

using alternative methods to predict the subgrade reaction modulus. It is necessary to 

develop a simple and reliable testing procedure for predicting pavement moduli based on 

dynamic measurements obtained from non-destructive deflectometer testing techniques 

including falling weight deflectometer (FWD) and light weight deflectometer (LWD). The 

lightweight deflectometer (LWD) is a non-destructive testing device which provides a 

reliable and fast tool to measure the field soil properties under the effect of dynamic loads. 

The dynamic measurements obtained from the LWD are utilized to identify structural 

integrity and estimate the remaining service life of the pavement systems (Vennapusa and 

White, 2013). A very limited number of researches conducted an investigation to compare 

between the light weight deflectometer and the loading plate to assess the pavement moduli 

of airfield and highway pavements based on deflection measurements of the deflectometer 

tests. 
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1.3: Research Aim and Objectives  

1.3.1: Aim 

This study aims to develop simple and reliable statistical models to predict the subgrade 

reaction modulus based on dynamic measurements obtained from performing the light 

weight deflectometer test. 

1.3.2: Objectives of the Study 

To achieve the aim of this research, the subgrade materials were examined in the laboratory 

testing setup under both the static and dynamic load. Figure (1.1) is a flow chart that 

explains research activities which were conducted to achieve the following objectives: 

1. Develop a portable of laboratory testing setup which was designed and manufactured 

to simulate the actual subgrade layers.  

2. Soil samples from different roadway projects were collected and tested in the 

laboratory. Different laboratory tests were carried out including; CBR test, Atterberg 

limits, grain size distribution, direct shear test…etc., to identify basic physical 

properties of the subgrade soils. 

3.  Three degree of compaction were obtained depends on number of passes of 

compacting device for each type of soil. And two test methods; Light Weight 

Deflectometer (LWD), and Plate Load Test (PLT) were carried out to obtain strength 

characteristics of subgrade layers. Three dynamic measurements were obtained from 

LWD: surface deflection, degree of compatibility, and dynamic modules. Also, three 

parameters were obtained from PLT tests: maximum settlement, modulus of subgrade 

reaction, and Young’s elastic modulus.  

4. The testing measurements of each soil type were recorded and analyzed using statistical 

analyses software called SPSS [ Statistical Package for Social Science]to determine 

any possible correlations equation to compute the modulus of subgrade reaction. 

5. Developing finite element models using Plaxis 3D to simulate the LWD surface 

deflection and the plate load-deformation curve. Then, the finite element results were 

compared with those obtained from the laboratory experiments.  
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Figure (1.1): Research Activities 



 

Chapter One                                                                                                   Introduction  

5 

 

1.4: Thesis Layout 

This research is presented in seven chapters, which are outlined as follows: 

1. Chapter One gives a brief introduction about the importance of the subgrade 

layer in pavement systems and how to evaluate its modulus of 

subgrade reaction. Also, this chapter presents the research 

problem, and explains the aim and principal objectives of this 

research, and finally summarize thesis layout. 

2. Chapter Two provides an overview on the subgrade reaction modulus and 

theories to explain it.  Also, presents previous studies that are 

related with the Light Weight Deflectometer test and Plate load 

test. It also presents a short review of existing correlation studies 

between PLT and other tests. 

3. Chapter Three presents the methodologies of the experimental work, which 

includes description of: soil samples collected and identification 

of their basic characteristics, manufacturing the laboratory 

testing setup for the model tests, testing procedures of LWD and 

PLT. 

4. Chapter Four displays and discusses the results of the experimental work. 

5. Chapter Five illustrates the statistical analyses of the results, and a theoretical 

model developed by using SPSS software. 

6. Chapter Six explains the numerical modeling to simulate the experiments 

work using the finite element software known as Plaxis 3D. Then 

presents and discusses the output of numerical modeling  

7. Chapter Seven summarizes the  conclusions that obtained from the experimental 

and theoretical works, and gives recommendations for future 

studies. 
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Chapter Two 

Literature Review 

 

2.1: Introduction  

Highway and airport pavements are complex structures supported by foundations of soil 

layers. During the service life of pavement systems, soil layers beneath a pavement surface 

course are subjected to different intensities of loads by the wheels of moving vehicles. The 

weight of this traffic is finally transmitted and carried by the subgrade itself, which in turn 

provides support to the pavement structure. The behavior of subgrades under different 

loading conditions must be thoroughly investigated before a rational pavement design or 

analysis is conducted. 

In the pavement design process, the strength characteristics of the subgrade on 

which the pavement is placed are essential design parameters that need to be considered 

and determined. Subgrades are typically characterized by their resistance to deformation 

under various loading conditions (Ping & Sheng, 2011). 

2.2: Subgrade Reaction Modulus 

Structural elements such as concrete pavements are commonly supported by underlying 

soils. In the pavement design process, it is suitable to assume that the intensity of the 

continuously distributed reaction at each point is proportional to the deflection at that point. 

This reaction can be represented as modulus of subgrade reaction. 

The modulus of subgrade reaction (Ks) is a required parameter for the design of 

rigid pavements. It estimates the support of the layers below a rigid pavement surface 

course. The modulus of subgrade reaction is determined from the plate bearing load test 

(Naeini & Taherabadi, 2015). 

The value of (Ks) depends on several factors including: 

1. Elastic properties (elastic modulus, Poisson’s ratio…etc.) of a subgrade soil. 

2. Dimensions of the area acted upon by the subgrade reaction. 

3. Other parameters like soil type, embedment depth and type of foundation (Flexible or 

Rigid). 
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Soil medium has very complex mechanical behavior, thus subgrade is often represented by 

a much simpler system in theoretical analyses. Many theoretical subgrade models such as: 

Winkler foundation model, Pasternak foundation model, elastic isotropic half-space model 

… etc. were developed. The following subsections discuss most common theoretical 

models utilized to represent structural behavior of subgrades: 

2.2.1: Winkler Foundation Model 

One of the oldest and most popular models in determining the modulus of subgrade 

reaction is the one - parameter Winkler model. Winkler in 1867 assumed that a soil medium 

could be represented by a system of identical but mutually independent, closely spaced, 

discrete and linearly elastic springs. The ratio between contact pressure (P) at any given 

point, and settlement (δ) produced by load application at that point is named the modulus 

of subgrade reaction, Ks: 

+
0

ɿ
                                      (2.1) 

In this model, a subsoil is replaced by fictitious springs whose stiffness is equal to 

KS, as shown in Figure (2.1) 

 

 

 

 

Figure (2.1): One- Parameter Winkler model (Bhatia, 2016) 

One of the basic limitations of Winkler model lies in the fact that this model cannot 

transmit the shear stresses which are derived from the lack of spring coupling. Also, this 

model cannot account for the dispersion of the load over a gradually increasing influence 

area with an increase in depth. Moreover, it considers the linear stress–strain behavior of 

soil (Dutta & Roy, 2002). 

2.2.2: Elastic Continuum Model: 

In this model, the continuous behavior of a soil is idealized as three-dimensional 

continuous elastics solid. The origin of this model is from the research work of Boussinesq 
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in 1885. Boussinesq found a solution for the stress caused by a single point load applied 

on a homogeneous, elastic, isotropic and semi-infinite medium, as shown in Figure (2.2), 

with the aid of the mathematical theory of elasticity.(Dalili et al, 2013) 

 

 

 

 

 

Figure (2.2): Boussinesq’s analysis of a point load on an elastic half space (Ferretti, 2013) 

 

In the derivation of Boussinesq theory, it was assumed that the soil medium extends 

infinitely in all directions from a level surface, obeys to the Hooke's law, the soil is initially 

unstressed, and the self-weight of the soil is ignored. 

In this model the soil characteristics which influence the stresses in the pavements 

are the modulus of elasticity (E), and Poisson's ratio (v) (Siddiqi, and Hudson, 1970) .To 

find the modulus of subgrade reaction Ks, and the deflection w, due to a pressure (p), 

uniformly distributed over a rigid surface plate of diameter (D), Boussinesq developed this 

expression (Teodoru and Toma, 2009). In the derivation of Boussinesq theory, it was 

assumed that the soil medium extends infinitely in all directions from a level surface, obeys 

to the Hooke's law, the soil is initially unstressed, and the self-weight of the soil is ignored 

Where 

 

    ×  
ʌ

τ

Ð$ρ ○

%
                             (2.2) 

P: Contact pressure (MPa). 

w: Slab deflection (mm) 

v : Poison’s ratio.. 

Es :  Young’s modulus of soil (MPa). 

D: Diameter of plate (mm)  
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The advantages of this model are listed as follow:(Dutta & Roy, 2002): 

1. This approach provides much more information on the stresses and deformations 

within soil mass than Winkler model. 

2. It has the simplicity of input the parameters, Young’s modulus and Poisson’s ratio. 

3. Solutions for some practical problems, idealizing the soil media as an elastic 

continuum, are available for a few limited cases. 

The major drawbacks of the elastic continuum model are listed as follow:(Dutta & Roy, 

2002): 

1. Inaccuracy in calculating the reactions at the peripheries of the foundation. 

2. The surface displacements away from the loaded area decrease more rapidly than 

what is predicted by this approach. 

3. Idealization of this model fails to represent the physical behavior of soil very 

closely. 

2.3: Types of Field Tests: 

There are different test methods for the structural evaluation of the pavement layers: 

1. Destructive tests: these test methods cause a damage to the pavement when coring 

and preparing a sample to the laboratory testing. These methods are very costly and 

time consuming due to coring process. Some popular destructive test methods 

include tests of mechanical properties (bending, impact tests, tensile).(Akbariyeh, 

2015). 

2. Non-destructive tests: these in situ tests are most popular and preferred in the 

geotechnical engineering and evaluation the highway and airfield pavements during 

the construction or after the construction. These tests require less time and cost to 

conduct. Non-destructive tests can be divided into two categories: 

¶ Deflection basin test: are those in which the deflections are recorded along the 

surface of a pavement subjected to a static state load like a transient dynamic 

impact like (Clegg impact test (CIT), Falling Weight Deflectometer (FWD), 

and Light Weight Deflectometer (LWD)) (Roesset, 1998). 

+  
τ%

ʌ$ρ Ö
 (2.3) 
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¶ Wave propagation tests: The spectral analysis of surface waves (SASW) is the 

characteristic of the nondestructive tests method that widely used for 

determining moduli and thicknesses of paved surface systems. By means of a 

traveler impact hammer, a falling weight, or a hydraulic shaker on the surface 

of pavement system (or soil deposit), a group of waves with different 

frequencies is transmitted to the medium. The resulting wave field is recorded 

by a number of sensors at the medium surface and used to determine dispersion 

and attenuation curve, stress wave, electromagnetic method etc. (Nazarian et al, 

1983), and (Roesset, 1998).  

2.4: Static Plate Load Test (PLT): 

The static plate load test (PLT) is a useful site investigation tool in obtaining the necessary 

information about the soil to design the shallow foundation or rigid pavement structure. 

Figure (2.3) displays a schematic illustration of the static plate load test.  

 

 

 

 

 

                                    Figure (2.3): Plate Bearing Test (Bowles, 1998) 

The plate load test is the most reliable method early developed for obtaining various 

geotechnical design parameters such as bearing capacity, subgrade reaction (Ks) and 

modulus of deformation of a soil, compacted subgrade, and compacted subbase. In many 

European countries it has been used for proof testing of pavement layers. Currently, it is 

used for rigid pavements. Over the last 15 years (Tuse et al, 2016) conducted many of field 

and laboratory tests for different problems relating to bearing capacity or design of 

foundation. The plate bearing test was used in their work, for this test, there are three types: 

gravity loading, truss and anchoring, and reaction load. According to their experience, the 

test procedure of both first and second type is not convenient and the results are not realistic 

(Tuse et al, 2016). 
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The interpretation of plate bearing test results requires full information on the 

subgrades condition. Hence, the results of PLT are affected by several factors: 

1. Water content: the PLT is performed on unsaturated soil layers, where ground water 

table is at great depth. Several researchers showed that the behavior of soils under 

applied load from in-situ PLTs is significantly influenced when pore water pressure is 

negative with respect to the atmospheric pressure.(Oh and Vanapalli, 2013) . 

In the saturated condition, there is a correction for the difference in the 

subgrade moisture content at the time of testing. Studies conducted at (US Army 

Engineer Waterways Experiment Station, 1945), and (CRD-C 655, 1995) 

recommended the method for obtaining the modulus of subgrade reaction at a 

saturated condition empirically by the following relation:  

+Ó + Ȣ
Ð

Ð
                               (2.4) 

where 

 

In this equation the reference of stress is that for 0.05 in of plate deformation.  

While (AASHTO T222, 2007) recommended the corrected equation below taking 

into account the thickness of base, and in the applied stress 10 psi, that the value 

was expected typical vertical stress under a rigid pavement. 

2. Size of plate: the influence of plate size on the soil behaviors under the load should 

be taken in to account. A series of tests made by (Ohio River Division, 1943) and (U.S. 

Ks: Modulus of subgrade reaction for the saturated soil 

Ku: Modulus of soil reaction for the soil at natural moisture as found by a 

field-bearing test. 

 ps: The unit pressure in psi used to determine the value of Ku 

pd: The unit pressure in psi used  in a saturated consolidation test. 

+Ó + Ȣ
Ä

Ä
 
Â

χυ
 Ȣ  ρ

Ä

Ä
               (2.5) 

where  

Ks: Corrected modulus of subgrade reaction for the saturated soil, psi/in 

Ku: Modulus of soil reaction uncorrected for saturation, psi/in. 

    d:  Deformation of consolidometer specimen at in situ moisture content under a 

unit load of 10 psi 

ds: Formation of a saturated consolidometer specimen under a unit load of 10 psi 

b: thickness of base course material, in. 
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Army Engineer Waterways Experiment Station, 1945) laboratories indicated that as the 

plate size increases, the measured value of (K) approaches a constant value. 

As summarized in Table (2.1), different shapes and sizes of the plate load test can be used 

in determining the modulus of subgrade reaction (Ks). 

Table (2.1): Some different methods to calculate (Ks) by using plate load test 

No. Investigator Shape Dimensions 

1 Terzaghi (1955) Square L = 305 mm 

2 ASTM D1195 and D 1196 (2004) Circular D: 305 to 762 mm 

3 
British standards code (B.S 5930) 

(1999) 
Circular or square of 

equivalent area 
D: 300 to 1000 mm 

4 Peck et al. (1997) Square L=305 mm 

5 Ping and Yang. (1998) Circular D: 705, 950 and 1050 mm 

6 Egyptian code (2001) 
Circular or square of 

equivalent area 
D: 300, 450 and 706 mm 

7 Reza. and Masoud (2008) 
Circular or square 

of equivalent area 
D: 300 and 1000 mm 

 

Also, another factors effect on the plate bearing test results like: 

1. The amount and effect of temperature. 

2. The amount and effect of frost action and thawing. 

3.  Stress transfer devices. 

2.4.1: Types of static PLT: 

The static PLT are classified according to the testing procedure performed in determining 

subgrade modulus as follows:  

1. Repetitive Static Plate Load Tests (rPLT):  

The rPLT was introduced from Europe to obtain moduli of the soil based on the 

loading and deformation, to evaluate whether sufficient compaction has 

occurred. It also used to evaluate the bearing capacity during railroad 

construction. According to (ASTM D 1195 ï 93, 2004), and (AASHTO, 2007), this 

test is performed on soils, unbound base, and subbase. (Kim and Park, 2011). 

2. Unrepetitive Plate Loading Test (uPLT): 
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The uPLT is performed on soils, unbound base, and subbase to determine the 

modulus of subgrade reaction (Ks) and the shear strength of pavement components 

(AASHTO, 2007) and (ASTM D 1196 ï 93, 2004). This test is widely utilized in 

various geotechnical applications in Asia, the modulus of subgrade reaction (Ks) 

can be calculated based on the relationship between the average normal stress and 

the settlement of the plate, see Equation (2.1). As shown in Figure (2.4), the depth 

of influence of this test is assumed to be equal to 2B, where B is the diameter of 

loading plate. 

 

 

 

 

 

 

Figure (2.4): The influence of the total deformation in PLT 

2.4.2: Disadvantage of Plate Load Tests: 

According (Adam et al, 2009) there are several limitations associated with performing the 

plate load test including: 

1. PLT test is costly and quite time consuming, so its application restricted to a control 

point of compacted subsoil. 

2. Very difficult to use this test in narrow trenches and in different depths because there 

is no enough space for the testing equipment. 

3. There is difficulty in selecting a proper critical deflection value.   

In order to overcome these limitations, many studies investigated the possibility of unitizing 

alternative methods to predict the subgrade reaction modulus. Several researchers developed 

empirical and theoretical relationships between the modulus of subgrade reaction of the 

pavement layer and other soil properties that can be determined from field or laboratory tests; 

these relationships are presented in the Table (2.2).  
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 Table (2.2): Some of Ks- Soil properties relationships 

 

Where 

These empirical correlations between modulus of subgrade reaction (Ks) and soil 

properties are approximate and applicable only under the conditions when they were 

derived. For this reason, other researchers, studied the correlation between the (PLT) and 

other tests to determine the soil moduli. These correlations are presented in the following 

subsections: 

K
–
C

B
R

 R
e

la
ti
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n
s
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ip

s 

 

Authors. Suggested formula 

Packard (1986) +Ó υσȢτσψ #"2Ȣ  

Federal Aviation 

Administration(FAA) (2009) +Ó
ρυππ#"2

ςφ

Ȣ

 

Tuleubekov and Brill (2014) +Ó ςψȢφωςφ #"2Ȣ  

K
–
M

r 
R

e
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o

n
s
h

ip
s 

 

UFC (2001) +Ó
-

ςφ

Ȣ

 

Ping and Sheng (2011) +Ó ςȢςυ -  

Barker and Alexander (2012) +Ó πȢχτ
-

%

Ȣ

 

K
-E

 R
e

la
ti
o

n
s
h

ip
s Vesic and Saxena (1974) +Ó πȢτς 

%

%

ϳ %

ρ ʈ È
 

AASHTO (1986) +Ó
%

πȢτως
 

Ullidtz (1987) +Ó πȢυτ 
%

È
 

Khazanovich et al (2001) +Ó  πȢςωφ % 

Setiadji and Fwa (2008) +Ó πȢςυω % φȢυρς 

E : Elastic modulus of subgrade (MPa) 

Ec : Elastic modulus of pavement slab (MPa) 

µ : Poison’s ratio.. 

hc :  Thickness of pavement slab (mm). 

he : Equivalent thickness (mm). 

Ks: Modulus of subgrade reaction (in MPa/m3). 

Mr:  Resilient modulus is (psi) 

CBR: California bearing ratio  
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1. Correlation Between SPT and PLT:(Moayed and Naeini, 2006) studied the correlation 

between (PLT) and (SPT) to determine the modulus of subgrade reaction for dense gravely 

soils, the result of the statistical analysis with R2 of 0.915 shown: 

+Ó σȢρτσ. Ȣ
 (2.6) 

Where: 

Another empirical relationships are derived by (Mohamed and Vanapalli, 2012) to       

estimate the  bearing capacity of saturated and unsaturated sand soils 

Where: 

 

2. Correlation Between DCP and PLT 

Table (2.3) summaries the theoretical model that obtained from field and laboratory data 

between the DCP-PR (mm) and PLT initial [EPLT(i) (MPa)] and reloading moduli [EPLT(R2) 

(MPa)]  produced by ( Abu-Farsakh et al, 2005) 

Table (2.3): Summary of correlations between DCP and PLT 

 

Ks: Modulus of subgrade reaction for the saturated soil (MPa/mm). 

N60: Is a measured SPT below counts for the 60% energy level. 

ή
πȢρυ

ὄȢ
πȢσχὔ Ȣ ρzπππ        (2.7) 

ή
πȢρω

ὄȢ
πȢτυὔ Ȣ ρzπππ (2.8) 

qalt: Ultimate bearing capacity, kN/m2 

N: Is a measured SPT  

B: Footing width (m), 

Proposed Relationship Descriptions R2 

%  
χπππ

φȢρ 02Ȣ
 From laboratory data R2=0.62 

%  
ςτφπ

02Ȣ
 From laboratory data R2=0.77 

%  
ρχτςρȢς

02Ȣ φςȢυσ
υȢχρ From field data R2=0.94 
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Table (2.3): Summary of correlations between DCP and PLT - continue 

 

3. Correlation Between Geogauge and PLT 

The results of the statistical regression analysis between the Geogauge stiffness modulus 

(EG in (MPa)) and the back-calculated PLT initial [EPLT(i) (MPa)] and reloading moduli 

[EPLT(R2) (MPa)] are summarized in the table below:(Abu-Farsakh et al, 2004). 

Table (2.4): Summary of correlation between Geogauge and PLT 

 

4. Correlation Between LWD and PLT 

Several research conducted a comparison investigation between the light weight 

deflectometer and the loading plate to evaluate the initial and reload elastic modulus of 

pavement foundations at different highways projects. The results showed a promising 

regression between the LWD stiffness and the plate load modulus that summarized in Table 

(2.5). 

 

 

Proposed Relationship Descriptions R2 

%  
υρτςȢφρ

02Ȣ ρτȢχ
σȢτω From field data R2=0.95 

%  
ωχχπ

02Ȣ σφȢω
πȢχυ 

From field and 

laboratory data 
R2=0.67 

%  
τσχτȢυ

02Ȣ ρτȢω
ςȢρφ 

From field and 

laboratory data 
R2=0.78 

Proposed Relationship Descriptions R2 

% ρυȢυÅȢ  From laboratory data R2=0.83 

%  ρυȢψÅȢ  From laboratory data R2=0.69 

%  χυȢυψρȢφς%  From field data R2=0.87 

%  φυȢσχρȢυπ%  From field data R2=0.90 

%  ρȢρφψ% σχȢτς From field and 

laboratory data 
R2=0.72 

%  ρπȢ Ȣ  From field and 

laboratory data 
R2=0.59 
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Table (2.5): Summary of correlation between LWD and PLT 

Reference. Suggested formula Descriptions R2 

Abu-Farsakh 

et al., (2004) 

        % -0Á  πȢωπχz% -0Á ρȢψ From 

laboratory data 

0.62 

       % -0Á  ςψȢςυÅȢ -0Á 0.77 

% -0Á  ςς πȢχ% -0Á      
From field data 

0.94 

% -0Á  ςπȢω πȢφω% -0Á 0.95 

% -0Á  πȢχρ% -0Á ρψȢφσ From field and 

laboratory data 

0.67 

% -0Á  πȢφυ% -0Á ρσȢψ 0.78 

Nazzal et al., 

2007 

            % -0Á  ρȢπτρ% -0Á 
From field data 

0.92 

            % -0Á πȢψχυ% -0Á 0.97 

Vennapusa and 

White, 2013 

% -0Á
Ὁ -0Á

ρȢυψ
 

From field data 
0.66 

   % -0Á  
-0Á

Ȣ
        0.64 

 

several authors proposed another formula to calculate the modulus of subgrade reaction 

using plate load test. Table (2.6) summarizes most common formulas.  

Table (2.6): Some different formula to calculate the subgrade reaction, Ks 

No. Authors. Suggested formula 

1 Biot (1937) +  
πȢωυ%

"ρ Ö

"%

ρ Ö %)

Ȣ

 

2 Terzaghi (1955) 

For square footing with dimensions (B*B) 

+ +
" πȢσπυ

ς"
 

For rectangular footing with dimensions (B*L) 

+
+ ρ

"
,

ρȢυπ
 

3 Vesic (1961)       +  
πȢφυ%

"ρ Ö

%"

%)
 

4 Meyerhof (1965) +  
%

"ρ Ö
 

5 Selvadurai (1984) +  
πȢφυ

"
Ȣ
%

ρ Ö
 

6 Bowles (1998) +  
%

" ρ Ö Í))
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Where 

 

2.5 Light Weight Deflectometer (LWD): 

The Light Weight Deflectometer (LWD) is a portable and non-destructive device, first 

appeared in Germany in 1980s. The LWD which is used to measure the in-situ elastic 

modulus of unbound pavement layers was developed as an alternative field test to many 

other tests such as Plate Load test (PLT), Field Dry Density (FDD), and California Bearing 

Ratio (CBR). LWD considered by State and Federal agencies in the United State as an 

evaluation tool in the quality control and quality assurance (QC/QA) process for earth work 

construction, geotechnical applications, and pavement management.(Akbariyeh, 2015). 

The benefits of using the LWD are: It is a non-destructive testing equipment, the 

deflection measurements are repeatable and accurate, the equipment is durable and 

inexpensive comparted to other complicated testing systems, small and Easy to operate any 

place. 

The LWD device provides a time-deflection curve which is utilized to measure the 

in-situ maximum vertical surface deflection and elastic modulus of pavement layers. The 

maximum vertical deflections are measured by integrating the geophone (velocity 

transducer) signal. This has two important divisions; the peak deflection may not occur 

instantaneous under the peak load due to dynamic effects, and the peak deflection may 

include both plastic and elastic deflection that depends on the strength of testing materials 

and proper contact between material and geophone. (Fleming et al., 2007). 

The peak deflection is a measure either to degree of compaction or stiffness of soil, 

or both together with the peak force. to calculate the elastic modulus based on the well – 

known Boussinesq elastic half – space theory by the following expression: 

 

B: Width of footing (m) 

Es: Modulus of elasticity (MPa) 

EI: flexural rigidity of footing. 

IS ,IF  Influence factors depend on the shape of footing. 

Ks: Modulus of subgrade reaction. 

KsP: The value of subgrade reaction for 0.3×0.3 m (1 ft. wide) bearing plate 

K sf : Value of modulus of subgrade reaction for the full-size foundation. 
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%  
ρ Ö  ʎÁ

ɿ
 ȢÆ                      (2.18) 

Where  

 

Table (2.7):Summary of shape factors in ELWD estimation (Vennapusa and White, 2013) 

. 

Plate type Soil type Stress distribution  (Shape) Shape factor 

(f) 

Rigid Clay (elastic 

material) 
Parabolic 

 

“Ⱦς 

Rigid Cohesion less 

Sand Parabolic 
 

8/3 

Rigid Material with 

intermediate 

characteristics 

Inverse Parabolic 

to uniform  
“Ⱦς ὸέ ς 

Flexible Clay (elastic 

material) 
Uniform 

 

2 

Flexible Cohesion less 

Sand Parabolic 
 

8/3 

 

ELWD :  Dynamic LWD soil Modulus 

ἷ: Applied dynamic stress (MPa) 

: Soil surface deflection (mm) 

a: Radius of the loading plate (mm) 

v : Poison’s ratio in range 0.3-0.45 depending on the type of test material 

Ἦ: Shape factor depending on stress distribution under a plate as shown in Table 

(2.7). The stress distribution depends on soil type and rigidity of the loading 

plate.  
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2.5.1 Type of Light Weight Deflectometer (LWD): 

There are different types of LWD that have many similarities in their mechanics of 

operation, although there are differences in their style and diameter of plate, sensor type, 

dropping weight and height, impulse time, and contact pressure. Table (2.8) shows the 

physical characteristics of different types of  LWD .( Burhani, 2016) 

Table (2.8):Characteristics of typical LWD devices (Burhani, 2016) 

Manufacture CSM Zorn  Prima Load man TFT 

Plate style Solid Solid Annulus Solid Annulus 

Plate diameter 

(mm) 
200 , 300 

150, 200 

300 

100, 200 

300 

130, 200 

300 

100, 150 

200, 300 

Plate thickness 

(mm) 
Unknown 

124, 45 

28, 20 
20 Unknown Unknown 

Plate mass (Kg) 6.8, 8.3 15.0 12.0 6.0 Variable 

Drop mass (Kg) 10.0 10.0 10,15,20 10.0 10,15,20 

Drop height (m) Variable 0.72 Variable 0.8 Variable 

Maximum applied 

Force (KN) 
8.8 7.07 15.0 17.6 8.5 

Force measured Yes No Yes Yes Yes 

Impulse time (ms) 15-20 18 ± 2 15-20 25-30 15-25 

Type of Buffer Urethane Steel spring 

Rubber 

(conical 

shape) 

Rubber Rubber 

Plate response 

Sensor 
Geophone Accelerometer Geophone Accelerometer Geophone 

Contact stress User def. Uniform User def. Rigid User def. 

Poisson’s ratio User def. 0.50 User def. 0.50 User def. 

 

2.5.2 Factors Influencing the LWD Results: 

  The measurements of LWD test are influenced by several factors including:  

1. Bearing plate size: the size of loading plate is the most significant factor that change 

the LWD test condition. The diameter of plate effects on the amount of pressure, the 

pressure reduces as it transfers from top down through pavement layers. The test 

conducted by (lin  et al, 2006) on natural sandy soil found that the elastic modulus 
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(ELWD) for a 100 mm plate was 1.5 to 1.6 times higher than for a 300 mm plate at 

similar loads. 

2. Types and location of deflection sensor: the type and position of deflection sensors 

are different with various manufacturers, for example, the Zorn LWD reads the 

vertical surface deflection using an accelerometer built into the solid plate, as shown 

in Figure (2.5 c). The other types like Prima, TFT, Keros /Dynatest LWD devices 

estimate vertical surface deflection using a spring-loading geophone in direct contact 

with the ground surface through a (40 mm) diameter hole in the center of plate as 

shown in Figure (2.5 a and b) (Dived, and Mooney, 2013) 

The number of sensors used in LWD testing setup have an effect on LWD results. 

(Akbariyeh, 2015), indicated that the elastic modulus estimated by using LWD with a 

single sensor would be true only if the layer consists of a homogeneous and uniform 

materials, like a subgrade or compacted soil at the maximum depth of 1 to 1.5 times 

the plate diameter. But for layered structure like an asphalt pavement, it is difficult to 

estimate the modulus.  The maximum number of geophones used in LWD is three. 

 

3. Plate contact stress: the effect of this factor depends on the type of layers 

underneath, (Vennapusa and White, 2013) explained that for dense and granular 

materials the increasing contact stress lead to increase the elastic modulus. While the 

materials with cementitious properties will not influenced by changes in contact 

stress.  

 

 

 

 

 

 

Figure (2.5): (a) Stock Prima 100 LWD, (b) modified configurations of Prima LWD with 

geophone (top) or accelerometer (bottom) fixed rigidly to the load plate, and (c) Zorn 

LWD showing modification to include load cell. (Vennapusa and White, 2013) 
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4. Plate Rigidity: this factor is important for estimating the distribution of stress under 

the plate and for selecting the shape factor (f) as explained in Table (2.7). 

5. Loading rate and buffer stiffness: the elastic modulus (ELWD) that measured by 

using elastic half – space theory influences by the rate of loading which can be 

controlled by changing the stiffness of buffer placed between the contact plate and 

drop weight.(Vennapusa and White, 2013) 

6. Proper contact between the loading plate and the surface of being tested: The 

(ASTM E 2835, 2011) recommended that the test surface should be clean and smooth 

to obtained a uniform contact between the surface and load plate, so it recommended 

to place a thin layer of fine sand over the test point for a gravel surface. 

2.5.3 Existing Correlation between LWD Moduli and Other In -Situ Test  

A number of comparative work were carried out by several research to correlate 

the LWD with other field tests, to evaluate in-situ elastic modulus of pavement foundations 

at different highways projects.  These correlations are summarized in the Table below: 

Table (2.9): Summary of correlation between LWD moduli and other in-situ Test. 

Reference. Suggested formula R2 

Rao et al, 

2008. %  
#"2ςȢχυτ

πȢςψφχ
 0.90 

Louay et al, 

2009 

%  
-

ςχȢχυ

Ȣ

 0.54 

%  
- ρρȢςσςτςȢσςρ×ϳ

ρςȢφτ

Ȣ

 0.70 

Zhang, 2010 
%

% ψȢρ

πȢτ
 0.35 

%
% ςω

πȢσ
 0.11 

Nazzal et al., 

2016 
%  

#"2ρτ

πȢφφ
 0.83 

Shaban, 2016 

For subgrade coarse 

Ὁ τȢςς σȢσφὉ πȢπτ Ὁ  
0.84 

For subgrade coarse 

Ὁ χȢπχπȢφφὉ πȢππρ Ὁ  
0.79 

For base coarse 

Ὁ στȢτψσȢστὉ πȢπρ Ὁ  
0.94 

For base coarse 

Ὁ υπȢωσ πȢστὉ τȢς ρπ Ὁ  
0.77 
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Where 

 

2.6 Summary: 

As explained in the literature review, the plate load test is an important famous site test, 

it’s necessary in various geotechnical engineering application. Plate load test (PLT) 

estimates bearing capacity of soil, subgrade reaction modulus, and modulus of 

deformation.   Because of this test is difficult and time consuming many research tend to 

correlate the PLT with other tests like; standard penetration test (SPT), cone penetration 

test (CPT), failing weight deflectometer (FWD), and light weight deflectometer (LWD). 

These correlations were carried out to identify the initial and reload elastic modulus of 

pavement foundation. In this research, correlates the static plate load test(PLT) with the 

light weight deflectometer(LWD) to evaluate the possibility of using dynamic 

measurements obtained from (LWD) to predict the modulus of subgrade reaction. 

ELWD :  Dynamic LWD soil Modulus (MPa). 

Mr : Resilient modulus of pavement materials 

EFWD: Dynamic FED soil Modulus (MPa) 

EBCD: Modulus of the compacted material obtained from Briaud Compaction 

Device (BCD) (MPa) 

Ei(MPMT)  Initial Elastic Modulus (MPa) obtained from the MPMT tests 

Er (MPMT)  Reload Elastic Modulus (MPa) obtained from the MPMT tests 
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Chapter Three 

Experimental Work  

3.1 General  

In order to achieve the aim and objective of this work, a series of laboratory testing methods 

were carried out on different types of subgrade soils. The subgrade soils were excavated 

from different sites in Kerbala city and tested in the laboratory testing setup, which were 

designed and manufactured to simulate the actual field conditions. 

The experimental work consists of 219 sets of laboratory tests, 126 of them were 

carried out in the laboratory setup, the remaining were divided into two parts; 69 tests to 

determine the physical properties, and 24 tests were carried out to identify the chemical 

characteristics. Tables (3.1) summarize the types of materials that have been investigated 

as well as the total number of laboratory tests. 

 Table (3.1):  Summary of Number of laboratory Tests 

For determining basic soil properties, the following tests were conducted; specific 

gravity (ASTM D854, 2014), particle size distribution (ASTM D2487, 2005) to classify the 

soil samples and modified proctor test (ASTM D 1557, 2012) was conducted to determine 

the maximum dry density and optimum moisture content. These tests are necessary for 

determining how the sample will be prepared later in the testing setup. 

Type of Tests 
Type of Soils 

  Total Number of Tests 
A-1-b A-3 A-7-6 

L
a

b
o

ra
to

ry
 

te
s
ti
n

g
 S

e
tu

p 

PLT  9 9 9 27 

Ʃ
 =

 1
2

6 

Ʃ
 =

 2
1

9 

LWD  18 18 18 54 

Sand-Cone 9 9 0 18 

Core-Cutter  9 9 9 27 

P
h
y
s
ic

a
l 
T

e
s
ts C
B

R
 Soaked 9 9 9 27 

Ʃ
 =

 9
3 

Un soaked 9 9 9 27 

P
ro

c
to

r Standard 1 1 1 3 

Modified  2 2 2 6 

Direct shear 3 3 0 6 

Chemical test 8 8 8 24 
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In the laboratory testing setup; the following tests were implemented [1] Plate Load 

Test (PLT) measured data, [2] Light Weight Deflectometer (LWD) measured data. In 

addition, the density and water content of compacted soils are determined by Sand-Cone 

Method (ASTM D2011, 2011), and Core Cutter method (ASTM D2937, 2004). 

3.2 Laboratory Testing Setup: 

The laboratory testing apparatus were designed and manufactured to simulate soil 

conditions as close as possible to those occurring in the field. Also, it provided the 

following advantages; facilitating the use of in-situ testing devices to determine the 

deflection of subgrade materials under the influence of static and dynamic loads, 

facilitating the change of water content and degree of compaction so as to simulate different 

materials of a pavement layers, moisture and compaction conditions in practical situation. 

Plate (3.1) shows the general view of the laboratory testing setup, which consists of the 

following components: 

1. Loading steel frame. 

2. Steel box. 

3. Hydraulic loading system.  

4. Data acquisition system. 

 

 

  

 

 

 

 

 

 

Plate (3.1): Laboratory Testing Setup. 



Chapter Three                                                                                    Experimental Work  

26 

 

3.2.1 Loading frame: 

The steel loading frame was manufactured with the dimension (1.75 m width, 2.82 m 

length, and 2.65 m height) to support and ensure the verticality of the hydraulic jack. Figure 

(3.1) illustrates a schematic diagram of the steel structure of the loading frame. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure (3.1): Steel loading frame 

Loading  
support 

Tightening 
members 

Bracing 

Base stiffenes 

Loading 
system track 
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3.2.2 Steel box. 

A large steel box in which the sample of subgrade material was compacted and tested 

shown in Figure (3.2), was manufactured with dimensions (1.2 m width ×2.4m length 

×1.25m depth). These dimensions are large enough to allow the use of in-situ devices such 

as PLT and LWD, and to eliminate the effect of boundary conditions on failure zone, 

because both PLT and LWD devices create a bulb shape zone of stress under the plates of 

test. The diameter of significant stress zone extends approximately (0.9 times the diameter 

of the plate) horizontally from the center line of (300 mm) diameter bearing plate, and (1.5 

to 2 times the diameter) vertically. So the box must be larger than (0.60 m) wide and (0.5 

m) deep, and its length is large enough for taking more than one point for testing. The steel 

box was strengthened by L-section steel member to enhance the rigidity to minimize lateral 

deformation during soil compacting and testing. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure (3.2): Steel box 
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3.2.3 Hydraulics loading system: 

Hydraulics loading system consists of the following parts: 

¶ Hydraulic pump. 

¶ Hydraulic jack with capacity of 20 tonnes to apply compression load. The jack 

supported by a thin steel plate with dimensions (30 cm × 55 cm), the plate attached 

to an over-hanging of two I-section beams [3in. (7.5 cm) web × 3 in. (7.5 cm) 

flanges] which facilitated the transvers movement of the loading devices. While the 

two I- section beams itself travelled longitudinally above the steel box. Thus, it 

provided a two-dimensional selection loading location, this part was explained in 

Plate (3.2). 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Plate (3.2): Loading assembly parts 

Hydraulic jack 

I-Section beams 

Load Cell 
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¶ Hydraulic control system: which is reasonable for moving the piston into up and 

down, and applying the required load. The movement of piston was controlled 

electrically, either manually by press the suitable key in the control unit explained 

in Plate (3.3), or controlled automatically by a LabVIEW program as illustrates in 

Figure (3.3). 

 

 

 

 

 

  

 

 

 

Plate (3.3): Hydraulics loading system. 

 

 

 

 

 

 

 

 

 Figure (3.3): LabVIEW Software  

Hydraulic pump 

Control unit 

Rate of load Magnitude of load 
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3.2.4 Data acquisition system:  

Data acquisition was used to record and store load-deflection measurements during the 

static plate load test, it stores 100 reading per seconds. These huge number of readings 

performed the total accurate information to the tester in measuring and sensing the 

occurring displacement due to static load. Plate (3.4) displays the data acquisition which 

consists of the following parts 

¶ LVDT:  linear variable displacement transducer with capacity (75 mm) was used to 

measure the vertical deformations of the soil. 

¶ Load Cell: a compression load cell with maximum capacity (20 tons), model (SC 

520) was used to measure the applied load, the rated output (R.O) of this load cell is 

(3 ± 0.0023 mV/V), and has combined error ranged 0.02% to 0.05%, and excitation 

varied from 10 to15V. 

¶ LabVIEW Software:  was used for engineering applications that require test, and 

measurement. This software enabled the user to control the speed and movement of 

the piston automatically, magnitude of static load, and rate of loading for dynamic 

load. The data that is read in the program is saved in an Excel file.  

 

 

 

 

 

 

 

 

 

 

Plate (3.4): Data acquisition 

Load cell LVDT 
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3.3 Subgrade Soils Selection 

3.3.1 Site locations: 

In this research three types of soil were excavated and collected from different locations in 

Kerbala city and tested in the laboratory. The first site is located in Al-Meelad in the South-

East part of Kerbela city, the classification of this soil was (A-1-b) according to the 

American Association of State Highway and Transportation Official (AASHTO) soil 

classification system, and poorly graded sand with silt (SP-SM) according to the Unified 

Soil Classification System (USCS). The second site is located in Al-Faris in the southern 

part of Kerbela city, the classification of this soil was (A-3) according to the (AASHTO) 

soil classification system, and poorly graded sand (SP) according to the (USCS) Soil 

Classification System. The third site is located in Al-Rofae in the North-West part of 

Kerbela city, the classification of this soil was (A-7-6) according to the (AASHTO) soil 

classification system, and lean clay (CL) according to the (USCS). The basic physical and 

chemical properties of the collected subgrade soils are summarized in Tables (3.2) and 

(3.3) respectively and Figures (3.5) to (3.12) explains the grain size distribution, Proctor, 

and CBR tests. Figure (3.4) shows aerial photo of three field sites in Kerbala City. 

 

 

 

  

  

 

 

 

 

 

Figure (3.4): Aerial Photo of Three Field Sites in Kerbala City. 
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Table (3.2): Basic Physical Properties of Subgrade Soils 

 

Table (3.3): Basic chemical Properties of Subgrade Soils according to (B.S Part 3, 1990)  

 

Property Test Results Specification 

Soil Classification 
A-1-b A-3 A-7-6 AASHTO M 145 

SP-SM SP CL ASTM D 2487 

Coordinates 
409911.538 

3604114.561 

406139.763 

3604069.317 

40673.683 

3617974.787 
/ 

OMC 15.5% 8.75% 18.5 % ASTM D 1557 

Max. Dry Unit Weight 18.85 kN/m3 21.35 kN/m3 17.20 kN/m3 ASTM D 1557 

Liquid Limit / / 47% ASTM D 4318 

Plasticity Index NP NP 24.26 % ASTM D 4318 

Uniformity Coefficient (Cu) 5.25 1.8 / ASTM D 2487  

Curvature Coefficient (Cc) 1.19 0.77 / ASTM D 2487 

Specific Gravity (Gs) 2.72 2.74 2.74 ASTM D 854  

CBR Soaked, % 34 78 5.6 ASTM D 1883 

CBR Un Soaked, % 53 98 26 ASTM D 1883 

Angle of friction (ɸ) 38 36 / ASTM D 3080 

Property 
Test Results % 

A-1-b soil A-3 soil A-7-6 soil 

Sulphate, SO3 9.08 5.68 1.859 

Gypsum 19.52 12.21 / 

Silicon Dioxide (silica), SiO2 53.5 71.7 53.4 

Calcium Oxides, CaO 26.29 11.17 8.63 

Aluminum trioxide, Al2O3 4.5 6.24 9.78 

Iron oxide, Fe2O3 1.6 4.9 8.9 

Loss on ignition, L.O.I 11.8 6.2 17.9 

PH 1.56 1.1 3.53 
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Figure (3.5): Grain Size Distribution of subgrade soils 

 

 

 

 

 

  

        Figure (3.6): Modified Proctor Test Curves for A-1-b soil  

   

 

  

 

 

 

 

Figure (3.7): Modified Proctor Test Curves for A-3 soil 
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Figure (3.8): Modified Proctor Test Curves for A-7-6 soil 

 

 

 

 

 

 

 

Figure (3.9): Determination of Unsoaked CBR for Desired Dry 

Unit Weight for A-1-b soil 

 

  

 

 

 

 

Figure (3.10): Determination of Soaked CBR for Desired Dry 

Unit Weight for A-1-b soil 
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Figure (3.11): Determination of Unsoaked CBR for Desired Dry 

Unit Weight for A-3 soil. 

 

 

 

  

 

 

 

Figure (3.12): Determination of Soaked CBR for Desired Dry 

Unit Weight for A-3 soil. 

 

 

 

 

   

 

 

Figure (3.13): Determination of Unsoaked CBR for Desired Dry 

Unit Weight for A-7-6 soil. 
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Figure (3.14): Determination of Soaked CBR for Desired Dry 

Unit Weight for A-7-6 soil. 

3.3.2 Preparation of Subgrade Layer: 

In this work, three types of subgrade soils were excavated and collected from three 

locations in Kerbala city. Each subgrade material was prepared and compacted in the 

laboratory testing-setup, then the structure performance of subgrade layer was evaluated 

using two in- situ testing devices: [1] light weight deflectometer, and [2] plate load test. In 

addition, density and water content measurements were taken from conducting sand cone 

test, core cutter. Approximately (2 m3) of each soil type was required to construct a (0.6 

m) thick of compacted subgrade layer. Subgrade soils were prepared at optimum water 

content by using electrical mixter with capacity (0.25 m3) as shown in Plate (3.5). Then, 

the subgrades were compacted inside the testing steel box as layers (20 cm per layer) until 

reaching the desired height (0.6 m), as illustrated in Plate (3.6). this desired high of 

compaction subgrade soils is greater than the depth of influence resulted from both PLT and 

LWD loads because both PLT and LWD devices create a bulb shape zone of stress under 

the plates of test. The diameter of significant stress zone extends approximately (0.9 times 

the diameter of the plate) horizontally from the center line of (300 mm) diameter bearing 

plate, and (1.5 to 2 times the diameter) vertically. The layers were compacted under a 

specific compaction effort to achieve a desired degree of compaction. The compaction 

process was carried out using a plate compactor, and three degree of compaction were 

selected based on number of passes of the compactor (8, 12, and 16).  Once the subgrade 
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was constructed, its modulus and stiffness properties were measured using PLT and LWD 

tests. The field moisture content and dry unit weight were obtained using Sand-Cone and 

Core-Cutter tests method, the sequence of testing was selected as following: three PLT, six 

LWD, three Sand cone, and three core cutter. Figure (3.15) gives a schematic diagram that 

describes the layout and locations of the tests. 

 

  

 

  

 

 

 

 

 

Figure (3.15): The layout of the field tests 

 

 

 

 

 

 

 

 

 

 

 

Plate (3.5): Electrical Mixter 
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Plate (3.6): Preparation of Sample 

3.4 Testing Methods: 

3.4.1 Static plate loading test (PLT)  

The plate bearing test was performed according to standard testing procedure presented in 

(ASTM D1196, 2004) and (AASHTO T222, 2007). A 300 mm diameter circular steel 

plate carefully centered under the load cell and jack assembly, another plate with smaller 

diameter set concentric with, and on top of the bearing plate. The bearing plates must be 

leveled so; a thin bed of fine sand was required for uniform bearing. As shown in Plate 

(3.7), two dial gauges with sensitivity 0.01mm/min and one 75 mm LVDT were installed 

near the edge of the bearing plate (25 mm from the circumference) at an angle of 120º from 

each other to get the average deflection of the bearing plate. After placing the loading plate, 

dial gauges and LVDT, a seating load of 0.5 ton was applied to produce a deflection not 

less than 0.25 mm. When the reading of dials and LVDT came to rest the seating, the 

seating load was released. The dial gauges were set to zero starting the loading. Then, the 

load was applied at stages with uniform increments. The number of stages should be 

enough to permit the recording of a sufficient number of load-deflection points (at least six 

points should be recorded during the test. After each increment, the load should be 

maintained until an increase in deflection of not more than 0.03 mm/min for three 
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consecutive minutes occurs. This procedure was continued until the load capacity has been 

reached. Plate (3.7) shows the testing. 

 

 

 

 

 

 

 

 

 

 

Plate (3.7): Plate Load Test 

From the data obtained through the procedure described above a Load-Deformation curve 

was obtained by plotting the load for each increment in (kPa) versus the average 

deflections. The average deflection represents the average of two dials and LVDT readings 

between the zero and end of each load increment. The curve should be approximately a 

straight line passing through the origin, otherwise, the curve must be corrected by drawing 

a straight line between the unit loads of 69 and 207 kPa, as shown in Figure (3.16). 

 

  

 

 

 

 

 

Figure (3.16): Typical load-deformation Curve  
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3.4.2 Light Weight Deflectometer (LWD) 

A manufactured portable LWD was utilized in this study to evaluate dynamic and 

compaction characteristics of compacted subgrade materials. The principle of working 

LWD same as of PLT, but it applies a dynamic load not a static. The components and 

principle of the Zorn ZFG3. LWD device that shown in Figure (3.17), which is used in this 

study can be summarized as: (Shaban & Cosentino, 2016) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure (3.17): Schematic Diagram of the LWD (Zorn ZFG 3.0) 

 

1. A 300-mm diameter loading plate, which place in contact with testing surface to 

perform a uniform distribution load. 

2. 10-kg falling weight drops from 116-cm height, the falling weight designed to be 

operated by one person and negligible resistance or friction. As explained in (ASTM E 
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2835, 2011) that when the falling weight hits the loading plate resulting a half-sine 

shaped load on testing surface. As shown in Figure (3.18), three drops were carried out 

on each testing point to decrease the influence of loose soil particles that might cause 

unfavorable plastic deformations. The test parameters including dynamic modulus, 

vertical surface deflection, and degree of compatibility. The surface deflections are 

measured by integrating impulse velocity readings of an accelerometer fixed inside a 

circular loading plate, the vertical deflections produced from accelerometer readings 

are utilized to obtained surface soil modulus based on Boussinesq elastic half-space 

theory. 

3.  Buffer system that used to transfer the load to the plate uniformly. (Akbariyeh, 2015) 

explained that increasing the number of buffer leads to increase the system stiffness 

and reduce pulse duration. 

4. Deflection sensors like an accelerometer to measure the dynamic parameter 

 

  

 

 

 

 

 

Figure (3.18): Typical results of the light weight deflectometer 

 

3.5 Summary 

This chapter explains characterization of the subgrade materials that used in this thesis, the 

methods used to test materials, the manufacturing of laboratory testing setup, and location 

of preparation the subgrade soils in this study. The tests are divided in to two phase; 

laboratory, and laboratory testing setup test. The laboratory tests include the basic physical 

and chemical tests. While the laboratory testing set up test consist of static and dynamic 

0

0.1

0.2

0.3

0.4

0.5

0.6

0 5 10 15 20 25

D
e

fl
e

c
ti
o

n
 (

m
m

)

Time (msecond)

Drop No.1

Drop No.2

Drop No.3



Chapter Three                                                                                    Experimental Work  

42 

 

tests. The static tests represent by static plate load test (PLT). While the Light Weight 

deflectometer (LWD) is the dynamic testing devise. Also, the field density’s tests 

performed by the Sand Replacement test and Core – Cutter tests. This chapter explain how 

the compaction effort of subgrade soils in the laboratory testing setup was performed by 

using three number of passes of compactor device (8, 12, and 16). 

The methodology in this study included preparation the subgrade soils at its optimum 

water content in the laboratory testing setup, and compacted it in three different degree of 

compaction depends on number of passes of compaction device. Under each degree of 

compaction the subgrade soil properties were performed under static and dynamic tests.
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Chapter Four 

Results of Experimental Tests 

4.1: Introduction:  

This chapter presents and discusses the results of 126 experimental tests performed on 

different types of soil, 27 of these tests were carried out under the static load, 54 tests were 

subjected to the dynamic load, and the remaining 45 testes for other required field tests to 

determine the field densities and degree of compaction. 

4.2: Densities Tests Results: 

The degree of compaction and field densities of subgrade soils are summarized in Table 

(4.1). The field densities were selected based on the number of passes of the compacting 

device on soil layers. From the results in table below, it can be seen that when increasing 

the number of passes, the dry density increases, and its increasing is different from one soil 

to another because it highly influenced by soil type [i.e. grain size distribution, and 

percentage of fine content], water content, and compaction effort (Guerrero, 2004). 

Table (4.1): Field Densities Tests  

 

Type 

of soil 

No. of 

Passes Points 

Core-Cutter Test Sand-Cone Test 
Bulk  

density 

(gm/cm3) 

Dry  

density 

(gm/cm3) 

Degree of 

compaction 

% 

Bulk  

density 

(gm/cm3) 

Dry  

density 

(gm/cm3) 

Degree of 

compaction 

% 

A
-1

-b
 

8 

1 1.930 1.685 89.37 1.99 1.733 91.95 

2 1.907 1.690 89.65 2.01 1.741 92.36 

3 1.967 1.742 92.43 2.02 1.751 92.89 

12 

1 1.902 1.761 93.40 1.96 1.776 94.19 

2 1.850 1.700 90.00 1.91 1.716 91.00 

3 1.934 1.730 92.00 1.96 1.744 92.50 

16 

1 1.983 1.843 97.79 2.01 1.857 98.51 

2 1.929 1.801 95.55 2.03 1.830 97.09 

3 2.034 1.855 98.43 1.98 1.860 98.68 

A
-3

 

8 

1 1.973 1.830 85.73 2.03 1.886 88.33 

2 1.949 1.835 85.93 2.03 1.888 88.41 

3 1.997 1.851 86.69 2.02 1.898 88.89 

12 

1 2.026 1.893 88.69 2.09 1.975 92.50 

2 1.977 1.874 87.78 2.01 1.898 88.89 

3 1.962 1.858 87.01 2.00 1.890 88.51 

16 

1 2.151 2.023 94.77 2.10 1.974 92.46 

2 2.172 2.030 95.07 2.17 2.035 95.31 

3 2.155 2.039 95.49 2.20 2.047 95.87 
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Table (4.1): Field Densities Tests-continue 

 

4.2: Results of Plate Load Test: 

Twenty-seven PLT tests were performed on three types of soil under different degree of 

compaction. The PLT was conducted by applying the load incrementally, the magnitude of 

maximum applied load used in this study is 50 kN (5 tons). The following characteristics 

of subgrade materials were extracted from PLT tests: 

¶ Pmax.: maximum contact pressure in (kPa) produced from the ratio between applied 

load and area of the loading plate.  

¶ ŭmax.: maximum settlement of the loading plate under the static load. 

¶ Ks: modulus of subgrade reaction in (kPa/mm) obtained from equation (2.1). 

¶ Es: Young’s modulus determined as a function of maximum surface deflection 

using the equation below. 

The following subsections summarize measurements of PLT tests: 

For A-1-b Subgrade soil from Al-Meelad district, the fundamental properties of soil 

obtained from conducting 9 PLT tests are listed in Table (4.2). It was noted that the values 

of subgrade reaction modulus obtained from actual load-deformation curve before the 

correction ranged from 222.6 to 313.6 kPa/mm with an average 255.07 kPa/mm. While the 

subgrade reaction modulus obtained from corrected load-deflection curve ranged from 

313.6 to 431 kPa/mm with an average equal to 361.43 kPa/mm. The values of correction 

factor varied from 0.61 to 0.79 with average 0.71. The value of elastic modulus ranged 

Type 

of soil 

No. of 

Passes Points 

Core-Cutter Test Sand-Cone Test 
Bulk  

density 

(gm/cm3) 

Dry  

density 

(gm/cm3) 

Degree of 

compaction 

% 

Bulk  

density 

(gm/cm3) 

Dry  

density 

(gm/cm3) 

Degree of 

compaction 

% 

A
-7

-6
 

8 

1 1.870 1.439 83.69 / / / 

2 1.817 1.447 84.15 / / / 

3 1.863 1.431 83.20 / / / 

12 

1 1.857 1.520 88.38 / / / 

2 1.863 1.491 86.70 / / / 

3 1.808 1.479 85.99 / / / 

16 

1 1.880 1.622 94.03 / / / 

2 1.959 1.632 94.90 / / / 

3 1.997 1.646 95.70 / / / 

    %  
ʌ

τ

Ð$ρ ○

×
                             (4.1) 
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from 21.1 to 55.9 MPa with an average equal to 32.15 MPa. Whereas, the value of 

maximum contact pressure varied from 432.2 to 732.39 kPa with average value equal to 

631.95 kPa. The results also indicated that that maximum settlement varied from 2.7 to 6.47 

mm with an average equal to 4.46 mm. 

Figure (4.1) shows the average load-deformation curve of PLT tests.  

Table (4.2): Summary of plate loading test results for (A-1-b) soil at AL-Meelad  

         Note: *The value of Poisson’s ratio used to determine elastic deformation moduli was assumed 0.3 

 

 

 

 

 

 

 

Figure (4.1): Average load – deformation curve for A-1-b soil 

For A-3 Subgrade soil from Al-Faris district, the fundamental properties of soil 

obtained from conducting 9 PLT tests are listed in Table (4.3). The results revealed that the 

value of subgrade reaction obtained from actual load-deformation curve before correction 

ranged from 246.43 to 711.3 kPa/mm with an average 401.33 kPa/mm. While after 

correcting load – deformation curve the value of subgrade reaction modulus range from 

246.43 to 766.7 kPa/mm with an average equal to 487.38 kPa/mm. The values of correction 

factor varied from 0.57 to 1.0 with average 0.86. When the correction factor value reaches 

No. of 

Passes 
Points 

Pmax. 

(kPa) 

ŭmax 

(mm) 

( Ks )   from  

Actual Curve 

(kPa/mm) 

( Ks )   from  

Corrected Curve 

(kPa/mm) 

*Es 

(MPa) 

8 

1 563.0 5.200 222.6 313.6 23.20 

2 704.2 6.473 246.4 345.0 23.30 

3 563.0 5.260 287.5 363.0 22.96 

12 

1 721.4 5.112 222.6 363.2 30.26 

2 432.2 4.390 222.6 345.0 21.17 

3 732.0 6.370 246.4 345.0 24.65 

16 

1 704.2 3.470 246.4 383.3 43.50 

2 563.0 2.272 287.5 363.5 44.40 

3 704.0 2.700 313.6 431.3 55.90 

Average 631.95 4.63 255.07 361.43 32.15 

St.dv. 104.83 1.42 33.40 32.52 12.59 
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to 1.0 that means the load-deformation curve is a straight line passing through the origin 

and it doesn’t need any correction according to the recommendation of (AASHTO, 2007), 

whereas the elastic modulus varied from 22.35 to 84.67 MPa with an average 58.11 MPa. 

Maximum settlement of the soil that produced from average readings of dial gauges ranged 

from 1.75 mm to 4.728 mm with an average equal to 2.6 mm. The value of maximum 

contact pressure varied from 492.96 to 691.14 kPa with average value equal to 624.52 kPa. 

Figure (4.2) shows The average load-deformation curve. 

Table (4.3): Summary of plate loading test results for (A-3) Soil at (AL-Faris)  

        Note: *The value of Poisson’s ratio used to determine elastic deformation moduli was assumed 0.3 

  

 

 

 

 

 

Figure (4.2): Average load – deformation curve for A-3 Soil 

For A-7-6 Subgrade soil from Al-Rofae district, the fundamental properties of soil obtained 

from conducting 9 PLT tests are listed in Table (4.4). It was noted that the values of 

subgrade reaction modulus obtained from the actual load-deformation curve before 

No. of 

Passes 
Points 

Pmax. 

(kPa) 

ŭmax 

(mm) 

( Ks )   from  

Actual Curve 

(kPa/mm) 

( Ks )   from  

Corrected Curve 

(kPa/mm) 

*Es 

(MPa) 

8 

1 492.96 4.728 246.4 246.4 22.36 

2 492.96 3.370 255.6 255.6 31.36 

3 492.96 2.013 300.0 300.0 52.51 

12 

1 690.10 2.583 460.0 460.0 57.30 

2 690.10 2.747 287.5 460.0 53.86 

3 690.10 2.670 345.0 431.3 55.52 

16 

1 690.10 1.830 711.3 711.3 80.86 

2 690.10 1.750 431.2 755.2 84.56 

3 690.10 1.750 575.0 766.7 84.68 

Average 624.52 2.60 401.33 487.38 58.11 

St.dv. 98.68 0.97 158.99 209.60 22.29 
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corrected curve ranged 50 to 138 kPa/mm with an average 90.1 kPa/mm. While after 

correcting load – deformation curve the value of subgrade reaction modulus range from 

135.3 to 246.4 kPa/mm with an average equal to 184.3 kPa/mm. The values of correction 

factor varied from 0.28 to 1.0 with average 0.54. When the correction factor value reaches 

to 1.0 that means the load-deformation curve is a straight line passing through the origin 

and it doesn’t need any correction according to the recommendation of (AASHTO, 2007), 

The value of elastic modulus ranged from 17 to 43.5 MPa with an average equal to 32.5 

MPa. Whereas, the value of maximum contact pressure varied from 492.96 to 690.1 kPa 

with an average value equal to 624.5 kPa. The results also indicated that maximum 

settlement varied 3.4 to 6.2 mm with an average equal to 4.49 mm. 

Figure (4.4) shows the average load-deformation curve of PLT tests.  

Table (4.4): Summary of plate loading test results for (A-7-6) soil at (Al-Rofae)  

        Note: *The value of Poisson’s ratio used to determine elastic deformation moduli was assumed 0.3 

 

 

 

 

 

 

 

Figure (4.3): Average load – deformation curve for A-7-6 Soil 

After all the soils were tested, the values obtained from the experiments were graphed in 

the following figures in order to explain the relationships between the subgrade reaction 

No. of 

Passes 
Points 
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ŭmax 

(mm) 

( Ks )   from  

Actual Curve 

(kPa/mm) 

( Ks )   from  

Corrected Curve 

(kPa/mm) 

*Es 

(MPa) 

8 

1 492.96 6.03 138.0 138.0 17.50 

2 492.96 6.20 115.0 138.0 17.00 

3 492.96 5.77 132.7 135.0 18.40 

12 

1 690.1 4.20 53.1 186.5 35.20 

2 690.1 4.08 57.5 181.6 36.30 

3 690.1 3.90 50.0 172.5 37.90 

16 

1 690.1 3.44 86.3 230.0 43.01 

2 690.1 3.40 89.6 230.0 43.52 

3 690.1 3.42 88.5 246.4 43.26 

Average 624.5 4.49 90.1 184.3 32.5 

St.dv. 98.41 1.17 33.14 43.12 11.52 
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modulus and the obtained dry densities. The modulus of subgrade reaction increased with 

increasing the dry densities. 

 

 

 

 

 

 

Figure (4.4): Subgrade reaction. vs. dry density for (A-1-b) soil 

 

 

 

 

 

 

 

 

Figure (4.5): Subgrade reaction. vs. dry density for (A-3) soil 

 

 

 

 

 

 

 

Figure (4.6): Subgrade reaction vs. dry density for (A-7-6) soil 
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The results also showed that the subgrade reaction modulus increased with increasing the 

degree of compaction as illustrated in Figures below. Because the compaction process 

improves the mechanical properties of the soil by reducing the volume of voids containing 

air and the soil particles get closer due to the new arrangement. That leads to increase the 

resistance, and reduces the deformation capacity.  

           

 

 

 

 

 

 

 

Figure (4.7): Subgrade reaction vs. Degree of compaction for (A-1-b) soil 

 

 

 

 

 

 

 

 

Figure (4.8): Subgrade reaction vs. Degree of compaction for (A-3) soil 
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Figure (4.9): Subgrade reaction vs. Degree of compaction for (A-7-6) soil 

  In general, from the all results above, the higher value of subgrade reaction modulus is 

766.7 kPa/mm for the A-3 (AL-Faris) soil, while the lower value is 135 kPa/mm for the A-

7-6 (AL-Rofae) soil. Also, the results showed  that the subgrade reaction modulus and 

elastic modulus obtained from A-3 soil are higher than those obtained from A-1-b (AL-

Melaad) soil, the reason of this that the A-1-b soil contain the amount of gypsum in it 

components about 19.52 as illustrated in Table (3.4), this amount of gypsum effect on the 

strength of soil, as mentioned by (Razouki et al., 1994), (Razouki and Kuttah, 2004), (Kuttah  

and Sato,2015), and (Razouki and Ibrahim, 2019) Gypsum is one of the soluble salts that 

can have a injurious effect on subgrade soils, buildings and earth structures and caused a 

difficult conditions for roads. 

4.3: Results of Light Weight Deflectometer: 

The dynamic properties of subgrade materials were obtained by implementing 54 LWD 

tests on three types of subgrade soils. The LWD parameters measured during this study 
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¶  ŭd: surface deflection in (mm) obtained from double integration to the acceleration 

versus time signals of pulse waves recorded by a data acquisition system for the 

accelerometer located inside the circular loading plate. 

¶  (Ed): dynamic modulus in (MPa) measured from back-calculated of the surface 

deflection using elastic half-space theory developed by Boussinesq. 
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¶  (Dc): degree of compatibility is determined by dividing the mean value of surface 

deflection by the mean value of pulse velocity of dynamic impact load generated 

in a subgrade layer. This parameter gives an indication about compaction 

characteristics. Generally, if degree of compatibility is less than or equal to 3.5 no 

further compaction is required. However, if degree of compatibility is greater than 

3.5 further compaction is recommended. 

The following subsections present the measurements of LWD tests: 

           For A-1-b Subgrade soil from Al-Meelad district, the results of the 18 LWD tests 

conducted on different compacted subgrade surfaces are given in Table (4.5). These results 

were calculated by averaging the values resulted from three consecutive drops. The results 

exhibited that the vertical displacements ranged from 0.47 to 1.053 mm, with an average 

deflection of 0.675 mm, Figure (4.10) showed the average data of time-deformation curve. 

The values of dynamic modulus varied from 21.37 to 47.87 MPa with an average equal to 

34.593 MPa. The average value of degree of compatibility was 3.346 ms. 

All time-deflection curves of LWD are listed in Appendix (A-1). 

 Table (4.5): Summary of LWD Results for (A-1-b) Subgrade Soils at (Al-Meelad)  

No. of 

Passes 
Points 

Surface Deflection (mm) Ed 

(MPa) 

Dc 

(ms) ŭ1 ŭ2 ŭ3 Mean 

8 

1 1.065 1.050 1.044 1.053 21.37 3.649 

2 0.651 0.647 0.624 0.641 35.10 3.163 

3 0.779 0.753 0.723 0.752 29.92 3.679 

4 0.537 0.545 0.549 0.544 41.36 3.101 

5 0.586 0.577 0.557 0.573 39.27 3.209 

6 0.469 0.469 0.471 0.470 47.87 3.422 

12 

1 0.720 0.721 0.716 0.719 31.29 3.193 

2 0.634 0.627 0.606 0.622 36.17 3.253 

3 0.811 0.802 0.790 0.801 33.28 3.777 

4 0.648 0.639 0.621 0.636 26.85 3.393 

5 0.678 0.667 0.682 0.676 28.09 3.364 

6 0.866 0.830 0.819 0.838 35.38 3.546 

16 

1 0.663 0.659 0.644 0.655 31.34 3.43 

2 0.716 0.696 0.684 0.699 41.44 3.07 

3 0.731 0.712 0.711 0.718 34.35 3.370 

4 0.570 0.580 0.590 0.580 32.19 3.487 

5 0.545 0.501 0.513 0.520 43.27 3.105 

6 0.675 0.665 0.638 0.659 34.14 3.201 

              Average 0.686 0.674 0.666 0.675 34.593 3.365 

          St.dv. 0.14 0.13 0.13 0.13 6.41 0.21 



Chapter Four                                                                     Results of Experimental Tests 

52 

 

 

 

 

 

 

 

Figure (4.10): Average Time-Deflection Curve for A-1-b soil 

For A-3 Subgrade soil from Al-Faris district, the results of the 18 LWD tests 

conducted in Table (4.6). The results showed that the vertical displacements ranged from 0.391 

to 0.675 mm, with an average deflection of 0.553 mm, Figure (4.11) showed the average data 

of time-deformation curve. The values of dynamic modulus varied from 33.33 to 57.54 MPa 

with average equal to 47.7 MPa. The average value of degree of compatibility of subgrade soil 

was 3.075 ms. 

All time – deformation curves are listed in Appendix (A-2)  

       Table (4.6): Summary of LWD Results for (A-3) Subgrade Soils at (Al-Faris) 

No of 

Passes 
points 

Surface deflection (mm) Ed 

(MPa) 

Dc 

(ms) ŭ1 ŭ2 ŭ3 Mean 

8 

1 0.645 0.646 0.649 0.647 34.78 3.358 

2 0.698 0.670 0.658 0.675 33.33 3.577 

3 0.619 0.624 0.616 0.620 36.76 3.481 

4 0.678 0.667 0.646 0.664 33.89 3.286 

5 0.656 0.634 0.621 0.637 35.32 3.253 

6 0.648 0.632 0.609 0.630 35.71 3.193 

12 

1 0.457 0.451 0.451 0.453 49.67 2.772 

2 0.405 0.385 0.384 0.391 57.54 2.887 

3 0.423 0.423 0.413 0.420 53.57 2.801 

4 0.511 0.532 0.500 0.514 43.77 2.868 

5 0.624 0.595 0.594 0.604 37.25 2.962 

6 0.486 0.471 0.474 0.477 47.17 2.829 

16 

1 0.522 0.518 0.499 0.513 42.45 3.094 

2 0.582 0.570 0.56 0.571 41.13 2.995 

3 0.517 0.531 0.543 0.530 44.38 3.107 

4 0.561 0.549 0.530 0.547 39.40 2.919 

5 0.501 0.500 0.504 0.502 44.82 3.069 

6 0.582 0.558 0.561 0.567 39.68 2.894 

Average 0.562 0.553 0.545 0.553 41.701 3.075 

St.dv. 0.09 0.08 0.08 0.08 6.93 0.24 
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Figure (4.11): Average Time-Deflection Curve for A-3 Soil 

           For A-7-6 Subgrade soil from Al-Rofae district, the results of the 18 LWD tests 

conducted on different compacted subgrade surfaces are given in Table (4.7). These results 

were calculated by averaging the values resulted from three consecutive drops. The results 

exhibited that the vertical displacements ranged from 1.401 to 2.020 mm, with an average 

deflection of 1.671 mm, Figure (4.12) showed the average data of time-deformation curve. 

The values of dynamic modulus varied from 11.14 to 16.11 MPa with an average equal to 

13.54 MPa. The average value of degree of compatibility was 4.74 ms. 

All time – deformation curves are listed in Appendix (A-3)  

       Table (4.7): Summary of LWD Results for (A-7-6) Subgrade Soils at (Al-Rofae) 

No. of 

Passes 
points Surface deflection (mm) Ed 

(MPa) 

Dc 

(ms) ŭ1 ŭ2 ŭ3 Mean 

8 

1 1.864 1.844 1.834 1.847 12.18 4.931 

2 1.861 1.871 1.862 1.865 12.06 4.898 

3 1.809 1.752 1.727 1.763 12.76 4.747 

4 2.039 2.001 2.020 2.020 11.14 5.096 

5 1.955 1.932 1.937 1.941 11.59 5.041 

6 1.965 1.958 1.938 1.954 11.51 5.122 

12 

1 1.502 1.513 1.517 1.511 14.89 4.55 

2 1.711 1.696 1.676 1.694 13.28 4.341 

3 1.59 1.552 1.563 1.568 14.35 4.335 

4 1.705 1.678 1.675 1.686 13.35 4.85 

5 1.681 1.673 1.686 1.680 13.39 5.199 

6 1.665 1.657 1.642 1.655 13.6 5.162 

16 

1 1.457 1.447 1.454 1.453 13.51 4.318 

2 1.526 1.487 1.478 1.497 13.59 4.794 

3 1.500 1.644 1.555 1.566 15.49 4.410 

4 1.571 1.546 1.550 1.556 15.03 4.645 

5 1.425 1.378 1.399 1.401 16.11 4.484 

6 1.432 1.411 1.427 1.423 15.81 4.385 

Average 1.681 1.669 1.663 1.671 13.54 4.74 

St.dv 0.20 0.19 0.19 0.19 1.51 0.31 
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Figure (4.12): Average Time-Deflection Curve for A-7-6 Soil 

 

In general, the following Figures (4.13) to (4.21) below explain that the subgrade reaction 

modulus increase with increasing the dynamic modulus, and decrease with increasing the 

degree of compatibility and surface deflection. 

 

 

 

 

 

 

 

 

 

Figure (4.13): Subgrade reaction. Vs. LWD Surface deflection for A-1-b soil  
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Figure (4.14): Subgrade reaction. vs. LWD degree of compatibility for A-1-b soil 

 

  

 

 

 

 

Figure (4.15): Subgrade reaction. vs. LWD dynamic modulus for A-1-b soil 

 

  

 

 

 

 

 

            Figure (4.16): Subgrade reaction. vs. LWD Surface deflection for A-3 soil 
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Figure (4.17): Subgrade reaction. vs. LWD degree of compatibility  for A-3 soil 

 

  

 

 

 

 

      Figure (4.18): Subgrade reaction. vs. LWD dynamic modulus for A-3 soil 

 

  

 

 

 

 

 

Figure (4.19): Subgrade reaction. vs. LWD Surface deflection for A-7-6 soil 
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Figure (4.20): Subgrade reaction. vs. LWD degree of compatibility for A-7-6 soil 

 

  

 

 

 

 

 

 

Figure (4.21): Subgrade reaction. vs. LWD dynamic modulus for A-7-6 soil 
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different soils. The results divided into three phases;  

1. Results obtained from static plate load test, these results include the surface deflection, 

elastic modulus, and the modulus of subgrade reaction before and after correction the 

load – deformation curve,  

y = 361.54x-0.605

R² = 0.9986

y = 383.67x-0.487

R² = 0.9805

y = 14678x-2.746

R² = 0.9508

125

145

165

185

205

225

245

265

4.30 4.50 4.70 4.90 5.10 5.30 5.50

S
u
b

g
ra

d
e

 r
e

a
c
ti
o

n
 K

s
 (

k
P

a
/m

m
)

Dc (mm)

No. of passing 8

No. of passing 12

No. of passing 16

y = 45.87x0.4425

R² = 0.9186

y = 1.4568x1.835

R² = 0.9967

y = 95.205x0.3351

R² = 0.5065

125

145

165

185

205

225

245

265

11 12 13 14 15 16

S
u

b
g

ra
d

e
 r

e
a

c
ti
o

n
 K

s
 (

k
P

a
/m

m
)

Dynamic modulus Evd (Mpa/m2)

No. of passing 8

No. of passing 12

No. of passing 16



Chapter Four                                                                     Results of Experimental Tests 

58 

 

2. Results obtained from light weight deflectometer (LWD) test. Three dynamic 

measurements were obtained from (LWD) test includes; dynamic modulus, surface 

deflection, and degree of compatibility. 

3. Results obtained from field densities tests, Sand-Cone test and Core- cutter test. From 

these test identified the degree of compaction of soil preparation and both dry and wet 

unit weight.   

From the results, the degree of compaction of subgrade soil increase with increasing the 

number of passes of compaction devises, and this lead to increase the characteristics of 

subgrade soils under each static and dynamic tests.  
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Chapter Five 

 Statistical Analysis and Modeling 

 

5.1: Introduction:  

The experimental research program was conducted with two testing devices, the plate load 

test (PLT) and the light weight deflectometer (LWD), to evaluate the characteristics of 

subgrade soils. The testing measurements obtained from these two devices were compared 

and analyzed statistically using regression analysis to examine feasible relationships 

between PLT and LWD data. The analysis results have been divided into two sections: 

¶ Granular subgrades collected from Al -Melaad and Al-Faris district. 

¶ Clay subgrades collected from Al-Rofae soil. 

5.2: Statistical Analysis: 

Statistical analysis is used to develop a mathematical model between dependent and 

independent variables, and to describe how these variables related with each other.  In this 

study regression analysis was carried out to find out the most valid statistical models that 

determines the subgrade reaction (Ks). A statistical software called SPSS [Statistical 

Package for Social Sciences] was utilized to perform an extensive regression analysis in 

the least square errors, and analyze the relationships among the results obtained from PLT 

tests with those determined from the LWD tests.  

5.3: Regression analysis: 

Regression analysis is an important and powerful method That provides the following 

things:  

¶ Description the relationships among the dependent and independent variables 

statistically. 

¶ Testing the hypotheses about the relationships between variables.  

The best-known types of regression analysis are the following: 
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1. Linear Regression Analysis 

Linear regression is the first and most common type of regression analysis that 

extensively utilized in practical application, it is classified as: 

Á Simple linear regression: presents the linear relationships between a dependent 

variable and one independent variable and it is given as in the form below: 

     Where: 

Y : dependent variable. 

X : independent variable. 

a  : Constant. Represent y-intercept 

b : the slope of the regression line  

e : is the error term; the error in predicting the value of Y 

 

Á Multiple linear regression: is a technique that allows additional factors to enter the 

analysis separately, it is used to predict the value of a dependent variable based on 

the value of two or more other variables. 

Where: 

Y : dependent variable. 

X1, and X2 : independent variables. 

a0 : Constant. Represent y-intercept 

a1, a2... an : slope of the regression lines 

 

2. Nonlinear regression analysis  

Nonlinear regression is a form of regression analysis in which dependent or criterion 

variables are modeled as a non-linear function of the model parameters and depends on 

one or more independent variables. The relationships between the dependent and 

independent variables in this regression are modeled as non-linear (typically curve) as if 

every value of Y was a random variable. The goal of the model is to make the sum of the 

squares as small as possible. There are several models of this regression; logarithmic, 

ὣ ὥ ὦȢὢ Ὡ                                                                        (5.1) 

ὣ ὥ ὥȢὢ ὥȢὢ Ễ ὥὢ  (5.2) 
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trigonometric functions, exponential functions, and other fitting methods. (Archontoulis 

and Miguez,2013). 

5.4 : Correlation between variables. 

Correlation is a statistical method that shows the relation between two variables or the 

degree of the strong relation, when variables move in the same direction it’s called positive 

correlation, otherwise the negative correlation occurs. The coefficient of correlation ranges 

between -1 to 1. The degree of correlation is classified into five points based on the value of 

the coefficient: (Montgomery et al, 2011). 

¶ High degree of correlation, when the value of coefficient is above 0.75.  

¶ Moderate degree of correlation, when the coefficient ranges between 0.50 to 0.75. 

¶  Low degree of correlation occurs when the value of coefficient ranges from 0.25 

to 0.5 

¶ Absence of correlation when the value is less than 0.25. 

5.5 : Some Definitions about Accuracy of Regression Models: 

The accuracy of statistical models was evaluated based on some statistical parameters; 

¶ Coefficient of Determination (R 2): which is defined as the number representing 

the variance ratio in the dependent variable that can be predicted from the 

independent variable and has a value from 0 to 1. When the value is equal to one, 

this means a perfect correlation because all points lie on the suggested least square 

line. It can be expressed mathematically as below: 

 

Á Root Mean Square Error (RMSE): it is a measure of the difference between the 

predicted values from the regression model and the values actually measured that 

is being modelled: 

 

Ὑ ρ
В ὣ ¹

В ὣ ¹ В ὣ ὣ
             (5.3) 

2-3%
В  ὣ ¹

ὲ
  (5.4) 
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Á Mean Absolute Error (MAE):  Measures the average size of errors in a range of 

predictions, without considering their direction. It is the mean on the test sample of 

absolute differences between the prediction and the actual observation. 

        Where: 

 

Á Residual (e): is the measure of vertical distance between the data points and the 

line of equality to describe the adequacy of the model. 

Residual = Observed value - Predicted value  

Á Analysis of Variance (ANOVA) is a statistical technique used to test difference 

between two or more means, for significance of regression ANOVA test the 

following (Montgomery, 2011). 

1. Regression sum of squares (SSR). 

2. Error or residual sum of squares (SSE). 

3. Total of Sum squares (SST). 

4. Mean Square of regression (MSR). 

5. Mean square of residual or error (MSE). 

5.6 : Results and Discussion of statistical Analysis  

The statistical analysis results have been spilt into two sections; [1] Results of granular 

soils, [2] Results of clay soil. 

1. For granular subgrade soils 

The testing results data obtained from the experimental work were divided randomly into 

12 results to generate the model and the other 6 is used to validate the model. The first 

step to model preparations is the correlation between the variables by using SPSS 

Pearson's analyzed statistically. A correlation analysis was carried out and summarized 

in Table (5.1). 

ὓὃὉ
В ὣ ¹

ὲ
  (5.5) 

╨░: Observation value. 

¹░: Predicted value. 

╨░: Mean of observed values 

n: Number of samples.  



Chapter Five                                                                Statistical Analysis and Modeling 

 

63 

 

Table (5-1): Correlation between variables for granular subgrade soils 

 

This table shows: 

1. The correlation between the dependent variable (Ks) and some independent variables 

like LWD surface deflection (δd), degree of compatibility (Dc), and water content is 

negative moderate correlation, which indicates that any decrease in these values leads 

to increase Ks, and vice versa. Also, this degree of correlation can develop an 

acceptable theoretical model between Ks and any one of these variables. 

2. The LWD measurements (i.e., Ed, δd, and Dc) have high to moderate correlation with 

each other. It was noted that there is a negative high correlation between Ed and (δd, 

and Dc). Whereas the correlation between (δd) and (Dc) is positive moderate 

correlation, which means the surface deflection increases with increasing degree of 

compatibility.  

3. The dry unit weight has the most significant correlation to Ks, it has a high positive 

correlation with Ks. While with water content the dry density has negative high 

correlation. 

4. The correlations between the dry density and LWD measurements ranged from 

moderate to low. Moderate positive correlation with Ed, negative correlation with Dc, 

and low negative correlation with surface deflection (δd).   

 Ks Ed ŭd Ẳdry Dc Wc 

Ks 
Pearson Correlation 1 0.604* -0.529* 0.815**  -0.602**  -0.561* 

Sig. (2-tailed) --- 0.033 0.024 0.000 0.008 0.054 

Ed 
Pearson Correlation 0.604* 1 -0.950**  0.459* -0.783**  -0.561 

Sig. (2-tailed) 0.033 --- 0.000 0.016 0.000 0.054 

ŭd 
Pearson Correlation -0.529* -0.950**  1 -0.527**  0.678**  0.644**  

Sig. (2-tailed) 0.024 0.000 --- 0.054 0.002 0.004 

Ẳdry 
Pearson Correlation 0.815**  0.459* -0.527**  1 -0.675**  -0.765**  

Sig. (2-tailed) 0.000 0.016 0.054 --- 0.002 0.000 

Dc 
Pearson Correlation -0.602**  -0.783**  0.678**  -0.675**  1 0.679**  

Sig. (2-tailed) 0.008 0.000 0.002 0.002 --- 0.002 

Wc 
Pearson Correlation -0.561 -0.461* 0.644**  -0.765**  0.679**  1 

Sig. (2-tailed) 0.054 0.054 0.004 0.000 0.002 --- 

Note: *. Correlation is significant at the 0.05 level (2-tailed). 

        **. Correlation is significant at the 0.01 level (2-tailed). 
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Based on the results of correlations and the independent variables developing three 

set of regression models were developed as clarified below 

1.1 : Regression models based on LWD testing data: 

In this phase, the non-linear regression analyses were conducted to develop three 

theoretical models that can be used to predict the modulus of subgrade reaction (Ks) as a 

function of LWD measurements including: Ed, δd, and Dc. Table (5.2) summarizes the 

statistical predictors of these non-linear correlation models and associated R2, and MSE 

values. 

For first model, a non-linear regression model was developed to predict the 

subgrade reaction modulus as a function of LWD dynamic modulus. The results of 

ANOVA test are listed in Table (5.3), it explains that the mean square error (MSE) is low 

and equal 3453 kPa/mm (3.45 MPa/mm) and sum of residual is lower than the sum of 

regression, which sustained the significance of the model. While, from the same table, the 

high value of the R2 (0.92) indicates a perfect prediction. Thus from these values a 

conclusion can be drawn that the developed model for K-Ed is good. Figure (5-1) shows 

the adequacy of the model and this figure indicates that an acceptable scatter can 

recognized between predicted and measured Ks. From the same figure it can recognized 

that all values are within the significant level boundaries. Figure (5.2) shows the scatter of 

residual points around the mean zero. In this Figure the residuals are plotted against the 

independent variable (Ed) to determine if the regression model provides an adequate fit to 

the data or if any underlying assumptions are violated. From the same figure, the two 

largest residuals do not fall extremely close to a straight line. By calculating the two largest 

standardized residuals [Ὠ ὩЍ„ϳ   were (-2.01, 1.6)]and these  are not far outside the 

nominal standardized residuals that  range between  (-2, 2 ). 

For the second model, a non-linear regression model was developed to predict the 

subgrade reaction modulus as a function of LWD surface deflection. The results of 

ANOVA test are listed in Table (5.4), which explains that the mean square error (MSE) is 

low and equal 9013.439 kPa/mm (9.013MPa/mm) and the sum of residuals is lower than 

the sum of regression, which sustained the significance of the model. While, from the same 

table, the high value of the R2 (0.83) indicates a good prediction. Thus, from these values 
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a conclusion can be drawn that the developed model for K- δd is good. Figure (5-3) shows 

the adequacy of the model and this figure indicates that an acceptable scatter can be 

recognized between predicted and measured Ks. From the figure it can be recognized that 

all values with in the significant level boundaries. Figure (5.4) shows the scatter of residual 

points around the mean zero. In this Figure the residuals are plotted against the independent 

variable (δd). From the same figure, the two largest residuals do not fall extremely close to 

a straight line. By calculating the two largest standardized residuals [Ὠ ὩЍ„ϳ   were (-

2.1, 0.9)]and these  are not far outside the nominal standardized residuals that  range 

between  (-2, 2 ). 

 

Table (5.2): Summary of statistical models based on LWD data for granular subgrade 

soils 

Á Note: Ks in (kPa/mm) 

 

Table (5.3): ANOVAa test of Ks _Ed model for granular subgrade soils 

 

Predictor Model R2 
MSE 

MPa/mm 

Ed (MPa) Ks= 9.32%+
τφȢψω

% τςȢσω

ςσȢσψ

% τρȢψρ
 0.92 3.45 

δd (mm) Ks =365.714+
πȢπσς

ρȢπφɿÄ πȢυχ

πȢτςχ

πȢυυρȢπσɿÄ
 0.832 9.013 

Dc (ms) Ks =1494.4+
ψςτȢχυ

σχχςȢτ τρτȢυ $Ã ςυπρȢω $Ã
 σσχȢφς$Ã 0.93 4.875 

Source Sum of Squares df Mean Squares 

Regression 2280973.785 5 456194.757 

Residual 24172.764 7 3453.252 

Uncorrected Total 2305146.550 12 / 

Corrected Total 337624.073 11 / 

Note: Dependent variable: Ks 

a. R squared = 1 - (Residual Sum of Squares) / (Corrected Sum of Squares) = 0.92 
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 Table (5.4): ANOVAa test of Ks _ δd model for granular subgrade soils 

 

 

 

 

 

 

 

 

 

Figure (5.1): Predicted vs. measured modulus – LWD dynamic modulus model for 

granular subgrade soils. 

 

 

 

 

 

 

Figure (5.2): residuals vs. dynamic modulus – LWD dynamic modulus model for 

granular subgrade. 

Source Sum of Squares df Mean Squares 

Regression 2495706.187 7 356529.455 

Residual 45067.194 5 9013.439 

Uncorrected Total 2540773.381 12 / 

Corrected Total 268663.762 11 / 

Note: Dependent variable: Ks 

a. R squared = 1 - (Residual Sum of Squares) / (Corrected Sum of Squares) = 0.832 
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Figure (5.3): Predicted vs. measured modulus – Surface deflection model for granular 

subgrade. 

 

 

 

 

 

 

Figure (5.4): residuals vs. surface deflection – LWD surface deflection model for 

granular subgrade soils. 

For the third model, a non-linear regression model with high value of R2 equal to 

0.93 was developed to predict the subgrade reaction modulus as a function of LWD degree 

of compatibility. The results of ANOVA test are summarized in Table (5.5), it explains 

that the mean square error (MSE) is low and equal 4857.733kPa/mm (4.857 MPa/mm) and 

the sum of residual is lower than the sum of regression, which is good for the significance 

of the model. Figure (5.5) explains the adequacy of the model and the acceptability  of 

scattered between the predicted and measured Ks. From the figure, it can be recognized 

that all values within the significant level boundaries. Figure (5.6) shows the scatter of 

residual points around the mean zero. In this Figure the residuals are plotted against the 
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independent variable (Dc) to check the normality assumption. By calculating the two 

largest standardized residuals [Ὠ ὩЍ„ϳ   were (-0.46, 0.75)]and these  are not far outside 

the nominal standardized residuals that  range between  (-2, 2 ). 

     Table (5.5): ANOVA a test of Ks _ Dc model for granular subgrade soils 

   

 

 

 

  

 

 

 

Figure (5.5): Predicted vs. measured modulus – degree of compatibility model for 

granular subgrade soils. 

 

  

 

 

 

 

Figure (5.6): residuals vs. degree of compatibility – LWD degree of compatibility model 

for granular subgrade soils. 

Source Sum of Squares df Mean Squares 

Regression 2631624.887 6 438604.148 

Residual 24288.665 5 4857.733 

Uncorrected Total 2655913.552 11 / 

Corrected Total 389463.757 10 / 

Note: Dependent variable: Ks 

a. R squared = 1 - (Residual Sum of Squares) / (Corrected Sum of Squares) = 0.93 
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1.2 : Regression models based on basic soil properties. 

 In the second phase, basic soil properties were used to develop a cubic regression model 

with R2 equals to 0.9 to predict the modulus of subgrade reaction Ks as a function of dry 

density. This model is summarized in Table (5.6), and the results of ANOVA test are 

illustrated in Table (5.7). It explains that the mean square error 3262kPa/mm (3.262 

MPa/mm) and the sum of residue are low in compare with the sum of regression which is 

good for the significance of the model. Figure (5.7) explains the adequacy of the model 

and the acceptability  of scattered between the predicted and measured Ks. From the figure 

it can be recognized that all values are within the significant level boundaries. Figure (5.8) 

shows the scatter of residual points around the mean zero. In this Figure the residuals are 

plotted against the independent variable (Ɣdry) to check the normality assumption. By 

calculating the two largest standardized residual [Ὠ ὩЍ„ϳ   were (-0.66, 0.42)]and these  

are not far outside the nominal standardized residual that  range between  (-2, 2 ). 

 

 Table (5.6): Summary of statistical model based sol properties for granular subgrade 

soils. 

ǐ Note: Ks in (kPa/mm) 

 

 Table (5.7): ANOVAa test of Ks-dry densities model for granular subgrade soils 

 

 

Predictor Model R2 
MSE 

MPa/mm 

Ɣdry (gm/cm3) Ks =5533.9 - 5086.8ᶻ ρωστȢψz  0.90 3.262 

Source Sum of Squares df Mean Squares 

Regression 2516617.884 3 838872.628 

Residual 29358.797 9 3262.089 

Uncorrected Total 2545976.681 12 / 

Corrected Total 292747.347 11 / 

Note: Dependent variable: Ks 

a. R squared = 1 - (Residual Sum of Squares) / (Corrected Sum of Squares) = 0.90 
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Figure (5.7): Predicted vs. measured modulus – dry density for granular subgrade. 

 

  

 

 

 

Figure (5.8): residuals vs. dry density – basic soil properties model for granular 

subgrade. 

1.3 : Regression models based on a combination of LWD data and basic soil 

properties. 

In the third phase, both basic soil properties and LWD measurements were used to develop 

a regression model to predict the modulus of subgrade reaction Ks. 

A non-linear model with R2 equals to 0.87 was developed to predict the modulus of 

subgrade reaction Ks as a function of the dynamic modulus (Ed) and dry density (Ɣdry) as 

explained in Table (5.8). The results of ANOVA test are summarized in Table (5.9), it 

explains that the mean square error (MSE) is low and equal 2595.177 kPa/mm (2.595 

MPa/mm) and sum of residual is lower than the sum of regression, which indicates a good 

prediction. Thus from these values, a conclusion can be drawn that the developed model 

for K- Ɣdry and Ed is good. Figure (5.9) shows the adequacy of the model and this figure 

indicates that an acceptable scatter can be recognized between predicted and measured Ks.  
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From the same figure it can be recognized that all values are within the significant 

level boundaries. Figures (5.10), and (5.11) show the scatter of residual points around the 

mean zero. In these Figures the residuals are plotted against the independent variables (Ed) 

and (Ɣdry) respectively to check the normality assumption. From these figures the two 

largest residual do not fall extremely close to a straight line. By calculating the two largest 

standardized residual [Ὠ ὩЍ„ϳ   were (-0.58, 0.48)]and these  are not far outside the 

nominal standardized residual that  range between  (-2, 2). 

Table (5.8): Summary of statistical model based (soil properties + LWD measurements) for 

granular subgrade soils. 

ǐ Note: Ks in (kPa/mm) 

 Table (5.9): ANOVAa test of Ks- Ed + Ɣdry model for granular subgrade soils 

 

 

 

 

 

 

 

 

Figure (5.9): Predicted vs. measured modulus – (Ɣdry and Ed) for granular subgrade. 

Predictor Model R2 
MSE 

MPa/mm 

Ɣdry (gm/cm3) 
Ks =18616χȢυσὉ υψτρȢτ ςπψσσ 0.87 2.595 

Ed (MPa) 

Source Sum of Squares df Mean Squares 

Regression 2042212.732 4 510553.183 

Residual 20761.420 8 2595.177 

Uncorrected Total 2062974.151 12 / 

Corrected Total 161186.755 11 / 

Note: Dependent variable: Ks 

a. R squared = 1 - (Residual Sum of Squares) / (Corrected Sum of Squares) = 0.87 
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Figure (5.10): residuals vs. dynamic modulus – (Ɣdry and Ed) for granular subgrade. 

 

  

 

 

 

 

  

Figure (5.11): residuals vs. dry density - (Ɣdry and Ed) for granular subgrade. 

2.  For clayey subgrade soils data 

The results data obtained from the experimental work was analyzed statistically into two 

phases based on the personal correlations analysis and independent variables that used in 

developing simple regression models that will be improved in the future studies. A 

personal correlation analysis between dependent and independent variables were carried 

out and summarized in table (5.10). 

   This table shows: 

1. The correlation between dependent variable (Ks) and some independent variables like 

LWD surface deflection (δd), degree of compatibility (Dc), and water content is 

negative high correlation, which means that any decrease in these value lead to increase 

Ks, and vice versa. Also this degree of correlations is good for acceptable model.  
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2. The LWD measurements (Ed, δd, and Dc) have high to moderate correlation between 

each other. The correlation between Ed and δd is high negative correlation. And the 

correlation between (δd) and (Dc) is positive high correlation, which means that the 

surface deflection increases with the increase of degree of compatibility. Whereas the 

correlation between Ed and Dc is negative moderate correlation. This degree of 

correlation between the independent variables is not suitable to collect these 

independent variables in one model with Ks.  

3. The dry density has the most significant correlation to Ks, it has a high positive 

correlation with Ks. While with water content the dry density has negative high 

correlation. 

4. The correlation between the dry density and LWD measurements is high, positive with 

Ed, and negative with Dc and surface deflection (δd).   

Table (5.10): Correlation between variables for clayey subgrade soils 

 

Based on the results of personal correlations and the independent variables, two sets of 

regression models were developed as clarified below. 

 

 Ks Ed ŭd Ẳdry Dc Wc 

Ks 
Pearson Correlation 1 0.910**  -0.961**  0.984**  -0.768* -0.861**  

Sig. (2-tailed) --- 0.001 0.000 0.000 0.016 0.003 

Ed 
Pearson Correlation 0.910**  1 -0.907**  0.865**  -0.748* -0.746* 

Sig. (2-tailed) 0.001 --- 0.001 0.003 0.020 0.021 

ŭd 
Pearson Correlation -0.961**  -0.907**  1 -0.906**  0.767* 0.835**  

Sig. (2-tailed) 0.000 0.001 --- 0.001 0.016 0.005 

Ẳdry 
Pearson Correlation 0.984**  0.865**  -0.906**  1 -0.763* -0.820**  

Sig. (2-tailed) 0.000 0.003 0.001 --- 0.017 0.007 

Dc 
Pearson Correlation -0.768* -0.748* 0.767* -0.763* 1 0.529 

Sig. (2-tailed) 0.016 0.020 0.016 0.017 --- 0.143 

Wc 
Pearson Correlation -0.861**  -0.746* 0.835**  -0.820**  0.529 1 

Sig. (2-tailed) 0.003 0.021 0.005 0.007 0.143 --- 

Note: *. Correlation is significant at the 0.05 level (2-tailed). 

        **. Correlation is significant at the 0.01 level (2-tailed). 
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2.1 : Regression models based on LWD testing data: 

In this phase, regression analysis was conducted to develop three theoretical models that 

can be used to predict the modulus of subgrade reaction (Ks) as a function of LWD 

measured data Ed, δd, and Dc. Table (5.11) summarizes the statistical predictors of these 

models and associated R2, and MSE values.  

   For the first model, a simple linear model was developed to predict the subgrade 

reaction modulus as a function of LWD dynamic modulus with good value of R2 = 0.83. 

The results of ANOVA test are summarized in Table (5.12), which explains that the mean 

square error (MSE) is low and equal 366 kPa/mm (0.366 MPa/mm) and the sum of residual 

is lower than the sum of regression, which sustained the significance of the model. Table 

(5.13) explains the testing of residual for developing model, as shown in the table the mean 

of residual and standard residuals equal to zero, and that is an important condition for 

acceptable model.  

   For the second model, a simple linear model with value of R2 equal to 0.92 was 

developed to predict the subgrade reaction modulus as a function of LWD surface 

deflection. Table (5.14) summarizes the ANOVA test, it explains that the mean square error 

(MSE) is low and equal 163 kPa/mm (0.163 MPa/mm) and the sum of residual is lower 

than the sum of regression, which sustained the significance of the model. Table (5.15) 

explains the testing of residual for developing model, as shown in table the mean of 

residuals and standard residuals equal to zero, and that is an important condition for 

acceptable model.  

 

Table (5.11): Summary of statistical models based on LWD data for clayey subgrade 

soils 

ǐ Note: Ks in (kPa/mm) 

  

Predictor Model R2 
MSE 

MPa/mm 

Ed (MPa) Ks = 26.36%  - 172.55 0.83 0.366 

δd (mm) Ks = 551.73 - 219.87ɿÄ 0.92 0.163 

Dc (ms) 
Ks = -116112.3χττπυȢρz Ὀὧ ρυψρυȢφz Ὀὧ

ρρρφȢωz Ὀὧ 
0.8 0.593 
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  For the third model, the subgrade reaction modulus was predicted as a function of 

LWD degree of compatibility with value of R2 equal to 0.801. Table (5.16) summarizes 

the ANOVA test, it explains that the mean square error (MSE) is low and equal 593.28 

kPa/mm (0.0.593 MPa/mm) and sum of residual is lower than the sum of regression, which 

sustained the significant of the model.  

  

 

 

 

    

Table (5.12): ANOVAa test of Ks- LWD dynamic modulus for clayey soil 

Model Sum of Squares df Mean Square 

 

Regression 12310.929 1 12310.929 

Residual 2562.194 7 366.028 

Total 14873.122 8 / 

a. Dependent Variable: Ks 
b. Predictors: (Constant), Ed 

Table (5.13): Residuals statisticsa of Ks- LWD dynamic modulus for clayey soil 

 Minimum  Maximum Mean Std. Deviation N 

Predicted Value 131.890 248.130 184.255 39.228 9 

Residual -12.340 45.393 0.000 17.896 9 

Std. Predicted Value -1.335 1.628 0.000 1.000 9 

Std. Residual -0.645 2.373 0.000 0.935 9 

a. Dependent Variable: Ks 

Table (5.14): ANOVAa test of Ks- LWD surface deflection for  clayey subgrade soil 

Model Sum of Squares df Mean Square 

 

Regression 13727.374 1 13727.374 

Residual 1145.748 7 163.678 

Total 14873.122 8 / 

a. Dependent Variable: Ks 

b. Predictors: (Constant),  δd 
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2.2 : Regression models based on basic soil properties. 

In the second phase, basic soil properties were used to develop regression models to predict 

the modulus of subgrade reaction Ks as a function of dry density and water content. Table 

(5.17) summarizes the statistical predictors of these models and associated R2, and MSE 

values. 

For the first model, the subgrade reaction modulus was developed as function of 

dry density. A simple linear regression model with high value of R2 equal to 0.96 was 

developed. Table (5.18) summarizes the ANOVA test, which explains the sum of residue 

is lower than the sum of regression which sustained the significance of the model. Also, in 

the same table the mean square error is 67.224kPa/mm (0.067 MPa/mm) which is 

acceptable value for the significance of the model. Table (5.19) explains the testing of 

residuals for developing model, as shown in the table, the mean of residual and standard 

residual is equal to zero, and that is an important condition for acceptable model.   

 

 

Table (5.15): Residuals Statisticsa  of Ks- LWD surface deflection for clayey soil 

 Minimum  Maximum Mean Std. Deviation N 

Predicted Value 123.425 241.27 184.255 41.423 9 

Residual -12.779 21.485 0.000 11.967 9 

Std. Predicted Value -1.468 1.376 0.000 1.000 9 

Std. Residual -0.999 1.679 0.000 0.935 9 

a. Dependent Variable: Ks 

Table (5.16): ANOVAa test of Ks- LWD degree of compatibility for  clayey subgrade soil 

Model Sum of Squares df Mean Square 

 

Regression 317457.689 4 79364.422 

Residual 2966.421 5 593.284 

Uncorrected Total 320424.110 9 / 

 Corrected Total 14873.122 8 / 

Dependent variable: Ks 

a. R squared = 1 - (Residual Sum of Squares) / (Corrected Sum of Squares) = .801. 
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Table (5.17): Summary of statistical model based soil properties for clayey subgrade  

ǐ Note: Ks in (kPa/mm) 

 

 

 

For the second model, the subgrade reaction modulus was predicted as function of 

water content. A simple linear regression model with acceptable value of R2 equal to 0.742 

was developed. Table (5.20) summarizes the ANOVA test, which explains that the sum of 

residue is lower than sum of regression which sustained the significance of the model. Also, 

in same table the mean square error is 548.800kPa/mm (0.548 MPa/mm) which is 

acceptable value for the significance of the model. Table (5.21) explains the testing of 

residual for developing model, as shown in the table the mean of residual and standard 

residual is equal to zero, and that is an important condition for acceptable model.   

 

 

Predictor Model R2 
MSE 

MPa/mm 

Ɣdry (gm/cm3) Ks = 485.61 - 555.32 0.96 0.067 

Wc Ks = 409.014ὡὧ - 9.387 0.742 0.548 

Table (5.18): ANOVAa test of Ks- dry density for  clayey subgrade soil 

Model Sum of Squares df Mean Square 

 

Regression 14402.553 1 14402.553 

Residual 470.569 7 67.224 

Total 14873.122 8 / 

a. Dependent Variable: Ks 

b. Predictors: (Constant),   Ẳdry 

Table (5.19): Residuals Statisticsa of Ks- dry density model for clayey subgrade soil 

 Minimum  Maximum Mean Std. Deviation N 

Predicted Value 139.5798 243.9852 184.2556 42.43017 9 

Residual -9.34946 12.88385 0.000 7.66949 9 

Std. Predicted Value -1.053 1.408 0.000 1.000 9 

Std. Residual -1.140 1.571 0.000 .935 9 
a. Dependent Variable: Ks 
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5.7 : Summary 

To understand the significant of the different parameters in characterizing of dynamic 

properties, and basic soil properties. Or both of them of the subgrade reaction modulus its 

necessary to Conduct a statistical modeling. However, this chapter proved the ability to 

introduce an acceptable model to predict the subgrade reaction modulus from dynamic 

measurements obtained from (LWD) test, basic soil properties, and both of them.  

 

Table (5.20): ANOVAa test of Ks- water content for  clayey subgrade soil 

Model Sum of Squares df Mean Square 

 

Regression 11031.520 1 11031.520 

Residual 3841.603 7 548.800 

Total 14873.122 8 / 

a. Dependent Variable: Ks 

b. Predictors: (Constant),   Wc 

Table (5.21) : Residuals Statisticsa of Ks- water content model for clayey subgrade soil 

 Minimum  Maximum Mean Std. Deviation N 

Predicted Value 125.5367 226.9128 184.2556 37.13408 9 

Residual -33.41540 37.32191 .00000 21.91347 9 

Std. Predicted Value -1.581 1.149 .000 1.000 9 

Std. Residual -1.426 1.593 .000 .935 9 
a. Dependent Variable: Ks 
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Chapter Six 

Finite Element Analysis 

 

6.1: Introduction  

The finite element method is one of the most powerful ways to solve differential equations, 

especially when these equations are applied to complex structures with complex boundary 

conditions. These complex structures can be either two or three-dimensional shapes which 

are sub-divided into a number of triangular or quadrilateral elements, as shown in Figure 

(6.1). Then, solve differential equations, over these elements. 

 

 

 

 

 

 

 

 

 

 Figure (6.1): Three-dimensional shape subdivided into elements. 

 

The basic idea in the method of specific elements is to find a solution to a complex problem 

by replacing it with a simpler one. Because replacing the actual problem with a simpler 

solution, an approximate solution will be found instead of the exact one. The finite element 

analysis has been widely used in the field of structural mechanics to solve different types 

of engineering problems, such as heat conduction, fluid dynamics, seepage flow, and 

electric and magnetic fields. (Rao, 2011). 
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In this chapter, 3D finite element program commercially known as (Plaxis– 

Plasticity Axi-Symmetry), was used to model subgrade layer. PLAXIS 3D is a special finite 

element software used to implement deformation, stability, and flow analysis for various 

types of geotechnical applications. Nowadays, this program is mostly used by geotechnical 

engineers to analyze the foundation of different structure, because it provides better 

understanding on the behavior of soil under various loading condition, static and dynamic. 

The main focus of using Plaxis 3D in this study was to create a 3D subgrade model to: 

Á Simulate LWD impulse load to find time-deflection. 

Á Simulate PLT static load to find load-deflection curve of subgrades. 

A comprehensive description of the material’s constitutive models, geometry and boundary 

conditions, mesh and element configurations, dynamic loading techniques, and static 

loading techniques are presented in detail in the following subsections: 

6.2: Material Characteristics: 

To simulate the behavior of a soil, Plaxis provides four models; linear elastic model, Mohr-

coulomb model, hardening soil model, and Soft soil creep model to allow the user to select 

suitable mechanical behavior of the soil. In this study, the finite element calculation is 

divided in to two phases; 

       In the first phase, finite element modeling has been analyzed to examine vertical 

surface deflection under static load to develop load-deflection curve to obtain subgrade 

reaction modulus. Based on previous studies carried by (Teodoru and Toma, 2009), (Palix 

et al, 2011), (Demir et al, 2013), and (Ahirwar, and Mandal, 2017), the behavior of soil was 

simulated by Mohr-coulomb model, this linearly elastic- perfectly plastic model considered 

as a first approximation of soil behavior, this model involves five parameters as an input 

data namely; 

¶ Young’s modulus (E) is the basic elastic modulus. In this study, the modulus of 

elasticity varied from 21.17 to 84.67 MPa was used in this work 

¶ Poison’s ratio (ɜ), as recommended in (PLAXIS 3D Reference Manual, 2013) this 

parameter ranges between 0.3 and 0.4 which gives a realistic ratio K0 less than 1, 

In this study, ɜ was assumed 0.3. 
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¶ Cohesion (c) in (kN/m2) is determined from unconfined compression test for 

undisturbed clay specimen. In this study, the cohesion coefficient was obtained 

from the equation derived by (Ersoy et al.,2013): 

 

 

 Where: 

 

  

¶ Friction angle (φ), is entered in degree, it is used to model the effective friction of 

soil by means of Mohr’s stress circle, in this study this value obtained from direct 

shear test and it ranged from 5.58º for A-7-6 soil to 38º for A-1-b soil. 

¶ Dilatancy angle (ψ) this value is much smaller than friction angle, for clayey soil 

this value is equal to zero, but for sands it depends on both the friction angle and 

density of the sand, the order of magnitude is; (PLAXIS 3D Reference Manual, 2013) 

 

In the second phase, the surface deflection under impulse LWD loading condition 

was calculated using linear elastic model to simulate the soil behavior. Based on the results 

obtained from (Ameri et al, 2012), (Kalliainen et al,2016), and (Shaban,2016) they found that 

using linear elastic properties for subgrade layer produces acceptable degree of accuracy, 

this model based on Hooke’s law of isotropic linear elasticity, and involves two parameters, 

young’s modulus E, and poisons ratio ɜ.  

The 150 mm radius loading plate in both phases was modeled as explained by 

(Demir et al, 2013). It was assumed to be isotropic, and the basic geometry parameters of 

the loading plate include the thickness, d = 0.015 m, elastic modulus, E = 7.33 ×105 kPa, 

Poisson’s ratio, ɜ= 0.10, and the unit weight of the plate material, γ= 0.02 kN/m3. 

6.3: Geometry and Boundary Conditions 

A 3D finite element tool which typically requires much more computational time, but 

provides ideal results was utilized to model subgrade. A geometry model consists of 

# ςφυ
0)

,,

Ȣ

 (6.1) 

PI:  is the plasticity index. 

LL:  is the liquid limit. 

‪ • σπ             (6.2) 
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boreholes and horizontal work planes (x-y) planes. The work planes define geometry lines 

and structures, while the local soil layers, ground surface level, and pore water pressure 

were defined in the boreholes. 

In this work, model was created with dimensions similar to those in the 

experimental work as shown in Figure (6.2), this large geometric model (1.5 m width × 2.4 

m length × 0.65 m deep) would help to avoid undesirable reflection of the scattered wave 

source of the dynamic load, and the stress bulb due to the static load  

To minimize the influence of the stress distribution, the boundary conditions were 

chosen. A fixed support was used in the edges and in the bottom base of the model to 

prevent any movement in the horizontal direction, while the surface of the model is free in 

all directions, these general fixities of the boundaries are automatically imposed by Plaxis 

3D. 

 

 

 

 

 

 

 

 

 

 

Figure (6.2): Geometry and boundary conditions of 3D Finite Element Model. 

 

6.4: Mesh and Element Configurations: 

After the geometry model is created and material properties are fully defined to subgrade 

soil layer, the geometry has to be divided into fine elements called finite element mesh, 

these elements are interconnected at specified joints lie on the element boundaries called 

nodal points, as illustrated in Figure (6.3). 

Fixities (No horizontal 

movement) 

0
.6

5 m
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Figure (6.3): 3D soil elements (10-node tetrahedrons). 

in this project the subgrade soil modeled as tetrahedral element with 10-nodes fine element, 

used the automatic meshing procedure, i.e. target element size was 0.7, polyline tolerance 

angle was 30° and surface angle tolerance 15°. These dimensions for finite element were 

selected after several analyses on different mesh size, so the surface deflection is not 

affected by the boundary conditions. The developed mesh has 60,106 nodes and 41,281 

elements, as shown in Figures (6.4) and (6.5). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure (6.4): Ten – nodes finite element mesh. 
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Figure (6.5): Developed geometry with loading plate 

 

6.5: Loading Condition: 

6.5.1: Static loading condition: 

Twenty-seven PLT tests for three types of subgrade soils that used in the experimental 

work were simulated numerically using Plaxis 3D software. The vertical static loads were 

increased in steps, and the plate displacements were calculated under each load step to 

develop load-deformation curves, then the modulus of subgrade reaction was calculated 

from the simulated load-deformation curve.  

6.5.2: Dynamic loading condition:  

Soil layers are often subjected to various dynamic loading conditions, as in earthquake and 

traffic load…etc. In this study, 54 impulse LWD were developed to simulate the traffic 

load.  

           LWD impulse load generates compressive pulse stress with 100 kPa amplitude and 

a pulse time of 0.018 seconds. This stress simulates a tire pressure generated from a truck 

with axle 100 kN weight moving at speed 80 kN/hr. As shown in Figures (6.6) and (6.7), 

this stress is defined as follows:  

 

Circular 
distributed load 
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Where:  

F : Applied pressure at Time (t). 

 : Amplitude multiplier = 100 

 : Input value of load = 7.07 KN 

  Ὢ  : Loading frequency = 27.4 Hz 

έɲ : Initial phase angle = 5 degree. 

 

 

 

 

 

 

 

Figure (6.6): Normalized transient pulse load of LWD (Shaban,2016) 

 

 

 

 

 

 

 

 

 

Figure (6.7): Dynamic loading signal, imported from an Excel sheet. 
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6.6 : FE Calculations: 

Finite element calculations were divided into three phases: 

1. Initial phases: this phase represents the starting point for further calculation, which 

defines the initial stress for the soil model taking into account weight of material and 

loading history of it by using K0 procedure, where K0 is the coefficient of lateral earth 

pressure at rest. The required parameters in the development procedures of initial 

stresses are two K0 values, one value is specified for the y-direction, and the other value 

is specified for the x-direction: 

 

In engineering practice, the K0 value for a normally consolidated soil is frequently 

assumed to be connected to the angle of internal friction according to Jaky's empirical 

expression (Jaky, 1948): 

 

2. Plastic calculation phase: loading at this stage can be defined as changing the load 

composition, stress, weight, strength, or stiffness of the elements. 

3. Dynamic calculation phase: the applied dynamic loading is the result of multiplying 

the dynamic load multiplier by the input value of the dynamic load. The critical time 

step is defined by the newmark time integration scheme in which the time step is 

constant during the analysis. This phase is activated in the calculation of LWD impulse 

load. 

6.7 : Results and Discussion of Finite Element Calculation: 

The results of numerical models with PLAXIS 3D software that used to simulate the 

experimental work were divided into two subsections: [1] results of surface deflection 

+ȟ  
ʎ

ʎÚÚ
                                    

 

(6.4)  

+ȟ  
ʎ

ʎ
                                    (6.5) 

+ ρ ÓÉÎ                  (6.6) 
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obtained from LWD dynamic load, and [2] results of maximum surface deflection, and 

subgrade reaction modulus obtained from PLT static load.  

6.7.1:  LWD Finite Element Results 

The surface deflections resulted from finite element modeling δFEM were compared with 

the experimental surface deflection δEXP. For three types of subgrade soils of A-1-b, A-3, 

and A-7-6, the results are summarized in Tables (6.1) that presents FE and experimental 

surface deflections. The following subsections summarize the LWD finite element results: 

For A-1-b soil, the output of finite element surface deflection varied from 0.525 to 

1.02 mm with an average value 0.672 mm and standard deviation equal to 0.134. While for 

A-3 soil the surface deflection obtained from finite element modeling range from 0.44 to 

0.661 mm with an average equal 0.57 mm and standard deviation 0.065. And for clayey 

soil A-7-6 the results show that the value of surface deflection varies from 1.168 to 1.766 

mm with an average value 1.429 mm and standard deviation equal to 0.178.  

 

Table (6.1): Summary of experimental and FE for LWD surface deflection of subgrade 

soils 

Test 

No. 

A-1-b A-3 A-3 

ŭEXP.  

(mm) 

ŭFEM.  

(mm) 

ŭEXP.  

(mm) 

ŭFEM.  

(mm) 

ŭEXP.  

(mm) 

ŭFEM.  

(mm) 
1 1.053 1.012 0.647 0.640 1.847 1.568 

2 0.641 0.651 0.675 0.661 1.865 1.584 

3 0.752 0.727 0.620 0.613 1.763 1.460 

4 0.544 0.584 0.664 0.644 2.020 1.766 

5 0.573 0.597 0.637 0.643 1.941 1.698 

6 0.470 0.525 0.630 0.640 1.954 1.708 

7 0.719 0.769 0.453 0.494 1.511 1.280 

8 0.622 0.639 0.391 0.444 1.694 1.466 

9 0.801 0.721 0.420 0.470 1.568 1.314 

10 0.636 0.647 0.514 0.545 1.686 1.407 

11 0.676 0.671 0.604 0.605 1.680 1.409 

12 0.838 0.753 0.477 0.504 1.655 1.387 

13 0.655 0.664 0.513 0.553 1.453 1.419 

14 0.699 0.694 0.571 0.565 1.497 1.406 

15 0.718 0.691 0.530 0.535 1.566 1.234 

16 0.580 0.559 0.547 0.576 1.556 1.256 

17 0.52 0.542 0.502 0.535 1.401 1.168 

18 0.659 0.648 0.567 0.598 1.423 1.196 

average 0.675 0.672 0.553 0.570 1.671 1.429 

St. dv 0.134 0.110 0.085 0.065 0.192 0.178 
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6.7.1.1: T-Test Analysis for LWD finite element results. 

Since the data are fewer than 30, the variations between experimental and FE results were 

conducted using a paired T-Test method. The results for the three soils are presented in 

Table (6.2): 

For A-1-b subgrade soil, the results of the T-Test analysis were [t (17) = -0.37, 

probability = 0.75 > 0.05] which means there is no significant variance between predicted 

and measured surface deflection and decrease value is 0.003 with confidence interval 95%, 

see Figure (6.8).  

For A-3 subgrade soil, the T-Test results showed that there is a significant variance 

between simulated and measured surface deflection, this small variation can be attributed 

to many reasons, such as the test conditions, the FE model cannot predict the soil behavior 

accurately, and mesh size. T-Test analysis were [t (17) = 3.09, probability = 0.008 < 0.05], 

the mean increase value 0.017 with 95% of confidence interval, as illustrated in Figure 

(6.9). 

For A-7-6 subgrade soil, the paired T-Test result was [t (17) = -14.27, probability 

> 0.05] that means there is a significant variance between predicted and measured surface 

deflection, this variation can be attributed to many reasons, such as the test conditions, the 

FE model cannot predict the soil behavior accurately, some soil properties, which are 

assumed due to the lack of testing devices and mesh size. And the mean decrease value is 

0.242 with confidence interval 95%, as illustrated in Figure (6.10). 

 

Table (6.2): Summary of T-Test Analysis for LWD finite element results of subgrade  

. Note: If the value of probability is greater than 0.05 there is no significant variance between variables.  

Soil 

Type 

Surface 

deflection data 

No. of 

Samples 

Mean 

(mm) 

Standard 

Deviation 
Paired Sample T-test Method 

A
-1

-b
 δFEM. 

Measurements 
18 0.672 0.110 

               ὸ
ὼӶὨ

ίὸὨὲϳ
              πȢσχ 

          Probability                  0.75 >  0.05 

δEXP. 

Measurements 
18 0.675 0.134        Variance             Non-significant 

A
-3

 

δFEM. 

Measurements 
18 0.570 0.065 

       ὸ
ὼӶὨ

ίὸὨὲϳ
              σȢπω 

          Probability                  0.008 <  0.05 

δEXP. 

Measurements 
18 0.553 0.085       Variance                     significant 
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Table (6.2): Summary of T-Test Analysis for LWD finite element results of subgrade - 

continue 

. Note: If the value of probability is greater than 0.05 there is no significant variance between variables.  

 

 

 

 

 

 

 

 

 

Figure (6.8): Predicted vs. measured LWD surface deflection for A-1-b soil 

 

 

 

 

 

 

 

 

 

Figure (6.9): Predicted vs. measured LWD surface deflection for A-3 soil 

Soil 

Type 

Surface 

deflection data 

No. of 

Samples 

Mean 

(mm) 

Standard 

Deviation 
Paired Sample T-test Method 

A
-7

-6
 δFEM. 

Measurements 
18 1.429 0.178 

       ὸ
ὼӶὨ

ίὸὨὲϳ
            ρτȢς 

       Probability                        <  0.05 

δEXP. 

Measurements 
18 1.671 0.192          Variance                     significant 
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Figure (6.10): Predicted vs. measured LWD surface deflection for A-7-6 soil 

The typical output of finite element for LWD tests are presents in the following Figures 

(6.11) through (6.13). The geometry model of 3D finite element with circular dynamic load 

of LWD were illustrated in the Figure (6.11), this figure explains the zone that affected by 

the applied load. As mentioned in the experimental work that the impact load obtained 

from LWD causes the stresses zone within the soil like a bulb with a diameter of twice the 

diameter of loading plate, see Figure (6.12). 

 

 

 

 

 

 

 

 

 

Figure (6.11): 3D Finite element model of LWD test 
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Figure (6.12): Bulbe of influence zone of LWD load 

   To explain the displacement through the subgrade layer, take the cross-section of FE 

model as shown in Figure (6.13), the red color represents the highest effect of the load 

on the soil surface, which gives the highest displacement of the soil, then the effect of 

the load decreases downwards which is represented in a blue color. Also, this figure 

explains   the deformation in the mesh under the load. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure (6.13): Distribution of displacements in simulated subgrade soil. 
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6.7.2:  PLT Finite Element Results 

Under the same loading condition that used in the experimental work, the PLT tests were 

simulated numerically to find the maximum surface deflection, and to develop load-

deformation curve, from which the subgrade reaction modulus was predicted. The FE 

results for three soils are summarized in Table (6.3): 

For A-1-b subgrade soil, it was noticed that the maximum settlement ranged from 

2.3 to 6.7 mm with an average value of 4.78 mm. Whereas the modulus of subgrade 

reaction Ks ranged from 287.5 to 492 kPa/mm with an average value of 343.82 kPa/mm. 

Figure (6.14) displays a typical compression load-deformation curve. 

For A-3 subgrade soil, it was noticed that the maximum settlement ranged from 2.1 

to 5.010 mm with an average value 3.11 mm. Whereas the modulus of subgrade reaction 

Ks ranged from 197.14 to 766 kPa/mm with an average value 490.47 kPa/mm. Figure 

(6.15) displays a typical compression load-deformation curve. 

          For A-7-6 subgrade soil, the results showed that the maximum settlement ranged 

3.52 to 6.2 mm with an average value 4.494 mm. Whereas the modulus of subgrade 

reaction Ks ranged from 135.2 to 293.6 kPa/mm with an average value 209.379 kPa/mm. 

Figure (6.16) displays a typical compression load-deformation curve. 

All compression load-deformation curves are summarized in Appendix B 

Table (6.3): Summary of Experimental and FE results for PLT test 

 

Type of soil Test No. 
ŭEXP. 
(mm) 

ŭFEM. 

(mm) 
Ks (EXP). 
kPa/mm 

Ks (FEM). 

kPa/mm 

A
-1

-b
 

1 5.20 4.80 313.6 300.0 

2 6.47 6.20 345.0 328.6 

3 5.26 5.06 363.0 345.0 

4 5.11 5.70 363.2 321.0 

5 4.39 4.85 345.0 287.5 

6 6.37 6.70 345.0 328.5 

7 3.47 4.40 383.3 328.6 

8 2.72 3.04 363.5 363.2 

9 2.70 2.30 431.3 492.0 

A
-3

 

1 4.73 5.01 246.43 197.1 

2 3.37 4.40 255.56 255.6 

3 2.01 2.68 300.00 363.2 

4 2.58 3.20 460.00 492.8 

5 2.75 3.10 460.00 431.3 

6 2.67 2.89 431.25 460.0 
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Table (6.3): Summary of Experimental and FE results for PLT test-continue  

 

 

 

 

 

 

 

Figure (6.14): Typical curve- compression between the experimental and the   numerical 

simulation for surface settlement for A-1-b 

 

 

 

 

 

 

 

Figure (6.15): Typical curve- compression between the experimental and the   numerical 

simulation for surface settlement for A-3 

Type of soil Test No. 
ŭEXP. 
(mm) 

ŭFEM. 

(mm) 
Ks (EXP). 
kPa/mm 

Ks (FEM). 

kPa/mm 

A
-3

 7 1.83 2.25 711.30 690.0 

8 1.75 2.10 755.20 766.0 

9 1.75 2.40 766.70 758.2 

A
-7

-6
 

1 6.03 6.00 138.00 143.7 

2 6.20 6.85 138.00 135.2 

3 5.77 5.53 135.29 146.8 

4 4.20 3.98 186.49 222.6 

5 4.08 4.30 181.58 197.4 

6 3.90 4.18 172.50 181.6 

7 3.44 3.25 230.00 276.0 

8 3.40 3.80 230.00 287.5 

9 3.42 3.50 246.43 293.6 
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Figure (6.16): Typical curve- compression between the experimental and the   numerical 

simulation for surface settlement for A-7-6 

 

6.7.2.1: T-Test Analysis for PLT finite element results. 

Since the data are fewer than 30, the variations between experimental and FE results were 

conducted using a paired T-Test method. The results for the three soils are presented in 

Table (6.4): 

For A-1-b subgrade soil, the results of the analysis were [t (8) = 0.93, probability = 

0.17 > 0.05] which means there is no significant variance between predicted and measured 

surface deflection and the mean increase value is 0.15mm with confidence interval 95%, 

see Figure (6.17). Whereas in the modulus of subgrade reaction Ks, the T-Test results 

showed that there is no significant variance between simulated and measured subgrade 

reaction modulus, [t (8) = -1.49, probability = 0.35 > 0.05], the mean decreased 17.614 

kPa/mm with 95% interval as illustrated in Figure (6.18). 

For A-3 subgrade soil, the T-Test results showed that the [t (8) = -6.0, probability 

0.0 < 0.05] which means there is a significant variance between predicted and measured 

surface deflection, this small variation can be attributed to many reasons, such as the test 

conditions, the FE model cannot predict the soil behavior accurately, mesh size. and the 

mean decrease value is 0.15mm with confidence interval 95% as explained in Figure 

(6.19). Whereas in the modulus of subgrade reaction Ks, the T-Test result showed that 

there is no significant variance between simulated and measured subgrade reaction 

modulus, [t (8) = -0.27, probability = 0.75 > 0.05], the mean decreased 3.088 kPa/mm with 

95% interval, see Figure (6.20). 
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For A-7-6 subgrade soil, the T-Test results were [t (8) = - 1.03 probability = 0.35 > 

0.05] which means there is no significant variance between predicted and measured surface 

deflection and the mean decrease value is 0.105mm with confidence interval 95%, see 

Figure (6.21). Whereas in the modulus of subgrade reaction Ks, the T-Test results showed 

that there is a significant variance between simulated and measured subgrade reaction 

modulus, [t (8) = -3.47, probability = 0.008 < 0.05]. This variation can be attributed to 

many reasons, such as the test conditions, the FE model cannot predict the soil behavior 

accurately, some soil properties, which are assumed due to the lack of testing devices. and 

mesh size, the mean decreased -25.125 kPa/mm with 95% interval, as illustrated in Figure 

(6.22). 

Table (6.4): Summary of T-Test analysis of PLT test for subgrade soil  

Note   If the value of probability is greater than 0.05 there is no significant variance between variables 

 

 

 

Type of 

soil 

Measurements 

data 

No. of 

Samples 

Mean 

(mm) 

Standard 

Deviation 
Paired Sample T-test Method 

A
-1

-b
 

δFEM. 9 4.783 1.412 
       ὸ

ὼӶὨ

ίὸὨὲϳ
              πȢωσ 

      Probability               0.17 >  0.05 
δEXP. 9 4.633 1.421 

Ks (FEM). 9 343.82 59.84 
       ὸ

ὼӶὨ

ίὸὨὲϳ
             ρȢτω 

       Probability              0.35 >  0.05 
Ks (EXP). 9 361.43 32.52 

A
-3

 

δFEM. 9 3.11 0.98 
       ὸ

ὼӶὨ

ίὸὨὲϳ
             φȢπ 

        Probability             0.0 <  0.05 
δEXP. 9 2.604 0.97 

Ks (FEM). 9 490.47 208.953 
       ὸ

ὼӶὨ

ίὸὨὲϳ
         πȢςχ 

        Probability             0.75 >  0.05 
Ks (EXP). 9 487.38 209.59 

A
-7

-6
 

δFEM. 9 4.599 1.235 
       ὸ

ὼӶὨ

ίὸὨὲϳ
           ρȢπσ 

Probability            0.35  >  0.05 
δEXP. 9 4.494 1.171 

Ks (FEM). 9 209.37 63.649 
       ὸ

ὼӶὨ

ίὸὨὲϳ
             σȢχτ 

Probability          0.008 < 0.05 
Ks (EXP). 9 184.254 43.124 
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Figure (6.17): Predicted vs. measured maximum surface deflection for A-1-b soil 

 

 

 

 

 

 

 

 

 

 

Figure (6.18): Predicted vs. measured modulus of subgrade reaction for A-1-b soil 

 

 

 

 

 

 

 

 

Figure (6.19): Predicted vs. measured maximum surface deflection for A-3 soil 
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Figure (6.20): Predicted vs. measured modulus of subgrade reaction for A-3 soil 

 

 

 

 

 

 

 

 

Figure (6.21): Predicted vs. measured maximum surface deflection for A-7-6 soil 

 

 

 

 

 

 

 

 

 

Figure (6.22): Predicted vs. measured modulus of subgrade reaction for A-7-6 soil 
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The typical output of finite element for PLT tests are presents in the following Figures 

(6.23) through (6.26). The geometry model of 3D finite element with circular static load of 

PLT were illustrated in the Figure (6.23), this figure explains the zone that affected by the 

applied load. The distribution of load through the subgrade layers explained in Figure 

(6.24).  As mentioned in the experimental work that the static load obtained from PLT 

causes the stresses zone within the soil like a bulb with a diameter of twice the diameter of 

loading plate, see Figure (6.25). 

 

 

 

 

 

 

 

Figure (6.23): 3D Finite element model of PLT test 

 

 

 

 

 

 

 

 

            Figure (6.24): Distribute the load through the soil layer 
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Figure (6.25): Bulbe of influence zone of PLT load 

        To explain the displacement through the subgrade layer, take the cross-section of 

FE model as shown in Figure (6.26), the red color represents the highest effect of the load 

on the soil surface, which gives the highest displacement of the soil, then the effect of 

the load decreases downwards which is represented in a blue color. Also, this figure 

explains   the deformation in the mesh under the load. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure (6.26): Distribution of displacements in simulated subgrade soil 
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2.8 : Summary 

In this chapter explained the finite element model that developed in dimensions (1.2 m 

width, 2.4m length, and 0.65m depth).  These dimensions are similar to those used in 

experimental work.  the boundary conditions were chose as fixed in all directions and in 

base as used in the experimental work. using two types of loading conditions; static to 

simulate the static plate load test and developed load – deformation curve obtained 

subgrade reaction modulus from it. And dynamic loading condition to simulate the light 

weight deflectometer test to identify the maximum surface deflection. Also this chapter   

include the  T-Test that used  to analysis the experimental and finite element results to 

explained the variance between the results.
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Chapter Seven 

Conclusions and Recommendations 

 

 7.1 Conclusions 

Based on the results of the experimental and theoretical work, the following conclusions 

are drawn: 

1- From the laboratory tests the results of physical soil properties showed that the higher 

value of California bearing ratio and maximum dry unit weight were obtained for A-3 

subgrade soil. While the higher optimum moisture content reach to (18.5%) was for A-

7-6 subgrade soil. 

2- The results of laboratory setup investigation indicated that the degree of compaction of 

subgrade soils increase with increasing the number of passes of compaction device. 

Increasing the degree of compaction of subgrade soils was caused to increase the dry 

unit weight, LWD dynamic modulus, and elastic modulus while a decrease in moisture 

content, surface deflection, and degree of compatibility. 

3- In general, the results of laboratory setup illustrate that the modulus of subgrade 

reaction increases with increasing the LWD dynamic modulus, and dry unit weight of 

soils. However, the results illustrated that the modulus of subgrade reaction modulus 

decreases with the increase of the LWD surface deflection, degree of compatibility, and 

moisture content of soils. 

4- From statistical analysis the results showed that good correlation between PLT and 

LWD measurements for both granular and fine subgrade soils. The relations obtained 

from statistical analysis, were linear for some models and non-linear for others. 

5-  For granular soils, a high correlation was obtained between the subgrade reaction 

modulus and LWD degree of compatibility with the coefficient of determination (R2 = 

0.93), and mean square error (MSE= 4.875). Additionally, a good agreement was 

identified between the LWD surface deflection and the subgrade reaction modulus with 

a coefficient of determination (R2 = 0.83), and mean square error (MSE= 9.13). While 

for fine soil (clayey soil) the higher correlation was between the subgrade reaction 
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modulus and LWD surface deflection with a coefficient of determination (R2 = 0.0.92), 

and mean square error (MSE= 0.163). 

6- The statistical results also showed that the basic soil properties that represented by field 

densities and water content are well related with the subgrade reaction modulus. It was 

found that the field densities have the most significant correlation than water content 

to predict subgrade reaction modulus with a coefficient of determination equal to (R2 

= 0.90, and 0.96) for granular and fine subgrade soils respectively.  

7- The results of the multiple non-linear regression analysis for granular subgrade soils 

showed that the inclusion of the dry density along with LWD dynamic modulus gives 

a regression model with good reliability in prediction the subgrade reaction modulus. 

The R2 and MSE values were 0.87 and 2.595, respectively.  

8- The results of numerical models with Plaxis 3D software revealed a good agreement 

with the results obtained from the experimental work. It was found that the mean 

difference between numerical and experimental results of LWD surface deflection 

ranged from 0.003 to 0.242. and the T-Test results indicated that there is no significant 

variance between measured and predicted data in most data. 

9- Also, numerical analysis showed a well acceptance between measured subgrade 

reaction and predicted from simulated model with low mean difference range from 

3.088 kPa/mm to 25.15 kPa. 

10- The results of numerical simulation showed that the mean difference between 

experimental work and numerical simulation in terms of PLT surface deflections varied 

from 0.105 to 0.15 mm. and there is no significant variance between the most data. 

11- The results of this work showed the possibility of employing the LWD devices as an 

effective non-destructive tool to rapidly and reliably predict the subgrade reaction 

modulus of pavement materials and soil embankments 
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7.2 Recommendations for Future Work 

1. Developing a simple procedure to determine the subgrade reaction modulus for 

stabilized subgrade soils. 

2. It is recommended to conduct further field tests (i.e., PLT and LWD) to revalidate 

the theoretical models developed in this study. 

3. Future research should be considered to investigate the strength characteristics of 

base and subbase layers using LWD.  

4.  Evaluate soil properties using repetitive plate load test and compare the results with 

those obtained from dynamic LWD. 
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A-1 

A-1:  A-1-b Soil Curves 

 

 

 

 

 

 

 

            Figure (A.1.1):  Point one time-deflection curve of LWD for A-1-b soil (No. of passing 8) 

 

 

  

 

 

 

 

          Figure (A.1.2):  Point two time-deflection curve of LWD for A-1-b soil (No. of passing 8) 

 

 

 

 

 

 

 

          Figure (A.1.3):  Point three time-deflection curve of LWD for A-1-b soil (No. of passing 8)

Appendix A: LWD Testing Curves 
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            Figure (A.1.4):  Point four time-deflection curve of LWD for A-1-b soil (No. of passing 8) 

 

 

 

 

 

 

 

         Figure (A.1.5):  Point five time-deflection curve of LWD for A-1-b soil (No. of passing 8) 

 

  

 

 

 

 

 

            Figure (A.1.6):  Point six time-deflection curve of LWD for A-1-b soil (No. of passing 8)
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Figure (A.1.7):  Point one time-deflection curve of LWD for A-1-b soil (No. of passing 12) 

 

 

          

 

 

 

 

 

Figure (A.1.8):  Point two time-deflection curve of LWD for A-1-b soil (No. of passing 12) 

 

 

 

 

  

 

 

Figure (A.1.9):  Point three time-deflection curve of LWD for A-1-b soil (No. of passing 16)
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Figure (A.1.10):  Point four time-deflection curve of LWD for A-1-b soil (No. of passing 12) 

  

 

 

 

 

 

 

       Figure (A.1.11):  Point five time-deflection curve of LWD for A-1-b soil (No. of passing 12) 

 

 

 

 

 

 

 

       Figure (A.1.12):  Point six time-deflection curve of LWD for A-1-b soil (No. of passing 12)
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 Figure (A.1.13):  Point one time-deflection curve of LWD for A-1-b soil (No. of passing 16) 

 

 

 

  

 

 

  

 Figure (A.1.14):  Point two time-deflection curve of LWD for A-1-b soil (No. of passing 16) 

 

 

 

 

 

 

 

 

Figure (A.1.15):  Point three time-deflection curve of LWD for A-1-b soil (No. of passing 16)
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Figure (A.1.16):  Point four time-deflection curve of LWD for A-1-b soil (No. of passing 16) 

   

 

 

 

 

 

 

Figure (A.1.17):  Point five time-deflection curve of LWD for A-1-b soil (No. of passing 16) 

 

 

 

 

 

 

 

Figure (A.1.18):  Point six time-deflection curve of LWD for A-1-b soil (No. of passing 16)
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A-2:  A-3 Soil Curves 

 

 

 

 

 

 

 

Figure (A.2.1):  Point one time-deflection curve of LWD for A-3 soil (No. of passing 8) 

 

 

 

                  

 

 

  

Figure (A.2.2):  Point two time-deflection curve of LWD for A-3 soil (No. of passing 8) 

 

 

  

   

 

 

 

 

Figure (A.2.3):  Point three time-deflection curve of LWD for A-3 soil (No. of passing 8)
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Figure (A.2.4):  Point four time-deflection curve of LWD for A-3 soil (No. of passing 8) 

 

 

 

 

  

  

 

Figure (A.2.5):  Point five time-deflection curve of LWD for A-3 soil (No. of passing 8) 

 

 

 

 

 

 

 

             Figure (A.2.6):  Point six time-deflection curve of LWD for A-3 soil (No. of passing 8) 
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Figure (A.2.7):  Point one time-deflection curve of LWD for A-3 soil (No. of passing 12) 

 

 

 

 

 

 

 

Figure (A.2.8):  Point two time-deflection curve of LWD for A-3 soil (No. of passing 12) 

 

 

 

 

 

 

 

 

 

           Figure (A.2.9):  Point three time-deflection curve of LWD for A-3 soil (No. of passing 12)
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         Figure (A.2.10):  Point four time-deflection curve of LWD for A-3 soil (No. of passing 12) 

 

 

  

  

 

 

 

 

             Figure (A.2.11):  Point five time-deflection curve of LWD for A-3 soil (No. of passing 12) 

 

 

 

 

 

 

 

             Figure (A.2.12):  Point six time-deflection curve of LWD for A-3 soil (No. of passing 12)

0

0.1

0.2

0.3

0.4

0.5

0.6

0 5 10 15 20 25

D
e

fl
e

c
ti
o

n
 (

m
m

)

Time (msecond)

Drop No.1

Drop No.2

Drop No.3

0

0.1

0.2

0.3

0.4

0.5

0 5 10 15 20 25

D
e

fl
e

c
ti
o

n
 (

m
m

)

Time (msecond)

Drop No.1

Drop No.2

Drop No.3

0

0.1

0.2

0.3

0.4

0.5

0 5 10 15 20 25

D
e

fl
e

c
ti
o

n
 (

m
m

)

Time (msecond)

Drop No.1

Drop No.2

Drop No.3



 

A-11 

 

 

 

 

 

 

 

           Figure (A.2.13):  Point one time-deflection curve of LWD for A-3 soil (No. of passing 16) 

 

 

 

 

 

 

  

 

           Figure (A.2.14):  Point two time-deflection curve of LWD for A-3 soil (No. of passing 16) 

 

 

 

 

 

 

 

 

 

          Figure (A.2.15):  Point three time-deflection curve of LWD for A-3 soil (No. of passing 16)
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         Figure (A.2.16):  Point four time-deflection curve of LWD for A-3 soil (No. of passing 16) 

 

 

 

 

  

  

 

         Figure (A.2.17):  Point five time-deflection curve of LWD for A-3 soil (No. of passing 16) 

  

 

 

  

 

 

  

Figure (A.2.18):  Point six time-deflection curve of LWD for A-3 soil (No. of passing 16) 
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A-3:  A-7-6 Soil Curves 

 

 

 

 

 

 

           Figure (A.3.1):  Point one time-deflection curve of LWD for A-7-6 soil (No. of passing 8) 

 

 

 

 

 

 

 

           Figure (A.3.2):  Point two time-deflection curve of LWD for A-7-6 soil (No. of passing 8) 

 

 

 

 

 

 

            

           Figure (A.3.3):  Point three time-deflection curve of LWD for A-7-6 soil (No. of passing 8)
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       Figure (A.3.4):  Point four time-deflection curve of LWD for A-7-6 soil (No. of passing 8) 

 

 

 

 

 

 

 

         Figure (A.3.5):  Point five time-deflection curve of LWD for A-7-6 soil (No. of passing 8) 

 

 

 

 

 

 

  

Figure (A.3.6):  Point six time-deflection curve of LWD for A-7-6 soil (No. of passing 8)
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        Figure (A.3.7):  Point one time-deflection curve of LWD for A-7-6 soil (No. of passing 12) 

 

 

   

 

 

  

 

     Figure (A.3.8):  Point two time-deflection curve of LWD for A-7-6 soil (No. of passing 12) 

 

 

 

 

 

 

 

    Figure (A.3.9):  Point three time-deflection curve of LWD for A-7-6 soil (No. of passing 12)
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      Figure (A.3.10):  Point four time-deflection curve of LWD for A-7-6 soil (No. of passing 12) 

 

 

  

  

 

 

 

       Figure (A.3.11):  Point five time-deflection curve of LWD for A-7-6 soil (No. of passing 12) 

 

 

  

 

 

 

 

     Figure (A.3.12):  Point six time-deflection curve of LWD for A-7-6 soil (No. of passing 12)
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Figure (A.3.13):  Point one time-deflection curve of LWD for A-7-6 soil (No. of passing 16) 

 

  

 

 

 

 

 

  Figure (A.3.14):  Point two time-deflection curve of LWD for A-7-6 soil (No. of passing 16) 

 

 

 

 

 

 

 

 

 

     Figure (A.3.15):  Point three time-deflection curve of LWD for A-7-6 soil (No. of passing 16)
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     Figure (A.3.16):  Point four time-deflection curve of LWD for A-7-6 soil (No. of passing 16) 

 

 

 

 

 

 

 

 

       Figure (A.3.17):  Point five time-deflection curve of LWD for A-7-6 soil (No. of passing 16) 

 

 

 

 

 

 

 

 

       Figure (A.3.18):  Point six time-deflection curve of LWD for A-7-6 soil (No. of passing 16)
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B-1:  A-1-b Soil Curves 

 

 

 

 

 

 

  

    Figure (B.1.1): Point one simulated load – deformation curve for A-1-b soil (No. of passing 8)  

 

 

 

 

 

 

 

    Figure (B.1.2): Point two simulated load – deformation curve for A-1-b soil (No. of passing 8) 

 

 

 

 

 

 

 

 

     Figure (B.1.3): Point three simulated load – deformation curve for A-1-b soil (No. of passing 8)

Appendix B: Finite Element Curves 
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    Figure (B.1.4): Point one simulated load – deformation curve for A-1-b soil (No. of passing 12) 

 

 

 

  

 

 

 

 

      Figure (B.1.5): Point two simulated load – deformation curve for A-1-b soil (No. of passing 12) 

 

 

 

 

 

 

 

 

Figure (B.1.6): Point three simulated load – deformation curve for A-1-b soil (No. of passing 12)
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Figure (B.1.7): Point one simulated load – deformation curve for A-1-b soil (No. of passing 16) 

 

 

 

 

 

 

 

Figure (B.1.8): Point two simulated load – deformation curve for A-1-b soil (No. of passing 16) 

 

 

 

 

 

 

 

 

 

   Figure (B.1.9): Point three simulated load – deformation curve for A-1-b soil (No. of passing  

16)
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B-2:  A-3 Soil Curves 

 

 

 

 

 

 

 

       Figure (B.2.1): Point one simulated load – deformation curve for A-3 soil (No. of passing 8) 

 

 

  

  

 

 

 

 

       Figure (B.2.2): Point two simulated load – deformation curve for A-3 soil (No. of passing 8) 

 

 

 

 

 

 

 

 

 

 

     Figure (B.2.3): Point three simulated load – deformation curve for A-3 soil (No. of passing 8)
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    Figure (B.2.4): Point one simulated load – deformation curve for A-3 soil (No. of passing 12) 

 

 

 

 

 

 

 

 

      Figure (B.2.5): Point two simulated load – deformation curve for A-3 soil (No. of passing 12) 

 

 

 

 

 

 

 

 

      Figure (B.2.6): Point three simulated load – deformation curve for A-3 soil (No. of passing 12)
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      Figure (B.2.7): Point one simulated load – deformation curve for A-3 soil (No. of passing 16) 

 

 

 

 

 

  

  

 

     Figure (B.2.8): Point two simulated load – deformation curve for A-3 soil (No. of passing 16) 

 

 

 

 

 

 

 

 

 

 

 

     Figure (B.2.9): Point three simulated load – deformation curve for A-3 soil (No. of passing 16)
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B-3:  A-7-6 Soil Curves 

 

 

 

 

 

 

 

Figure (B.3.1): Point one simulated load – deformation curve for A-7-6 soil (No. of passing 8) 

 

 

 

 

 

 

Figure (B.3.2): Point two simulated load – deformation curve for A-7-6 soil (No. of passing 8) 

 

 

 

 

 

 

 

 

Figure (B.3.3): Point three simulated load – deformation curve for A-7-6 soil (No. of passing 8) 
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Figure (B.3.4): Point one simulated load – deformation curve for A-7-6 soil (No. of passing 12) 

 

 

 

 

 

 

 

 

Figure (B.3.5): Point two simulated load – deformation curve for A-7-6 soil (No. of passing 12) 

 

  

 

 

 

 

 

 

Figure (B.3.6): Point three simulated load – deformation curve for A-7-6 soil (No. of passing 12)
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Figure (B.3.7): Point one simulated load – deformation curve for A-7-6 soil (No. of passing 16) 

 

  

 

 

 

 

 

 

Figure (B.3.8): Point two simulated load – deformation curve for A-7-6 soil (No. of passing 16) 

 

 

 

 

 

 

 

   

 

 

Figure (B.3.9): Point three simulated load – deformation curve for A-7-6 soil (No. of passing 16)
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ЊыϷЮϜй  

 сϧЮϜ ϣϠϽϧЮϜ ϣЧϡА ск йуЛуϡГЮϜ ЌϼъϜм БуЯϡϧЮϜ ϤϝЧϡА ϝлЦнТ ЙЎнтϜоϽ϶ъϜ ϣуϡуϡϳЮϜ ϤϝЧϡГЮ ЭгЛϦ слТ сЮϝϧЮϝϠм .

Ыук бКϹЮ ЀϝЂϓЪ.ХтϽГЮϜ Э  ϸϝлϮъϜ еуϠ ϣЦыЛЮϜ сГЛт рϻЯЮϜм ϣугкϜ ϽϫЪъϜ сЫузЫϦнуϯЮϜ сгугЋϧЮϜ ЭвϝЛгЮϜ ЬнГлЮϜм

) ϣϠϽϧЮϜ ЭЛТ ϸϼ ЭвϝЛв нк йЮ ϟϲϝЋгЮϜKs(.  сЃуϚϼ ЭвϝЛв ϽϡϧЛт ϣϠϽϧЮϜ ЭЛТ ϸϼ ЭвϝЛв БуЯϡϧЮϜ ЭуЯϳϦм бугЋϦ сТ

Лтм ,БуЯϡϧЮϜ ϱГЃЮ  ϞнЯГгЮϜ ЩгЃЮϜ пЯК блв ϽуϪϓϦ ЩЯϧгт . ϙуЂϝϯЮϜ ϱГЂ ϥϳϦ ϤϝЧϡГЯЮ ϸϝзЂъϜ ϼϜϹЧгЮ еугϷϦ сГ

ϣϳуУЋЮϜ ЭугϳϦ ЉϳТ аϜϹϷϧЂϝϠ ЭвϝЛгЮϜ Ϝϻк ϸϝϯтϜ бϧт .БуЯϡϧЮϜ(PLT)   ϣУЯЫгЮϜ ФϽГЮϜ ев ЉϳУЮϜ Ϝϻк ϽϡϧЛт ϩуϲ

 ЍЛϠ пЯК ϟЯПϧЮϜ ЌϽПЮм . ϥЦнЮϜ ев ϽуϫЫЮϜ ФϽПϧЃϦ сϧЮϜм ϢϹЧЛгЮϜм ϣузЧϦ ϸϝϯтϜ рϼмϽЏЮϜ ев ϤϝϠнЛЋЮϜ иϻк ев

гт ϣЯтϹϠ ϼϝϡϧ϶Ϝ.ЭвϝЛгЮϜ ϜϻлϠ ϕϡзϧЮϜ ϣАϝЃϡϠм ϣКϽЃϠ ϝлзЫ 

Ϧ ϣуЮϝЛТ бууЧϦ пЮϖ ϣЂϜϼϹЮϜ иϻк РϹл аϜϹϷϧЂϜдϾнЮϜ СуУ϶ ЬнГлЮϜ ЉϳТ ϾϝлϮ(LWD)  м  сТыϦϜ ъ ЉϳТϾϝлϮ нк

Ϧ сϧЮϜ ϣуЫувϝзтϹЮϜ ЭугϳϧЮϜ ϣϳуУЊ ЉϳТ бЂϝϠ ϝЏтϜ РϽЛтм ЬнгϳвϷϧЃϽуϪϝϦ ϥϳϦ йϠϽϧЮϜ ЉϚϝЋ϶ ЀϝуЧЮ аϹ ЬϝгϲъϜ

 .йуЫувϝзтϹЮϜ 

ϽПЮмЙугϯϦ бϦ .йϠϽϧЮϜ ев ИϜнжϜ ϨыϪ пЯК ϤϜϼϝϡϧ϶ъϜ ев йЯЃЯЂ ϥтϽϮϜ ,йЂϜϼϹЮϜ иϻк РϹк ХуЧϳϦ Ќ ϬϺϝгж  йϠϽϧЮϜ

ЙуТϽЮϜм ,ЀϼϝУЮϜ ,ϸыугЮϜ) скм ̭ыϠϽЪ ϣзтϹв сТ йУЯϧϷв ЙЦϜнв сТ ЙтϼϝЇв ев сТ ϝкϼϝϡϧ϶Ϝм йϠϽϧЮϜ ЙугϯϦ бϦ ,( ϬϺнгж  

уЯЧϳЮϜ РмϽЏЮϜ ϢϝЪϝϳгЮ йЛузЋϦм йгугЋϦ бϦ ϼϝϡϧ϶ϜϝлЋϚϝЋ϶ ЭуЯϳϦм йϠϽϧЮϜ ЉϳТ бϦ .й ϫϦ ϥϳϦ            ЭгϳЮϜ Ͻу  

(LWD) ϠϝсЫувϝзтϹЮϜ йϲнЯЮϜ Эгϲ ϼϝϡϧ϶Ϝ Йв дϜϽϧЦъ (PLT) йϳуУЋЮϜ ЭугϳϦ ЉϳТ ев  еЪϝЃЮϜ   

 ск ϞϽϧЮϜ ев еуКнзЮм ϣзЪϝЃЮϜм ϣуЫувϝзтϹЮϜ еуϧЧтϽГЮϜ ыЫϠ ϣЊнϳУгЮϜ ϣϠϽϧЮϜ ЉϚϝЋϷЮ сϚϝЋϲϜ ЭуЯϳϦ рϽϮϜ

 йϠϽϧЮϜм ϣуϡуϡϳЮϜ.ϣузуГЮϜ 

 :ϣЯЧϧЃгЮϜ ϤϽуПϧгЮϜ пЯК ϸϝгϧКъϝϠ ϼϜϹϳжъϜ Ϥытϸнв ев Йувϝϯв ϨыϪ ϽтнГϦ бϦ ,ϣуϡуϡϳЮϜ ϣϠϽϧЯЮ)1 ЀϝуЧв ϤϝжϝуϠ (

) , дϾнЮϜ СуУ϶ ЬнГлЮϜ2) ,ϣуЂϝЂъϜ ϣϠϽϧЮϜ ЉϚϝЋ϶ (3) сТ ϤϝжϝуϡЮϜ ыЪ (1 м2.(   йКнгϯгЮϜ иϻк сТ

ЬϹϳЮϜ ϣϡЃжм ï йϠϽϧЮϜ ЭЛТϸϼ ЭтϸнгЮ 0.93 скR2 ϣгуЦ пЯКϜ    

Ϝ) ,ϣЯЧϧЃгЮϜ ϤϜϽуПϧгЮϜ пЯК ϸϝгϧКъϝϠ ϼϜϹϳжъϜ Ϥытϸнв ев дϝϧКнгϯв ϥтϽϮϜ ,ϣузуГЮϜ ϣϠϽзЯЮ1 ЀϝуЧв ϤϝжϝуϠ (

) дϾнЮϜ СуУ϶ ЬнГлЮϜ(LWD) ,2 ϣϠϽϧЯЮ ϣТϝϯЮϜ ϣТϝϫЫЮϜ еуϠ ϢϹуϮ ϣЦыК ϭϚϝϧзЮϜ ϤϽлЎϜ .ϣуЂϝЂъϜ ϣϠϽϧЮϜ ЉϚϝЋ϶ (

 ϭϚϝϧзЮϜ ϥзуϠ ϝЏтϜ .ϣϠϽϧЮϜ ЭЛТ ϸϼ ЭвϝЛвм.сϚϝгЮϜ онϧϳгЮϜм ϣϠϽϧЮϜ ЭЛТ ϸϼ ЭвϝЛв еуϠ ϣЮнϡЧв ϣЦыК ϸнϮм 

Linear elastic  Этϸнв аϜϹϷϧЂϜ бϦ ϩуϲ PLAXIS 3D  аϜϹϷϧЂϝϠ ϭϚϝϧзЮϜ ев ϹЪϝϧЮϜ бϦ ЩЮϺ пЮϜ йТϝЎъϝϠ  ϭвϝжϽϠ  

уЫувϝзтϹЮϜ йϲнЯЮϜ ЭугϳϧЮϜ ЉϳТ ЭуϫгϧЮ йϠϽϧЮϜ ϢϝЪϝϳв сТϣаϜϹϷϧЂϜ бϧТ еЪϝЃЮϜ йϳуУЋЮϜ ЭугϳϦ ЉϳТ ϝвϜ . Этϸнв   

. сЫувϝзтϹЮϜ ЭугϳϧЮϜ сУТT ЉϳТ аϜϹϷϧЂϝϠ йϠϽϯϧЮϜ ϭϚϝϧжм ϭвϝжϽϡЮϜ ϭϚϝϧж еуϠ йжϼϝЧгЮϜ ϥгϦ ϝгЪ.Mohr-Coulomb 

дϝЪ  еуϠ ϰмϜϽϧт йуϡтϽϯϧЮϜм йтϸϹЛЮϜ йгуЧЮϜ еуϠ ЬмϿзЮϜ ϣгуЦ сТ ФϽУЮϜ ϼϜϹЧв0.003  пЮϜ  

0.242 



 

 

 ϰмϜϽϧт еЪϝЃЮϜ ЭгϳЮϜ ϽуϪϝϦ ϥϳϦ ϱГЃЮϜ РϜϽϳжϜ сТ ФϽУЮϜ ϝвϜ еуϠ0.105  пЮϜ0.15  ЭЛУЮϜ ϸϼ сТ ϓГϷЮϜ ϼϜϹЧвм.

 еуϠ ϰмϜϽϧт3.088  пЯЮϜ25.125 .  

 Юϕϡзϧ .йЮнлЂм йКϽЃϠ йϠϽϧЮϜ ЭЛТ ϸϼ ЭвϝЛвLWD  ϜϽу϶ϜмаϜϹϷϧЂϜ ϣужϝЫвϖм Ϣ̭ϝУЪ ϣЂϜϼϹЮϜ иϻк ϭϚϝϧж ϤϽлДϒ  ϾϝлϮ  
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ЛЮϜ ϩϳϡЮϜм сЮϝЛЮϜ буЯЛϧЮϜ ϢϼϜϾм сгЯ 

 ̭ыϠϽЪ ϣЛвϝϮ  

ϣЂϹзлЮϜ ϣуЯЪ 

ϣужϹгЮϜ ϣЂϹзлЮϜ бЃЦ 

 

 

 

 

"йϠϽϧЮϜ ЭЛТ ϸϼ ЭвϝЛв ϸϝϯтϜ Ϝ ев йУЯϧϷв ИϜнжъ аϜϹϷϧЂϝϠ йуЛуϡГЮϜ Ќϼъ

 дϾнЮϜ СуУ϶ сЫувϝзтϹЮϜ йϳуУЋЮϜ ЭугϳϦ ЉϳТ ϾϝлϮ"  
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