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ABSTRACT

Subgrades provide structural stability to pavements by transmitting superimposed traffic loads
safely to underneath soil strata. The density and strength of subgrade soil layers are main
parameters for the most pavement layers that used in quality assessments. For evaluating density
and strength properties of subgrade soils, several conventional testing methods were developed.
Among these tests methods are sand cone test density test and CBR test methods which are carried
out to determine density and strength of subgrade layer. However, there are several limitations
associated with using these old testing techniques including: complicated testing procedure,
laborious, time consuming, does not reflect or represent actual soil properties.

Therefore, there is a necessarily demand to use more effective tools that can be considered
as in place quality control test for pavement materials strength. The main aim of this work is to
develop an alternative testing protocol which involves the use of the dynamic measurements to
evaluate in-situ compaction level and strength of subgrade soils through computing the dry density
and California bearing resistance.

In this work, two testing methods were used for three different roadway subgrade soils to
evaluate dynamic properties of subgrade soils. These testing methods are [1]: light weight
deflectometer (LWD) and dynamic cone penetrometer (DCP). Three highway projects in Karbala
were selected to test their subgrade soils. These projects are located at Al-Intifada, Al-Fares, and
Al-Tahady district in all of which the subgrade was classified a poorly graded sand soil (i.e., type
A-3). Three dynamic measurements were obtained from LWD test: surface deflection, degree of
compatibility, and dynamic modulus with typical range values (0.701-0.383) mm, (4.25-2.936)
ms, and (38.18-60.04) MPa, respectively. Two parameters were obtained from DCP test including:
dynamic cone penetration index (DCPI) with typical range values (25.833-15.89) mm/blow, in-
situ CBR with typical range values (8.77-19.206) %. In addition, dry density and moisture content
were also measured using sand cone method (SRM).

Statistical analysis was carried out to predict strength and degree of compaction of
subgrades. The strength was defined in terms of California bearing ratio (CBR), and degree of
compaction were evaluated in terms of dry density. For determining dry density, three groups of
regression models were developed based on independent variables: LWD measurements data,
DCP measurements data, both LWD and DCP measurements data. Similarly, three groups of

regression models were developed to predict CBR based on measurements of LWD, basic soil
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parameters, both LWD and basic soil characterise.

The results of statistical analyses showed that there is a good correlation between dry
density and LWD and DCP measurements. Several theoretical models (i.e., single and multiple
regressions) were developed. A single exponential model in which LWD degree of compatibility
(Dc) was utilized as an independent parameter provides the best dry density estimation with R?
equal to 0.80. While, the dynamic cone penetration index (DCPI) model gives a best dry density
prediction with R? equal to 0.87.

For evaluating strength of subgrades, three groups of regression models were established
based on independent variables: LWD measurements data, basic soil properties, both LWD and
basic soil properties. The results exhibited that LWD dynamic modulus is a best independent
parameter to estimate CBR using a single nonlinear exponential model with R? values equal to 0.
84. The results also showed acceptable relation between strength and basic soil properties, whereas
a nonlinear regression model with value of R2=0.90 were proposed to predict strength as a (dry
density, water content). Additionally, a multiple nonlinear regression model in which LWD
dynamic modulus and dry density were used as independent parameters was established to provide
a good CBR estimation with R? equal to 0.86.

Finally, the results of this study showed the efficiency and possibility of using the dynamic
measurements obtained from LWD device, and DCP device to rapidly and easily predict the

density and strength of subgrade soils.
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Chapter One Introduction

Chapter One
INTRODUCTION

1.1 General

Subgrade is a vital component of a pavement system, as all adverse overlying loads
are transmitted through the subgrade. It does provide a main support to foundation
structures and stability to embankments. 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 density, strength, and moisture content. The evaluation
of the subgrade is an essential step that must be considered in analysis and design
process of pavement systems. This step also allows for the proper selection of
materials for the pavement to carry out expected traffic load Madhira and
Abhishek, (2015).

Soil compaction is one of the most critical task in the construction process of
roads, airfields, embankments, and foundations. The durability and stability of a
structure are related to achieving a proper soil compaction. Consequently, the
compaction control of different soils used in the construction of highways and
embankments is needed for enhancing their engineering properties. The current
methods for assessing the quality control for construction of highways is based on
determining the field unit weight and comparing that to the maximum dry unit
weight obtained in a lab using standard or modified Proctor tests Nazzal, (2003).

Traditionally, subgrade strength is measured by California bearing ratio (CBR).
Empirical pavement design methods are based on CBR value. The CBR test is a

laborious testing method that determines bearing resistance of tested materials and




Chapter One Introduction

compare to resistance of well-graded crushed stone material Gabr, (2000).

Many non-destructive testing (NDT) tools are available to measure in-situ
strength and stiffness of subgrade (i.e., nuclear density gauge, portable falling weight
deflectometer, light weight deflectometer, and dynamic cone penetrometer). The
LWD is widely used for construction quality control of soil layers in highway
construction, because of ease of use and portability bin Arshad,( 2007). The DCP
Is an effective tool in assessment of subgrade pavement conditions and strength
because of its portability, simplicity, and ability to provide rapid measurements of

in-situ strength of subgrades Stamp, (2013 ).

1.2 Problem Statement

The density and strength of subgrade soil layers are main parameters which are often
used in quality assessments of any roadway projects. The characteristic of subgrade
effect mainly on the structural performance of the pavement system. In general,
subgrade layer presents primarily as a platform to support others provided pavement
layers. For evaluating density and strength properties of subgrade soils, several
conventional and testing methods were developed. Among these tests methods are
sand cone test density test and CBR test methods which carried out to determine
density and strength of subgrade layer. However, there are several limitations
associated with using these old testing techniques including: complicated testing
procedure, laborious, time consuming, does not reflect or represent actual soil
properties.

At present, most of international highway agencies resort to involve new non-
destructive characteristics of subgrade and unbound pavement layers. However,
those testing techniques are still unpopular in Iraqg, and all Iragi highway agencies
merely depend on conventional supplementary destructive tests appraise the quality

of pavement materials based on density and moisture content measurement.

e
2




Chapter One Introduction

Therefore, there is a necessary demand to use more effective tools that can be

considered as in-place quality control test for pavement materials

1.3 Research Aim and Objectives

The main aim of this research is to develop an alternative quality assessment of
testing protocol to identify density and strength of subgrades using the modern,
simple and reliable dynamic-based testing methods. This aim will be achieved

through conducting the following objectives:

e Evaluating selected local subgrade soils, and identifying their physical

and chemical properties.

o Use light weight deflectometer test and dynamic cone penetrometer test
to predict density and strength of subgrade soil by obtaining dynamic
measurements such as dynamic modulus, CBR, and dynamic cone

penetration index.

e Correlating the dynamic measurements from LWD and DCP with
conventional subgrade soils characteristics such as dry density and
CBR.

1.4 Scope of Research Work

This research was completed within the following parameters:
1- All subgrade soils used in this research were collected from three roadway
project sites at Karbala, Iraq. The dominant soil type in Karbala is a poorly
graded sand soil type (A-3). Thus, only A-3 subgrade soils were examined in

this work.

2- Selected subgrade soils were evaluated in the lab in terms of basic physical

and chemical properties.
R ———————

3




Chapter One Introduction

3- All tests were performed at the laboratory, some testing device has locally
manufactured, including loading frame, and steel box. This manufactured

apparatus provides a similar environment for sites and conducting field tests.

4- The efficiency (i.e., compaction effort) of the compactor used in the lab was

less efficient than the one used in the site work.

1.5 Thesis Layout

This thesis is presented in six chapters, which are outlined as follows:

Chapter One: introduces the background of the research, problem statement, aim
and objectives, and scope of the research work.

Chapter Two: reviews previous research works to discuss the current understanding
of the strength properties, compaction characteristic, and description of LWD and
DCP.

Chapter Three: presents the experimental work details, which include the
description of soil samples and identified their physical and chemical properties and
describe testing procedure of LWD, DCP, sand replacement test.

Chapter Four: illustrates and discusses the results of the laboratory tests including
dry density, LWD, and DCP.

Chapter Five: presents the statistical analyses of the summary, and theoretical
model developed by using SPSS software.

Chapter Six: presents conclusions obtained from the experimental and statistical

work and recommendations for future studies.
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CHAPTER TWO
REVIEW OF LITERATURE

2.1 Introduction

The majority of highway designs codes use soil and aggregate materials as base
layers. Some laboratory tests are needed before soils can be compacted in the field
to assess their engineering properties. The optimal dry density and the optimum
moisture content are the most two essential properties that determine the density that
must be compacted in the region. The standard and modified Proctor tests are
commonly used and have remained unchanged for decades as the first standardized
laboratory procedure for soil compaction Andrew,( 2012).

Compaction effort, on the other side, is unlike any other forms of field
compaction. In certain cases, these laboratory effect techniques tend to be incapable
of reflecting the maximum feasible field density of soil due to the development of
heavier modern rollers Andrew,( 2012).

It is important to use proper quality control procedures when placing granular base
course materials in road construction in the United States, this is usually done with
a nuclear density gauge (NDG), which measures the moisture and wet density of the
sand before calculating the dry density. The goal maximal dry density obtained from
the Proctor test in the laboratory is then compared to this dry density that reflects
field conditions Xiaoyang, J (2019).

Dynamic cone penetrometers (DCP), surface stiffness gauges (SSG), and light
weight deflectometers (LWD) are the most commonly used tools for construction
quality control. The current understanding of the strength characteristic, compaction
characteristic, LWD, and DCP are defined in this chapter, which includes a summary
of published literature Emre, (2020).
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2.2 Strength Characteristics of Subgrade Soils

The subgrade is the material that exists when the pavement base is constructed.
Despite the fact that it is normal to think of pavement efficiency exclusively in terms
of pavement design and mix design, the subgrade is still the most important factor.
The most common characteristics that need to be considered in pavement design and
study are the resistance to deformation under load (stiffness) and the bearing
potential of subgrade materials (i.e., strength) Roy, (2013).

The strength characteristics of soils are influenced by a variety of factors,
including the soil type, moisture content, dry density, and the type and mode of stress
application. There are three basic subgrade stiffness/strength characterizations in
pavement design requirements: CBR (California Bearing Ratio), Resistance value
(R-Value), and Resilient modulus (MR).

2.2.1 California Bearing Ratio (CBR)

The California bearing ratio (CBR) is a strength index measure that is often used in
pavement layer thickness design. CBR test has been and still the most commonly
tool for evaluating soil subgrades under rigid and flexible pavement thickness
design, and it is a key component of many pavement thickness design methods
Yavuz, G( 2020).

The CBR of a soil is measured by dividing the stress needed to penetrate 2.54,
5.08, 7.62, 10.16, and 12.70 mm into the soil by the normal penetration stress at each
depth of penetration ASTM D1883, (2014). The California State Highways
Department developed the CBR test at the early 1930s to measure the mechanical
properties of subgrades and base courses under lab conditions. Following the CBR
efficiency of the pavement, numerous countries have established or introduced
pavement construction methods depending on the CBR performances of the
pavement Abbas, M(2017).
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The CBR test is time-consuming and complex in the field due to the equipment
used and the fact that the moisture content of the field varies over time. In recent
years, there appears to have been an increasing trend toward obtaining CBR values
through indirect non-destructive testing methods such as the Dynamic cone
penetrometer (DCP), Falling Weight Deflectometer (FWD), and Light Weight
Deflectometer (LWD) Thomas, (2007).

The CBR value of soil is determined by a variety of factors, includes physical
features of the soil, like maximum dry density (MDD), optimum moisture content
(OMC), liquid limit (LL), plastic limit (PL), plasticity index (PI), grain size
distribution, and soil permeability, among others Shirur, hirematth, (2014).

Simple linear regression analysis (SLRA) of subgrade soils with an overall liquid
limit compared with experimental summary and SLRA of subgrade soils with an
annual liquid limit (20 % to 70 %), there is no important relationship between liquid
limit and plastic limit in predicting CBR value, but there is a strong relationship

between MDD and OMC in predicting CBR value Shirur, hirematth, (2014):

CBR=4.99 MDD- 5.711(R?=0.78) (2.1)
CBR=-0.2443 OMC+7.5264 (R%=0.71) (2.2)

Although the CBR value of fine-grained silty soils of low compressive strength
(ML) and medium compressibility (MI) has a meaningful correlation with PI, MDD,
and OMC,; the identified CBR value decreases by increasing the plasticity index and
optimum moisture content of soil, and therefore increases with increasing the
maximum dry density Shirur, and Hiremath, (2014).

The CBR obtained value in the lab varies significantly from the CBR value
calculated using a multiple linear regression model (MLR) that includes LL, PL, PI,
MDD, and OMC Talukdr, (2014):

CBR soaked = 0.127(LL) + 0.00 (PL) — 0.1598(PI) +1.405 (MDD) - 0.259 (OMC) + 4.618 (2.3)

Another proposed empirical relationship derived from fine-grained soils multiple

e
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linear regression analysis (MLRA) presents a clear association between MDD and
OMC in predicting CBR value Talukdr, (2014):
CBR= -4.8353-1.56856(0OMC) +4.6351(MDD)  (R?=0.82) (2.4)

According to research observations and simple linear regression analysis (SLRA),
there is no substantial association between liquid limit and plastic limit in predicting
CBR value Shirur, hirematth, (2014), but there is a small discrepancy between the
CBR value calculated in the laboratory and the CBR value computed using a
multiple linear regression model involving LL, PL, PI, MDD, and OMC Talukdr,
(2014).

The DCP values are typically compared with the CBR of the pavement subgrade
in order to dtermine the structural properties of the pavement subgrade. Both CBR
and DCP tests were performed in the laboratory on a wide range of unisturbed and
compacted fine-grained soil samples, with and with out saturation, durning the
establishment of this relationship John, (2001).

In the flexible molds, compacted granular soils were tested with variable
controlled lateral pressures. Natural and compacted layers representing a wide
variety of possible pavement and subgrade materials were tested within the field. the
subsequent quantitative relationship between the CBR and its DCP value was
discovered as a result of the study Das, (2010):

Log CBR=2.2-0.71*(DCP)*> R? = 0.95, N=74 (2.5)
where the DCP is in millimeters per blow.
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2.2.2 Resilient Modulus (Mr)

The resilient modulus is that the coefficient of elasticity that was utilized in elastic
theory rather than being absolutely elastic, the majority of pavement materials,
principally soils, have an elastic-plastic behavior. That is, they are partially elastic
under a static load but are permanently deformed. They can, however, exhibit
different critical properties once subjected to repetitive masses. They behave even
as they were going to underneath a static load initially Reyn, (2005).

However, after a certain amount of repetition, the permanent deformation caused
by each load is almost entirely reversible. If the repetitive load is small enough in
relation to its strength, it can almost be called elastic at this stage; otherwise, the soil
structure would be weakened Richard,J(2013). The action of unbound material

under different conditions is depicted in Figure (2.1).
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Figure 2-1: Deformation soil behavior under a sequence of repeated load Sheng,
(2016)
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The resilient modulus is a measurement of a soil elasticity that takes into account
nonlinear characteristics. It was the ratio of axial deviator stress to revocable axial
pressure, and it was written like this Reyn, (2005):

Mg =0,/ (2.6)
Whereo,; =axial deviator stress
&r= axial revocable

The resilient modulus of soils is influenced by a number of factors including soil
type, soil properties, dry unit weight, strain and stress levels, and test procedures.
The resilient modulus test protocol and the selection of a suitable specification
resilient modulus for pavement subgrades have both been improved. The resilient
modulus test technique, as well as choosing a suitable specification resilient modulus
for pavement subgrades, have proven to be extremely difficult, time-consuming, and
expensive AASHTO T307-99, (2000). Many researchers have developed various Mr
empirical models to predict Mr as a function of other soil characteristics, as shown
in Table (2.1) Sheng, (2020).

Table 2-1: Summary of Mr and CBR Correlations Sheng, (2020)

Relationship proposal Citation Observations
Mr (MPa) = 16.2 CBR °7 For CBR less than 5
Mr (MPa) = 22.4 CBR %5 NAASRA (1950) For CBR more than 5
Mr (Psi) = 1500 x CBR Heukelom and Klomp Only fine-grained non-expanding soils with a soaked
(1962) CBR of 100 percent are included in this correlation.
Mr (MPa) = 10.34 x CBR Heukelom and Klomp /
(1962)
Mr (MPa) = 38 CBR 074 Green, J.L. and Hall /
(1975)
Mr MPa) = 17.58 x CBR 064 Powell et al. (1984) /
Mr (MPa) = 18 CBR %% Lister and Powell (1987) /
Mr (MPa) = 21 CBR 065 Ayres (1997) /
Mr =5.00535CBR + 2.95173 Razouki and Kuttah For CBR>1
(2004)
MR = 863.82 CBR, v=0 MR =840.53 CBR, v=0.3
Mr = 810 CBR (kPa) Putri et al.(2012) MR =751 CBR, v=04
Mr = 8.795(CBR) — 0.972 George and Kumar The cyclic triaxle test is used to determine the
(2018) resilient modulus.
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2.3 Compaction Characteristics of Subgrade Soils
Laboratory compactions experiments are often used to prepare criteria for borrow
material compaction in field construction projects. The modified proctor compaction

test is also known as the standard proctor compaction test ASTM 1557.

2.3.1 Purpose of Compaction

The aim of compacting earth fills soils, such as fills in earth dams and embankments
of (highway, railway, and corn railway anal, and subgrades), is to create a soil mass
that meets two basic criteria: settlement reduction and increased shear strength
Ramaswami, (2004). As a result, compaction was needed for many other
engineering structures built on soils, such as highways, railway subgrade and airfield
pavements, tunnels, and overpasses. Compaction increases the strength of soils, thus
increasing the bearing ability of foundations built on top of them Patel, (2019).

Laboratory testing of soil properties such as permeability, compaction,
consolidation, strength, and compressibility is critical for understanding and
interpreting how soils will behave in the field. Under these test conditions, the
behavior of soil is determined by the amount of moisture absorbed.

As a result, several researchers have attempted to build a prediction model for
fine-grained soil that is both naturally available and artificially. As time passed,
researchers attempted to link soil index properties to compaction parameters Das,
and Sobhan,( 2013).

Tables (2.2) show the established models and their coefficients of determination
(R?) for fine-grained soil. The investigation of statistical and numerical methods has
also been discussed. A variety of researchers have used the statistical program which
provides the option of linear or multiple regression, and significant correlations have
been found. between compaction characteristics and soil classification properties,

the researcher developed the correlation equations from the results of two studies.

11




Chapter two Review of Literature

For the first study, the compaction data were correlated with LL and PL, from which
the approximate MDD and OMC of soil could be determined. In the second study,
the correlation equations (1) and (2) were developed to predict MDD and OMC,
respectively, from LL, PL, PI, approximate average particle diameter (D50), the
content of particles finer than 0.001 mm (F 0.001) and fineness average (FA)
Verma, (2019). Wang, Huang (1984) developed the two sets of correlation
equations (3) to (6), one each for MDD and OMC by statistical analyses. Each set of
equations contain two different prediction models. The soil samples were prepared
artificially from four different components of soil, i.e. bentonite, lime stone dust,
sand and gravels, 57 different mixes were prepared by blending these materials in
different proportions.

Al-Khafaji (1993) presented few empirical relationships as shown in equations
(7) through (10), for MDD and OMC from LL and PL. He had also prepared some

charts using curve fitting technique from soil compaction and Atterberg limits data.
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Table 2-2: Various associations for fine-grained soil compaction parameter Verma, (2019).

Auther Predection method type Compaction No. of soil Equation R?
type samples
Ring, Sallberg, and MRA NA NA MDD=147.525-0.02 LL-1.195PL- 0.198 FA 1) NA

Collins(1962) .
OMC=1.427LL-0.815PL-1.373PI-0.0007D50+0.062FA +0.035(0.001fraction)-1.312 (2)

Wang and Hang(1984) SAS SP 57 (MDDly;) x 100 = 45.6-1.28FMlog, o (D;,)-0.0464FMxPL+ 1.43MF 3) 0.95
(MDD/ys) x 100 = 45.9- 7.5FM- 0.45l0g,,C,-0.0754FMxB (@
Al-khafaji (1993) Curve fitting technique SP 88 OMCx100 =2614 + 12.7 PL -95 FM?- 88.1(log,,Cu)* (5) 0.88
OMCx100 =1035 -905 10g,(Ds)+0.22 B2+ 106 FM log,o(Dsg) (6) 0.8
MDD=2.44-0.02 PL- 0.008 LL Iragi soil (@)
OMC=0.24 LL+0.63 PL- 3.13 ®) NA
MDD=2.27 - 0.019 PL — 0.003 LL  US Ssoil )
OMC=0.14 LL +0.54 PL (20) NA
Bera and Ghosh Log linear regression through 5 different 5 MDD-= -66.8798+ 2.75298 log E- 0.03585 LL+28.60931 Gs — 121.2903 D50 (11) 0.98
(2011) MRA energy
OMC=226.0947 — 7.000262 log E — 70.3473 Gs + 0.097542 LL — 459.492 D50 (12)
0.95
Gurtug, Sridharan, and  Curvilinear Regression analysis SP, RMP and 4+123 MDD =0.98 MDDy, (13)
Lkizler (2018) MP
OMC =0.943 PL (14)

MDD: Maximum dry density;NA: Not avilable; OMC: Optimum moisture content; LL: liquid limit; PL: plastic limit; PI: plasticity index; ys : density of solid phase FA: fineness average; ; D50: mean particle size (mm);
FM: fineness modulus; Cu: uniformity coefficient; B: bentonite content in % by weight; E: compaction energy (kJ/m3);SP:standard proctor(592.55kj/m3) ;RMP:reduced modified proctor (1616Kj/m3) ; MP: modified
proctor(2693.35Kj/m3) ; SAS: statistical analysis system; SRA: simple regression analysis; MRA: multiple regression analysis; SP:

e
13




Chapter two Review of Literature

2.3.2 Compaction Theory

The fundamental of compaction of cohesive soils are relatively new. R.R. Proctor in
the early 1930 built dams for an old bureau of waterworks and supply in Los Angles,
and he developed the principles of compaction in a series of articles in Engineering
News-Record (procter,1933). In his honor, a standard laboratory compaction test
was developed and called the Proctor test William, (1980).

Compaction is a function of four variables, according to Proctor: dry density,
water content, compactive effort, and soil. Compaction effort is a measure of the
mechanical energy applied to a soil mass. The composition of the bearing soil limits
the ability of any rational design approach to predict the compression and strength
behavior of soil deposits. To ensure the fill's consistency and efficiency, the density
of fills put around and underneath foundations of structures must also be managed
Tascon, and Andres (2011).

Impact or kneading compaction is often used in the laboratory to achieve specific
densities. Impact compaction is achieved by repeatedly striking a soil sample in a
mold of known volume with a hammer. The soil is divided into multiple layers, each
of which is struck with a hammer of known weight that falls a predetermined
distance. The compactive effort (CE) is then measured as follows: Giinaydin,
(2008)

_ WRrHgN|Ng
o Vv

Where W, is the weight of hammer, Hq is the height of hammer fall, Njis the number

CE (2.7)

of soil layers, Nq is the number of hammer drops per layer, and V is the volume of
the mold.

Figure (2.2) shows how a soil sample was compacted using two different

compactive attempts at different water contents. The compactive commitment used
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to compact curve 2 is greater than that required to compact curve 1. It is worth noting
that as the compactive effort rises, the optimum dry unit weight rises and the
optimum water content decreases. The assumption is that less water is needed to

reach the same level of dehydration required to achieve a denser soil mass.

S, = 80%

i 2
(Vao)2 Compaction curve

S, =100%
Zero air voids curve
ZAVC

Dry unit weight

Compaction curve 1

‘Water content

Figure 2-2: Schematic representation of compaction and the corresponding zero air
voids curves for a typical soil Giinaydin, O (2008).

Lee and Suedkomp , (1972) Discovered that four different types of compaction
curves exist: (a) a single peak, (b) an irregular peak, (c) a double peak, and (d) a
nearly straight line with no clear optimum dry unit weight. Figure (2.3) illustrate

these kinds of compaction curves.
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Figure 2-3: Schematic representation of four possible types of compaction curves
Akr and Suedkmp, (1972).
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2.3.3 Factors Affecting Compaction

Whether in the lab or out in the field, a variety of factors affect compaction, the
amount of compactive energy used, the water content of the soil, and the grain size
distribution are all factors that influence compaction Ahmet, (2005).

Bloomfield, (2004) the degree of compaction is inversely proportional to the layer
thickness. For a given compactive energy, a thicker layer will be less compacted as
compared to a thin layer. The reason is, for thicker soils, the energy input per unit
weight is less. Therefore, it is very important to decide the right thickness of each
layer to achieve the desired density.

Kim, and Sagong, (2004) Proper control of moisture content in soil is necessary
for achieving desired density. Maximum density with minimum compacting effort
can be achieved by compaction of soil near its optimum moisture content.

Sivakugan, (2011) the effects of median grain size, as well as other influences,
on the density of packing of granular soils were investigated. Patra , 2010 tested 55
clean sand samples and found that the void ratio and relative density were related to

the compaction energy (CE) and median grain size.

2.4 Light Weight Deflectometer
The Light Weight Deflectometer (LWD) is a portable and non-destructive device.
The LWD which is used to measure the in-situ elastic modulus of subgrade
pavement layers was developed as an alternative field test to many other tests such
as Field Dry Density (FDD), and California Bearing Ratio (CBR) 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 Hossain, (2010).
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LWD works by lowering a known weight from a predetermined height onto a
circular plate over the soil and calculating the vertical surface deflection under the
plate. Surface soil stiffness can be also determined using LWD. The LWD modulus
for a given soil (E;;,p) is calculated using the measured deflection. The elastic half-
space principle is used to measure E;,,p, Which assumes that all underlying soil
layers were made of a uniform elastic substance.

The LWD data obtained during development is typically used in two ways:
Ebrahimi, (2013)

1- Compaction quality control, which involves compacting pavement materials
so the LWD deflection was equal to or less than a set target value; this
approach is solely analytical and has been extensively used by the Minnesota
Department of Transportation.

2- Determining the resilient modulus (Mr) of pavement materials from the

ELWD'

2.4.1 Historical Development of LWD

Over the past 15 years, the UK Highways Agency has sponsored extensive
investigations into the development and use of a range of portable falling weight
deflectometers (PFWDs). One of the key aims has been to establish a specification
for such PFWD devices to be used as a field compliance tool within a performance-
based specification for pavement foundation construction, aimed to optimize the use
of materials Fleming, (2007).

(LWD) is a hand-held falling weight gadget that was developed as an in-situ
measuring device by the Federal Highway Research Institute and the HMP Company
in Germany in 1980 Elhakim, (2013).

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
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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, (2007).

The peak deflection was 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:
Moony, (2013)

(1-v2)o-a

ELwp = 5 f (2.8)
Where:

Epwp: Dynamic LWD soil modulus

o.. Applied dynamic stress (MPa)

8: Soil surface deflection (mm)

a: Radius of the loading plate (mm)

v: Possion ratio in range (0.3-0.45) depending on the type of test material

f: Shape factor depending on stress distribution under a plate

2.4.2 Theoretical Basis of LWD

The light Weight Deflectometers are the most precise and effective way to evaluate
the structural integrity of pavements. The layers' moduli, which can be used in
pavement construction, are the most significant parameter obtained from the LWD
test. Since deriving the modulus from LWD field data is difficult and demands strong
engineering decisions, boussinesq theory was hired to measure modulus Sanjeev,
(2020).
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Boussinesq devised a series of equations for calculating stress, strain, and
displacement at a depth ‘z' below the center line of a uniform circular load with a
radius ‘a' from the loading center in a homogeneous, isotropic, linear elastic, semi-
infinite vacuum.

Many automated programs have used Boussinesq's equations to calculate the
moduli of pavement layers; they use the equations iteratively to find moduli values
that are accurate for the input pavement parameter combinations kessler, (2012).

Elastic moduli of the pavement layers can be calculated using back calculation
and other techniques from the deflection basin formed by adding a load to the
pavement surface with the NDT unit. When a LWD test is performed on a surface
(subgrade or pavement), the pavement deflects when the load is lowered.

The load-induced deflection is extended in the form of a bowl, which is referred
to as the deflection bowl. The load magnitude, pavement layer structure, layer
hardness, loading plate size, load impulse, length, temperature, and other factors can
influence the size and shape of the deflection bowl. Since the deflection bowl
parameters are very closely linked to the structural strength and characteristics of the
pavement.

During operation, it requires a flat surface to function properly and three seating
drops are performed to ensure close contact. Then another three drops are performed,
and the deflection corresponding to each blow and the soil’s dynamic modulus were
calculated by the data acquisition system. An important insight into the soil property
can be obtained by a typical output from acquisition system of LWD, which show
time history data Moony, (2013).

In traditional LWD analysis, the peak applied force (F) peak and displacement
(w) peak are extracted from the measured time histories to determine E hereafter
called ELWD. The load cell and geophone measure the applied force and velocity

time histories, respectively, whilst the displacement time history was produced by
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numerically integrating the velocity. The trapezoid method was utilized for the
integration with a time step of 0.02 ms, corresponding to the sampling frequency.
Using error propagation techniques to account for the numerical integration, the
accuracy of the maximum displacement was estimated to be 0.005 mm. This was
verified by repeatability assessment of the calculated displacement from multiple
drops at the same location. The corresponding error in ELWD was determined to be
< 4%. Figure (2.5) illustrates typical time histories from LWD testing on compacted
clay using both 200 and 300 mm plate diameters and a drop height of 0.9 m. (F) peak
was found to be independent of plate diameter. As expected, for the same (F) peak,
the measured plate velocity and integrated plate displacement were greater for the
smaller plate Moony, (2013).
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Figure 2-4: Typical time history data from LWD Test Moony, (2013).
2.4.3 Types and Uses of LWD

There were some various kinds of LWDs. Table (2.3) summarizes the features

offered by five different LWD manufacturers. In terms of falling weight and height,

20



Chapter two Review of Literature

Impulse time, plate diameter and design, touch strength, and sensor styles, each unit
Is special (Burhani, 2016).
Table 2-3: Physical Characteristics of Typical LWD Devices (Burhani, 2016).

Manufacturer CSM Zorn Prima Load man TFT
Plate style Solid Solid Annulus  Solid Annulus
Plate diameter 200, 300 150, 200,300 100, 200, 130, 200,300 100, 150,
(mm) 300 200

,300
Plate mass (kg) 6.8, 8.3 15 12.0 6.0 Variable
Drop mass (kg) 10.0 10 10, 15,20 10.0 10, 15, 20
Drop height (m) Variable 0.72 Variable  0.80 Variable
Damper Urethane Steel spring Rubber Rubber Rubber
Force measured Yes No Yes Yes Yes
Plate response Geophone  Acceleromet Geophone Accelerometer  Geophone
Sensor Er
Impulse time (ms) 15-20 18+2 15-20 25-30 15-25
Max load (KN) 8.8 7.07% 1-15° 202 1-15°
Contact stress User def. Uniform User def.  Rigid User def.
Poisson's ratio User def. 0.50 User def.  0.50 User def.

2.4.4 Factors Affecting LWD Measurements

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

1) Bearing plate size: the size of loading plate was the most significant

factor that changed the LWD test condition. The diameter of plate effects

on the amount of pressure, as it reduces as it transfers from top down

through pavement layers lin , (2006).

2) Types and location of deflection sensor: The type and position of the

deflection sensors were 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 (2.6 c). The

other types like Prima, TFT, Keros /Dynatest LWD devices estimate
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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 (2.6 a, b, ¢) Mooney, (2009).

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 increasing contact stress lead to increase in
the elastic modulus, while the materials with cementitious properties will

not influenced by changes in contact stress.

GUIDE ROD; | i
s s GUIDE ROD:« »

(a) DROP MASS {b) (c) DROP MASS:
[:I <} GEOPHONE ;
BUFFERS — === pisc
ions SPRINGS
o LOAD

= CELL -—cELL la%te - —
=1-SPRING
SjSEOPHONE =} ACCEL. ACCEL. }o

— — 1L — —_—

GEOPHONE FOOT
(O30mm)

LOAD

N SOLID PLATE

ANNULUS
{O40mm)

PRIMA (STOCK) PRIMA (MODIFIED) ZORN {(MODIFIED)
P3(GS) P3(GP) / P3(AP) Z3(AP)

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. Mooney(2009).

4) Plate Rigidity: This factor is important for estimating the distribution of
stress under the plate and for selecting the shape factor (f).

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
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placed between the contact plate and drop weight Vennapusa and
White, (2013).

6) Proper contact between the loading plate and the tested surface: 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, thus it recommended to place a thin layer of fine sand over

the test point for a gravel surface.

2.4.5 Correlation between LWD and soils properties

(LWD) was created as a top management tool for assessing the performance
characteristics of pavement layers. The LWD would be a non - destructive testing
instrument used to determine the in-place stiffness qualities of unbound pavement
materials under the effect of a dynamic impact load Mehran, (2019).

Experimental work was conducted by Hossain, (2010) to study the possibility of
employing the LWD as a field-testing method to evaluate unbound granular
materials for Virginia’s roads instead of conventional density and moisture content
tests. It was observed that the soil modulus obtained from the LWD increases with
increasing density. In addition, the study found a significant effect of moisture
content on decreasing LWD stiffness. This behavior may be attributed to high pour
water pressure that develops when a soil is subjected to a high dynamic impact load
during the LWD testing procedure.

Emre, (2020) made an attempt to correlate the LWD modulus values obtained
from the field and from the mold for subgrade and base layers. The results showed
strong correlation for the subgrade but poor correlations for the base course strong
relation, but the base course had a low correlation (granular material).

Nazzle, (2004) Studied the relationship between LFWD (mainly Prima 100) and

plate load test measurements for subgrade materials which contains volcanic soil,
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and silty sand, and mechanically stabilized crushed stone. They suggested the

following correlation based their results:

Log (“42)= 0.0031 log (kyrp)+1.12 (2.9)

K3o
Where:

ki pwp: IS the ratio of stress on loading plate of the LFWD to the measured deflection at this stress.

Kj,: is the ratio of stress on plate with a diameter of 300 mm for a PLT to the measured deflection at this stress.

A number of comparative work were carried out by several researchers to
correlate LWD with other field tests, establishing the in-situ elastic modulus of
pavement foundations in various transportation projects. These correlations were
summarized in Table (2.4): Ahela, (2017)

Table 2-4: Correlation Between LWD and soil properties

Reference Suggested formula R?
Rao et al, 2008). — (CBR+2.754 0.9
( ) Ewwp _( 0.2867 )
(Louay et al, 2009) E _ (ﬂ)_o'ls
LWD = \27.75 0.54
(Zhang, 2010) Eypp = —rwp-81
. _ Epcp—29 0.35
LWD — 0.3
(Shaban, 2016) Epwp = 4.22 + 3.36 E i(MPMT) 0.84

+ 0.04 Ei(MPMT)?

For Subgrade Coarse

ELwp = 7.07 + 0.66 E.(MPMT) 0.79

—0.001 E,(MPMT)?

For base coarse

ELwp = 34.48 + 3.34 E.(MPMT) — 0.94

0.01 E;(MPMT)?

For base coarse

Eiwp = 50.93 + 0.34 E.(MPMT) — 4.2 X 0.77

10™*Er (MPMT)?
ELWD - CBR+14 083
0.66

For subgrade coarse
ELWD =4.22 + 3.36 Ei (MPMT) +

0.04 E; (mpmT)?2 0.84
For subgrade coarse

(Nazzle,2016)
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Where:

ELwp: Dynamic LWD soil Modulus

Mr : Resilient modulus of pavement materials

Erwp: Dynamic FWD soil Modulus

Egcp: Modulus of the compacted material obtained from Briaud Compaction
Eigmpwmr) : Initial Elastic Modulus (MPa) obtained from MPMT tests

Er(upmr) : Reload Elastic Modulus (MPa) obtained from the MPMT tests

2.5 Dynamic Cone Penetrometer (DCP)
In 1998, Minnesota Department of Engineering (Mn/DOT) adopted a DCP

aggregate base quality assurance specification. The cone was driven into the
pavement base material by the DCP's dropping mass, which drops from a given
height. The DCP penetration index was the DCP penetration distance per drop (DPI).
Using analytical relationships, the DPI was used to measure the shear strength and
modulus of unbound components.

(DCP) is a simple field test device that saves time, low maintenance cost, and
provides with a more exact continuous profile of the pavement layers. The DCP's
function eliminates the need for manual driving. DCP has a huge advantage over
other in-situ pavement measurement systems since it can locate weak spots fast.
Ahsan, (2014).

2.5.1 Historical Development of DCP

Scala in South Africa was the first to establish the Dynamic Cone Penetration test
(DCP) as an in-situ pavement measurement technique for assessing pavement layer
ability Scala, (1956). The early development of the DCP was reported by Scala from
Australia in 1959 as an in situ geotechnical assessment technique for evaluating the
strength of subgrade soils and base and sub-base materials, of new and existing
flexible pavement structures Scala (1959). DCP is also used for quality control of
compaction of some soils and also in shallow subsurface investigation as an

alternative to other expensive and time-consuming approaches Rodrigo, (2003).
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Since a soil's shear resistance is its ability to withstand load, the Dynamic Cone
Penetrometer (DCP) has been used to test its in-situ shear resistance. In 1969, van,
(2015) engineered a newer version of the Dynamic Cone Penetrometer with a 30°
cone.

DCP was widely used in South Africa, the United Kingdom, Australia, and New
Zealand, as well as many states in the United States, including California, Florida,
Illinois, Minnesota, and Kansas. The pavement layers and subgrades were
characterized in Mississippi and Texas. DCP has also been used by the US Corps of
Engineers for in-situ research. DCP has been shown to be a reliable method for

determining pavement layer and subgrade intensity parameters Ahsan, (2014).

2.5.2 Theoretical Basis of DCP

Many experiments were conducted on the theoretical analysis of the DCP system.
During the 1988 Symposium on Penetration Testing, a review of the summary of the
committee on the dynamic cone penetrometer testing indicated that evaluating the
DCP protocol on a merely empirical or scientific basis was questionable, and many
others felt that analyzing the stress condition at the cone tip was a difficult task
Nazzle, (2004). A review of literature reveals that considerable research was
conducted investigating the stresses induced by static cone penetration in soil. For
granular materials, the advancement of a static cone was investigated by Meier, and
Baladi, (1988). A cone penetration model was developed and was partly verified by
laboratory studies. A practical relationship between DCP index (or cone index, ClI)
and soil properties ¢ and g was derived. Since the equations developed and reported
by Meier, and Baladi, (1988) were derived for a static cone penetrometer, they are
not directly applicable to dynamic cone testing.

In a study conducted by Allersma , (1988) an optical stress/strain analysis in

granular material was performed based on the advancement of a static cone
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penetrometer Salgado , (1997) presented a theory based on cavity expansion analysis
for determining static cone tip resistance in sands including the relative density and

stress state as input parameters.

2.5.3 Types and Uses of DCP

The DCP apparatus developed by Scala has a cone point angle of 60°, a drop mass
of 8.0 kg and a falling height of 575 mm. The parameters of the DCP such as the
drop mass, the falling height and the cone tip design are varied with the testing
method from different investigators and organizations Jones, (2006).

van, (2015) from South Africa developed and proposed a new DCP device with
10 kg mass and 460 mm drop. Van Vuuren also indicated that his DCP is applicable
for soil materials with CBR values ranging from 1 to 50. The DCP design of the
ASTM D6951-03 uses an 8-kg hammer dropping through a height of 575 mm and a
608 cone. However, the Australian standard DCP (AS 1289.6.3.2) uses a 9-kg
hammer with the falling height of 510 mm. The potential energy per drop for these
DCP apparatus is represented in Table (2.5) Van, (2015).

Table 2-5: Potential energy per drop for DCP apparatus Van, (2015).

DCP design Drop mass  Falling Hight  Potional energy per

(Kg) (m) drop (J)
Scala 1959 8 0.575 45.1
van vearen 10 0.46 45.1
D§985T1|Ycle 8 0.575 45.1
12689.8.3.2 ; 0.51 45

The kinetic energy per drop for whatever and all penetrometers listed in Table (2.5)
would be similar to that of Scala's first model. As illustrated in Figure (2.7), DCP

device was designed in almost the same way for multiple kinds and testing
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Figure 2-6: Dynamic Cone Penetrometer Index Jones, (2006)
The DCP was created in response to a number of issues and uncertainties
associated with in-situ assessments, especially when working with difficult-to-
sample soils. The DCP test can be used on any form of soil to validate a stratification

around a site that has already been calculated by other methods.

2.5.4 Factors Affecting DCP Measurements

1)Material Effects
Many researchers have conducted studies to determine how factors such as soil

type, gradation, moisture content, density, plasticity, and maximum aggregate size
can influence measurements taken with the Dynamic Cone Penetrometer.
Plasticity, density, moisture content, and gradation all influence measurements
taken with the DMM, according to (Savage, 2012) DCP measurements are greatly

influenced by moisture content, AASHTO soil classification, confining stresses,
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and dry density for fine grained soils, according to Hassan, (1996), whereas
George, (2000) indicated that the maximum aggregate size and the coefficient of
uniformity affect DCP data. Harison (1987) discovered a correlation between

DCPI, moisture content, and dry unit weight, as seen in Figure (2.9).

Figure 2-7: correlation between dry unit weight, moisture content, penetration
index Harison, (1987).

2)Vertical Confinement Effects
Liven (1995) investigated the impact of vertical confinement on the strength of soil

derived from DCP measurements, and located no impact of vertical confinement by
rigid pavement structures or higher cohesive layers on the DCP information of lower
cohesive subgrade layers. However, the higher asphaltic layers have a vertical
confinement impact on the DCP information of the granular pavement layers. This
impact could also be caused by friction generated within the DCP shaft by leaning
penetration or by the granular material on the shaft surface collapsing throughout
penetration.

3)Side Friction Effect
The non-vertical penetration of the DCP shaft into the soil causes side friction, which

is frequently produced while penetrating. It may also be generated when a

collapsible granular substance was penetrated. In cohesive soils, however, the
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amount of side friction produced was always minimal. A correction factor could be

used to adjust the DCP value for the side friction effect, according to Livneh (2000).

2.5.5 Correlation Between DCP and Soil Properties

Assessment of structural properties of the pavement layers by using of DCP test that
required the development of reliable correlations with conventional methods such as
the CBR test. A number of researchers were performed the development of empirical
relationship between dynamic cone penetration resistance (DCPI) and CBR
measurements Kleyn, (1975), Smith and Pratt, (1983), Harrison, (1986), Livneh and
Ishai, (1987), and Livneh (1994). According to the summary of past studies,
Numerous correlations were developed between the DCP test summary and CBR
values. Table (2.6) summarizes the theoretical models that were developed for
numerous soil types.
Table 2-6: Relationships between the CBR and the DCPI Jameson, (2010).

References Correlation equation Conditions for research R-Squared
Kleyn (1975) Log CBR =2.620 - 1.270 log (DCPI) CBR: Lab, DCP: Field Un available
Smith and Log CBR =2.555 - 1.450 log (DCPI) CBR: Lab, DCP: Field 0.85
Pratt (1983)
Harison Log CBR =2.560 - 1.160 log (DCPI) CBR: Lab, DCP: Field 0.97
(1989)
Livneh Log CBR = 2.20 — 0.7 [log (PR)]1-° CBR: Lab, DCP: Field 0.93
(1987)
Livneh et al. Log CBR =2.450 - 1.120 log (DCPI) CBR: Lab & Field, DCP: Un available
(1992) Field

Continued. Relationships between the CBR and the DCPI ( Jameson, 2010)

Coonse Log CBR =2.530 - 1.140 log (DCPI) CBR: Lab, DCP: Field This item is not

(1999) available
Gabr et al. Log CBR = 1.550 — 0.550 log (DCPI) CBR: Lab, DCP: Field This item is not

(2000) available
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*where PR is the penetration through the layer in millimeters.

2.6 Summary

From the extensive literature review that was achieved, the following points can
be highlighted:

Subgrade strength and compaction were a very important factor for
evaluation airfield and highway pavement design, whereas, under
limited lab facilities, this property can be determine using LWD and
DCP.

As the laboratory tests are costly, time consuming, need to sample and
considered as a destructive test, the field tests were suggested to

evaluate the strength and compaction of pavement layers.

Due to the simplicity and rapidity, recently conducting field test by
LWD was widely used to evaluate the subgrade strength of subgrade

soils.

However, in this research, the quality assessment by using LWD was
suggested to extend the current knowledge regarding the prediction of

subgrade compaction values from advanced techniques.

The DCP device was used for evaluation of in-situ subgrade strength,
recently DCP used by geotechnical and pavement engineers due to their

simplicity and low operation cost.

However, in this research, the correlation between the density, strength, and

dynamic measurements were suggested to extend the current knowledge regarding

the prediction of subgrade density and strength values from advanced techniques.
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CHAPTER THREE
LABORATORY EXPERIMENTAL PROGRAM

3.1 Introduction

This chapter provides a comprehensive presentation of the laboratory testing
procedures that were carried out to determine the density, and strength of subgrade
soils. It goes also over the experimental research methodology that were adopted to

achieve the objectives of this work.

3.2 Test Materials
Subgrade soils collected from three different roadway projects were tested in the lab
for quality assessment evaluation. The following subsections presents soils

selections and their geotechnical characteristics.

3.2.1 Soil Types and Locations

In this research three types of soil were excavated and collected from different
locations in Karbala city and tested in the laboratory. The standard A-3 subgrade
materials were evaluated. Three roadway projects were located in (1) Al- Tahadi
site, (2) Al-Fares site, and (3) Al- Intifada site. Figure 3.1 illustrates an aerial view

of the three locations in Karbala city.

Figure 3-1: Aerial photo of three field sites in Karbala.
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3.2.2 Physical and Chemical Properties of Subgrade soils

The basic properties of each soil selected in this work were assessed in the
laboratory. The soil was classified as (A-3) soil classifications, and poorly graded
sand (SP) according to American Association of State Highway and Transportation
Officials (AASHTO M145-91, 2012) and the American Society for Testing and
Materials (ASTM D 2487). Figure (3.2) shows grain-size distribution curves of the

selected soils. Table (3.1) summarizes results of laboratory tests that were carried
out to determine basic soil properties.

Table (3.1): Basic Physical and Chemical Properties of Subgrade Soils

Property Test Result e .
Specification
Soil Location Al-Fares  Al-Tahadi Al-Intifadah
AASHTO
Classification A-3 A-3 A-3 AASHTO M 145
Poorly Poorly Poorly
USCS Classification graded graded graded sand ASTM D 2487
sand (SP) (SP) (SP)
Max.Dry Unit Weight 2.105 1.83 1.975 ASTM D 1557
OoMC 7.8 9.5 7.8 ASTM D 1557
0.126, 0.196, 0.195
D10,D30,D60 0.208, 0.331, 0.276. 0,548 ASTM D2487
0.406 0.584 R
Specific Gravity 2.6 2.6 2.6 ASTM D 854
U”'form'%%oeff'c'e”t 3.215 2,817 2,973 ASTM D 2487
u
C“rvat“r(eC%§9ff'C'e”t 0.844 0.715 0.953 ASTM D 2487
Gravel Fraction (GF) 0 0 0 ASTM D2487
Sand Fraction (SF) 3 1.9 15 ASTM D2487
CBR Soaked 19.21 20 19.8 ASTM D 1883
CBR Unsoaked 68 60 40 ASTM D 1883
Chemical characteristics
Location Al-Intifadah Al- Tahadi Al- Fares
SO3 2.915 3.807 2.726
Gypsum 5.862 6.268 8.185
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Figure 3-2: Grain Size Distribution of Al-Faris, Al-Tahadi, Al-Intifadah sites

The proctor test described conformed with the (ASTM) requirements in most
respects. ASTM D 1557 currently specifies the procedures and equipment
requirements for the modified Proctor compaction test. The Proctor compaction test
was a laboratory procedure for evaluating the optimal moisture content at which a
particular soil type become densest and reach it is maximum dry density. The result

of modified proctor shown in Figure (3.3).
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Figure 3-3: Proctor Test Curves of (a) Al-Faris, (b) Al-Tahadi , (c) Al-Intifadah
sites
Samples taken from test sections were also subjected to CBR laboratory

examinations. All samples were prepared in compliance with ASTM D1883-99
using soaked and unsoaked CBR, and all samples were prepared at the wet content

specified in the research. The summary of the CBR tests were conferred in Figure
(3.4) and (3.5). (Nazzal, 2003)
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Figure 3-4: Soaked CBR Test Curves of (a) Al-Faris, (b)Al-Tahadi, (c) Al-
Intifadah sites.
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Figure 3-5: Unsoaked CBR Test Curves of (a) Al-Faris, (b)Al-Tahadi , (c) Al-
Intifadah sites

3.3 Experimental Work
3.3.1 Laboratory Testing Setup

The main goal of the field experimentation program was to determine the degree of
in-situ compaction and strength of subgrades pavement layers by computing dry

density and California bearing resistance, and dynamic stiffness characteristics.
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Special test method and various accessories were designed and manufactured to
achieve this goal. As shown in Figure (3.6), a steel box with dimensions (length =
2.4m, hight = 1.25, width = 1.2m) were used to simulate in-situ subgrade conditions.
The function of the steel box was to represent the subgrade layer in order to perform
compaction and other tests. The height of the steel box was identified depending on
the deformation zone of the light weight deflectometer (LWD) test. The total
deformation influence is (1.5-2) B from LWD diameter (D=300 mm.), so that zone
of influence depth = 0.6m The following factors were considered when determining
the box dimensions: The thickness of the actual road layers that can be represented
in the laboratory, the Zone of influence of the Plate tests, depth of influence of Plate
tests. steel box and data acquisition system, this manufactured apparatus was
considered the first device that was designed by the University of Karbala to provide

a similar environment for sites and conducting field tests

1.25m

2.40m

1.50m

Figure 3-6: Steel Box
3.3.2 Soil Preparations and System Layout

Soils were excavated and collected from three locations in Karbala city at depth 0.5m

below the surface. Each subgrade soil was tested and compacted in the laboratory,
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and the performance of the subgrade layer structure was evaluated using three in-
situ testing method: (LWD) test, (DCP) test, and sand replacement method (SRM)

to measure density and water content.

To build a (0.6 m) thick compacted subgrade layer, approximately(3 m.3 ) of
each soil was needed. The subgrade was prepared by achieving the optimum water
content using an electrical mixer, as shown in Figure (3.7). During compaction, the

water content and dry unit weight of each soil layer were registered.

The subgrade was then compacted as layers by (15 cm per layer) within the
measuring steel box until it reached the desired height (60 cm). Figure (3.8) shows
first and final subgrade layers in laboratory during compacted.

fy 01

[
j 1

S 5

Figure 3.7: Electrical Mixer
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Figure 3-8: lllustrate Soil Preparation of Subgrade Soils.

Each soil layer was compacted, a compactor (design: petrol engine with 6 (KW)
of power, 160 (Kg) of weight, and 4000 (VPM) of frequency) was used to achieve
the compacted effort. For each soil type, three compaction efforts were considered
based on the number of compactor passes (NOP) performed to each layer.
Compaction effort was divided into three categories: ten number of passing (10
NOP), fourteen number of passing (14 NOP), and eighteen number of passing (18
NOP) (18 NOP).
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As shown in Figure (3.9), the soil surface was divided into six testing areas, each of
which was subjected to a variety of tests, including the 1) (LWD) test, 2) (DCP) test,
and 3) (SRM) test.

24m
s ——
) pcp ] DCP
e j-----(sm ){ LWD )|{SRM)~~—1‘—~——{‘SRM/‘»{ LWD | sRm J--- -~ - g
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0.45m § 0.50m | 0.50 m | 0.50m ‘ 0.45m

Figure 3-9: Layout of Testing Points.
3.4 Experimental Research Methodology

Various highway parts in Karbala where chosen for the experimental research
program. The selection of highway projects has been based on covering as much as

possible the predominant soil types that were available in Karbala.

Soil samples collected from fields were tested in the lab to assess their basic
engineering properties. Different laboratory tests were implemented including: grain
size distribution, CBR test, Procter test, specific gravity test. Table (3.2) summarizes
total number of laboratory tests performed in this work. Three test methods: [1] light
weight delectometer (LWD), [2] dynamic cone penetrometer (DCP), and [3] sand
replacement testing methods (SRM) were used to obtain inclusive measurements

about in-situ strength and compaction characteristics of subgrade layers. The soil
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would be first tested in laboratory, then it would be subject to several compaction

level to examine the effect of degree of compaction on soil properties.

Table 3-2: Summary of Total Numbers of Laboratory Tests

Tests Type Soils Type and Locations Complete No. of
: . Al-Fares  Al-Tahadi  Al-Intifada Tests
Physical Properties (A-3) (A-3) (A-3)
Soaked 8 8 8 24
CBR
Unsoaked 8 8 8 24
Standard 8 8 8 24
Proctor Modified 8 8 8 24
odifie 114
Grain Size Distribution 1 1 1 3
Specific Gravity 3 3 3 9
Chemical Test 2 2 2 6
" LWD 18 18 18 54
2
|_
P
5 DCP 36 36 36 108 270
©
- SRM 36 36 36 108

Three field measurments were be obtained from (LWD): surface deflection,
degree of compatibility, and dynamic modules. Two field measurments can be
obtaine from (DCP): dynamic penetration index, in-situ CBR. Additionally,
density and moisture content will be determined in the field use (SRM).

Methodology stages can be seen in Figure (3.10).
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( ~ Application of dynamic measurements for quality assessment of subgrade strength and
k. compaction

Stage 1: Literature Review about: Reviews previous studies to describe the current understanding of the strength

characteristic, compaction characteristic. Light Weight Deflectometer, Dynamic Cone Penetrometer.

v

The correlation between the density. strength. and dynamic measurements were
suggested to extend the current knowledge regarding the prediction of subgrade
density and strength values from advanced techniques.

A\ v

Stage 2: Sites Characterizations Stage 3: Testing setup

v v

Selection of subgrade material
Soil type: A-3
[ J

v

Stage 4: Experimental works

Steel box

\
Laboratory tests: Identified physical and
chemical properties of ioils

Identify laboratory tests in the steel box

ol
Y v h 4

LWD test DCP test SRM test
[ J

!

Identify density and strength for subgrade soils

v

Stage 5: Test measuremnets

. . v

LWD test DCP test SRM test
Dyuemic CBR Densit
Modulus Do a1,
Surface
deflection
Degree of Water
Compatibility B content

v

Stage 6: Statistical analysis

l

Q Conclusions and recommendations w

Figure 3-10: Research Methodology
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3.5 Test Methods
3.5.1 Light Weight Deflectometer (LWD)

The light weight deflectometer (LWD) was a portable, scaled-down version of the
falling deflectometer, as shown in Figure (3.11). The model of LWD device used in
this study was Zorn ZFG3. The LWD outline as a nondestructive testing device
accustomed verify in-situ stiffness properties of pavement materials underneath the
impact of dynamic impact loads at in- situ conditions. This device provides one
dynamic stiffness back-calculated supported actual wave rate propagated within a
pavement layer (Rayden and Mooney, 2009). The influence depth of LWD pulse
was at vary (1.5 - 2.0) times of loading plate diameter. For this reason, the LWD
device is taken into account as not appropriate device to evaluate in-situ stiffness for

depth was usually larger than 50.8 cm (20 inches).

1. Handle

2. Weight release
3. Guide rod

4. Drop weight

5. Buffer system
6. Loading plate

. Measuring unit

Figure 3-11: Components of LWD Field Test Equipment

s
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Three in-situ measurements were produced by the LWD: vertical surface
deflection () and dynamic modulus (Evd), and degree of compatibility.
Additionally, this device provides soil defelection response with time.
Integrating impulse velocity readings from an accelerometer mounted within
a circular loading plate is used to calculate surface deflections. Then, using
Boussineq elastic half-space theory, the vertical deflections calculated from
accelerometer readings are used to calculate surface soil modulus. The
following expression represents the Boussineq elastic theory, which relates
displacements to applied dynamic pressure for a rigid or flexible foundation
Shaban, (2016).

1,2
Edzw_f (3.1)

Here E; has been the dynamic soil modulus (MPa), 6 seems to be the soil surface
deflection (mm), oo is really the applied dynamic stress (MPa), a is radius of the
loading plate (mm), and f is the plate rigidity factor which is typically assumed (f=2),

and v is Poisson’s ratio.

The LWD measurement technique used in this research can be explained simply

as follows:

1)A loading plate with a diameter of 300 mm that is placed in contact with the
testing surface to conduct a uniform distribution load.

2)A 10-kg dropping weight falls from a height of 116 cm, built to be powered by
one person with minimal resistance or friction. According to ASTM E2583,
(2007), three drops were made on each testing point when the dropping weight
reached the loading plate, resulting in a half sine formed load on the testing

surface, to reduce the impact of loose soil particles that might cause unfavorable
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plastic deformations. Dynamic modulus, vertical surface deflection, and degree

of compatibility were amongst the test parameters. The vertical deflections

created by accelerometer readings are used to obtain surface soil modulus based

on Boussinesq elastic half-space theory. The surface deflections are determined

by integrating impulse velocity readings of an accelerometer fixed within a

circular loading plate.

3)The load was uniformly transferred to the plate using a buffer system,
explained that increasing the amount of buffers causes the device to stiffen
and the pulse length to shorten.

4)A dynamic parameter is measured using deflection sensors such as an

accelerometer.

3.5.2 Dynamic Cone Penetrometer (DCP)

This test method covers the calculation of the Dynamic Cone Penetrometer's
penetration rate through undisturbed soils or compacted materials, or both, using an
8-kg [17.6-1b] hammer. The penetration rate may be linked to in situ soil strength
(i.e., CBR value).

The DCP structure is made up of two vertical shafts that are joined at the anvil
(ASTM D 6951-03, 2009):

1. Both handle and hammer are located upon this higher shaft. The handle is used
to give the hammer a consistent drop height of 575 mm and also to allow the
user to just hold the DCP vertical. The hammer weighs 8 kg and has a constant

force of impact.

2. The bottom shaft features a degree anvil at the top and a pointed cone at the
bottom. The anvil prevents the hammer against dropping below the standard

drop height. The anvil keeps the hammer from falling below the recommended

e
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drop height. As once hammer was born and hits the anvil, the cone was driven

into the ground. Schematic diagram of the DCP are shown in Figure (3.13).

Handle

Upper stop ——— g

Hammer 8 kg (17.6 Ib)
4.6 kg (10.1 Ib)

gls
=
SN
Anvil/Coupler —
A to
T T ] «— Op sliding
3 Attachment
= :
- -—E 16 mm (5/8 in) diameter
28| E- Drveag )
= o
2L
Ss 3
-~ Messure with graduated
- Drive Rod
E -or-
E | «——— Vertical Scale [Rod
TH r?lnm Nt e ¢ =
gr‘d sposable g:::e)

Figure 3-12: Schematic diagram of DCP Device ASTM D 6951-03, (2009).

The DCP test protocol is defined by ASTM D 6951-03 and the Minnesota
Department of Transportation (Mn/DOT). The test procedure used during this

project is described briefly below:

1. Make sure the equipment is free of fatigue and broken parts, and that all links

are firmly fastened.
2. The device is kept vertically by the handle on the top shaft by the user.

3. The operator elevates the hammer from the anvil towards the handle and
releases after a second person estimates the distance between the bottom of the

anvil as well as the ground.

e
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4. At the bottom of the anvil, the second person reports the new height. An
extraction jack should be used to remove the DCP from the newly created
cavity. If the tip is disposable, a gentle tap on the handle with the hammer is
appropriate. Figures (3.14), (3.15) show DCP in laboratory and typical results.

Figure 3-13: Dynamic Cone Penetrometer
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Figure 3-14: Typical Results of DCP.

3.5.3 Sand Replacement Method (SRM)

According to (ASTM D1556, 2015), this test is used to assess the field density and
moisture content of soil. SRM is ideal for natural, saturated, or highly plastic soils
that will deform or compress during the excavation of the test hole, but it is also

suitable for soils with appreciable quantities of rock or coarse materials that exceed
1.5in. (38 mm).

A test hole is hand excavated in the soil to be tested and all the material from the
hole is saved in a container. The hole is filled with free flowing sand of a known
density, and the volume is determined. The in-place wet density of the soil is
determined by dividing the wet mass of the removed material by the volume of the

hole.

The water content of the material from the hole is determined and the dry mass of

the material and the in-place dry density are calculated using the wet mass of the
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soil, the water content, and the volume of the hole. Figure (3.15) shows SRM

apparatus.
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CHAPTER FOUR
EXPERIMENTAL TESTS RESULTS

4.1 Introduction

This chapter presents and discusses the results of the experimental works carried out
for three subgrade soils located at: Al-Fares, Al-Intifada, Al-Tahady. Total number
of LWD, DCP, and SRM tests performed on subgrade soils were: 54 LWD tests, 108
tests results were collected by for each DCP and SRM to obtain the dry density and

moisture content, respectively.

4.2 Results of SRM Test

The water content and dry density measurements of subgrade soils are summarized
in Table (4.1). The densities were determined based on how many times the
compacting device passed over the soil layers. The results revealed that when
increasing the number of passes, the dry density increases.

For Al-Faris subgrade soils, the results illustrate that the dry density varied
from 1.698 gm/cm?3 to 2.02 gm/cm3, and moisture content varied from 7.146 % to
7.844%, while the results for Al-Intifada subgrade soil illustrate that the dry density
varied from 1.712 gm/cm3 to 1.942 gm/cm?3, and moisture content varied from
9.275 % to 9.867%. Finally, the results for Al-Tahady subgrade soil illustrate that
the dry density varied from 1.689 gm/cm?3 to 1.981 gm/cm?3, and moisture content
varied from 9.719 % to 10.10%.
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Table 4-1: Summary of SRM test results of subgrade soils at: Al- Fares, Al-
Intifada, and Al-Tahady sites, (10,14,18) NOP.

Al-Fares Al-Intifada Al-Tahady
Test Points W.C Dry Dengsity W.C Dry Der;sity W.C Dry Den35ity
(%) (gm/cm?) (%) (gm/em?) (%) (gm/icm?)
1 Al 7.514 1.698 9.429 1.739 9.527 1.808
B1 7.246 1.789 8.291 1.777 10.100 1.689
5 A2 7.773 1.771 8.187 1.724 9.654 1.735
B2 7.844 1.821 9.500 1.742 10.100 1.810
3 A3 7.710 1.804 9.278 1.741 10.210 1.784
B3 7.743 1.765 9.867 1.744 9.422 1.752
4 Ad 7.750 1.806 8.108 1.787 10.087 1.760
B4 7.248 1.755 9.091 1.712 9.639 1.696
5 A5 7.367 1.788 8.235 1.771 9.583 1.766
B5 7.548 1.783 9.722 1.751 9.885 1.780
6 A6 7.490 1.719 9.643 1.748 9.698 1.702
B6 7.672 1.727 9.248 1.731 9.868 1.797
Average 7.575 1.769 9.050 1.747 9.789 1.757
STD 0.198 0.036 0.631 0.021 0.221 0.041
Cov 2.607 2.050 6.977 1.197 2.255 2.338
1 Al 7.774 1.931 9.589 1.822 9.448 1.867
B1 7.911 1.956 9.825 1.792 9.765 1.833
5 A2 7.579 2.017 9.231 1.811 10.198 1.808
B2 7.413 1.935 9.538 1.776 9.512 1.826
3 A3 7.759 1.927 9.394 1.822 9.963 1.829
B3 7.63 1.934 9.333 1.78 9.867 1.841
4 A4 7.661 1.948 9.244 1.766 9.661 1.797
B4 7.492 1.909 9.355 1.797 9.809 1.828
5 A5 7.659 1.915 9.846 1.816 10.37 1.813
B5 7.889 1.904 9.333 1.809 9.741 1.76
6 A6 7.752 1.939 9.778 1.789 10.077 1.789
B6 7.877 1.936 9.841 1.833 9.944 1.812
Average 7.700 1.938 9.526 1.801 9.863 1.817
STD 0.150 0.028 0.232 0.020 0.257 0.026
cov 1.954 1.444 2.436 1.114 2.610 1.442
1 Al 7.478 2.017 9.275 1.889 10.200 1.876
B1 7.784 2.033 9.286 1.863 9.686 1.855
5 A2 7.313 2.061 9.867 1.875 9.890 1.879
B2 7.966 2.001 9.383 1.891 10.300 1.871
3 A3 7.146 2.026 9.697 1.877 9.589 1.896
B3 7.555 2.01 9.508 1.903 9.904 1.914
4 Ad 8.36 2.016 9.5 1.895 9.763 1.910
B4 7.475 1.98 9.859 1.942 9.719 1.912
5 A5 7.677 2.008 8.955 1.93 9.882 1.921
B5 7.726 1.981 9.804 1.864 9.231 2.112
6 A6 7.287 2.019 9.643 1.941 9.583 1.981
B6 7.314 2.02 8.197 1.904 9.577 1.891
Average 7.758 2.014 9.415 1.898 9.735 1.915
STD 0.235 0.021 0.450 0.026 0.212 0.063
Cov 3.024 1.039 4,782 1.391 2.182 3.307
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For Al-Fars subgrade soils, the percent of increase in dry density due to compaction
Is 19%, but the percent of decrease in water content is 9%, while for Al-Intifada
subgrade soils the percent of increase in dry density due to compaction is 13%, but
the percent of decrease in water content is 6%. Finally, for Al-Tahady subgrade soils
the percent of increase in dry density due to compaction is 17%, but the percent of
decrease in water content is 7%

The ratio of the standard deviation to the average value (i.e., coefficient of
variance(COV) was calculated for SRM measurements to examine the variation of
determined SRM. The lower the value of the coefficient of variation, the more
precise the data were measured. As listed in table (4.1), the results of COV were
approximately less than 10% which reflects an acceptable variation (i.e., high
consistent measurements).

The results of dry density and moisture content which determined by SRM
methods for three locations of soil shown in Figures (4.1). This figure showed that

there is significant relationship between dry density and moisture content.

@ Al-Faris @ Al-Intifada @ Al-Tahady

2.1

2.05 '. -~
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Figure (4.1): Relationship between dry density and moisture content
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Figure (4.2) show that the increase in compaction effort from 10 to 14 then to
18, lead to an increase in the dry density. Al-Faris subgrade soil shows more
influence in increasing in compaction effort than Al-Intifada and Al-Tahady. The

increment in dry density for Al-Faris subgrade soils might be further to physical
characteristics, is due to: different in grain size distribution, water content,

compaction effort, and percentage of fine content, that agreed completely with
Kuttah, (2019) reported that dry density value for sandy soil varied from 1.72

gm/cm3 to 1.89 gm/cm3 with moisture content 12%

H Al-Fares « Al-Intifada Al-Tahady
2.2
) 1.981 1.942 2.01

™
£ 1.85 ;831
S~
£ 1.8 U
o 1.689 1712 1.698 N
Z
2
S 1.6 ——
(=
z
a

1.4 +——

1.2 & & &

10 NOP 14 NOP 18 NOP
Number of Passes (NOP)

Figure (4-2): Relationship between dry density and number of passes

4.3 Results of LWD Test

The results of the 54 LWD testing points test from three locations with different
NOP are presented in Tables (4.2) through (4.4). The LWD parameters measured
throughout this study include: surface deflection (.S,;), dynamic modulus (Ed), and
degree of compatibility (Dc). The results of LWD test are summarized in following

sub sections.
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For Al-Fares subgrade soil, the results of different number of passes (i.e.,10
,14, and 18) indicated that the values of S, varied from 0.365 mm to 0.701 mm.
Figure (4.3) illustrate average time deflection curve for subgrade soil. The results
also showed that the values of E; varied from 32.124 MPa to 61.640 MPa, and D,
ranged from 2.981ms to 4.250ms. Table (4.2) lists LWD results for three number of
passes (NOP) performed for Al-Fares subgrade. As summarized in Table (4.1). The
percent of increase in E; due to compaction is 92%, but the percent of decrease in
S, 15 48%, and D, is 30%.

The ratio of the standard deviation to the average value (i.e., coefficient of
variance(COV) was calculated for all LWD measurements to examine the variation
of determined LWD. The lower the value of the coefficient of variation, the more
precise the data were measured. As listed in table (4.2), the results of COV were
approximately less than 10% which reflects an acceptable variation (i.e., high

consistent measurements).

Time (ms)
0 5 10 15 20 25
0
0.1
g
~ 02
c
2
g
T 03
a}
0.4 Drop No.1
—&—Drop No.2
05 —&—Drop No.3

Figure 4-3 : Average time deflection curve for Al-Fares site.
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Table 4-2: Summary of LWD test results for subgrade soil, at Al- Fares site.

No. of Points Surface Deflection (mm) Mean Eq Dc
passes ol 52 o3 (MPa) (ms)
1 0.662 0.643 0.626 0.644 34.941 3.890
2 0.636 0.630 0.609  0.625 36.421 3.730
10 3 0.675 0.637 0595 0.636 35.380 3.640
4 0.66 0.650 0.670  0.660 33.741 3.810
5 0.7122 0.701 0.691 0.701 32.124 3.900
6 0.563 0.600 0.645 0.602 41.590 4.250
Average 0.651 0.644 0.639 0.645 35.625 3.868
STD 0.046 0.030 0.033 0.031 2.950 0.193
COoV 6.999 4690 5229 4777 8.282 4.985
1 0527 0521 0516 0.521 43.19 2.876
2 0.465 0.462 0449  0.459 49.02 3.332
14 3 0476  0.458  0.452  0.462 48.7 3.113
4 0.48 0.466  0.459  0.468 48.08 3.475
5 0506 0.498 0475 0.493 45.64 3.154
6 0415 0.428 0.416 0.42 53.57 2.936
Average 0.478 0472 0461  0.470 48.033 3.147
STD 0.034 0.029 0.030 0.031 3.195 0.208
CovV 7310 6.321 6550 6.618 6.652 6.625
1 0564 0524 0508 0.532 56.160 2.981
2 0394 0.385 0.370 0.383 58.750 3.135
18 3 0.45 0.441  0.455  0.449 50.110 3.059
4 0465 0.473 0465  0.468 48.080 3.180
5 0503 049 0481 0.493 45.640 3.012
6 0361 0370 0.363  0.365 61.640 3.102
Average 0.456  0.448 0440 0.448 53.396 3.078
STD 0.066  0.055 0.054 0.058 5.823 0.068
COV 14667 12492 12433 13.067 10.906 2.233

For subgrade soil from Al-Intifada site, the data extracted from the integration
process indicate that values of S, varied from 0.360 mm to 0.771 mm. Figure (4.4)
illustrate average time deflection curve for subgrade soil. The results also showed
that the values of E varied from 39.400 MPa to 64.500 MPa, and D ranged from
2.06ms to 4.01ms. Table (4.3) lists LWD results for three number of passes (NOP)
performed for Al-Intifada subgrade. As summarized in Table (4.3). The percent of

increase in E; due to compaction is 74 %, but the percent of decrease in S; is 53

e
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%, and D, is 49 %.

The ratio of the standard deviation to the average value (i.e., coefficient of
variance (COV) was calculated for all LWD measurements to examine the variation
of determined LWD. The lower the value of the coefficient of variation, the more
precise the data were measured. As listed in table (4.3), the results of COV were
approximately less than 10% which reflects an acceptable variation (i.e., high

consistent measurements).
Table 4-3: LWD test results for subgrade soil A-3, at Al- Intifada site.

No. of Points surface deflection (mm) Mean Evd Dc
passes ol 32 33 (MPa) (ms)
1 0.680 0.657 0.606  0.648 39.400 3.890
2 0.610 0563 0540 0.571 41.590 4.010
10 3 0.608 0.615 0.605  0.609 42.300 3.530
4 0.610 0.620 0.640  0.623 38.180 4.060
5 0.786 0.793 0.734  0.771 40.100 4.030
6 0.636 0.604 0.600 0.613 39.780 3.600
Average 0.655 0.642 0.620 0.639 40.225 3.853
STD 0.064 0.073 0.059  0.063 1.369 0.212
CovV 9.737 11362 9.441  9.887 3.403 5.490
1 0559 0530 0503 0.531 42.370 3.035
2 0.418 0403 0390 0.404 55.690 3.178
1 3 0.610 0570 0546  0.572 48.755 3.608
4 0566 0533 0516  0.538 41.820 3.043
5 0.766  0.719 0.710 0.732 49.030 3.755
6 0541 0565 0534 0.672 45,287 3.156
Average 0575 0553 0533 0574 47.158 3.295
STD 0.102 0.092 0.094 0.105 4,721 0.280
COV 17855 16.729 17.650 18.329 10.012 8.525
1 0533 0533 0518 0.528 58.731 2.834
2 0361 0357 0.363  0.360 61.640 2.982
18 3 0.556  0.449 0402 0.536 62.100 2.871
4 0.558 0.448 0.344  0.480 64.501 2.141
5 0.680 0.624 0.600 0.635 58.110 2.062
6 0.487 0452 0433  0.457 60.041 2.781
Average 0.529  0.477  0.443  0.499 60.851 2.610
STD 0.095 0.083 0.089 0.083 2.168 0.366
COV 17989 17.407 20.228 16.785 3.564 14.051
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Figure 4-4: Average time deflection curve for Al-Intifada site.

For subgrade soil from Al-Tahady site, the results of the 18 LWD tests conducted
on different compacted subgrade are given in table (4.4). These results exhibited that
the S,; varied from 0.480 mm to 0.889 mm, Figure (4.5) illustrate average time
deflection curve for subgrade soil , E; varied from 40.16 MPa to 64.570 MPa, and
D varied from 2.05ms to 4.060ms. As summarized in Table (4.4). The percent of
increase in E; due to compaction is 61%, but the percent of decrease in S,; is 46 %,

and D, is 50 %.

The ratio of the standard deviation to the average value (i.e., coefficient of
variance (COV) was calculated for all LWD measurements to examine the variation
of determined LWD. The lower the value of the coefficient of variation, the more
precise the data were measured. As listed in table (4.4), the results of COV were
approximately less than 10% which reflects an acceptable variation (i.e., high

consistent measurements).

59



Chapter four Experimental Test Results

Time (ms)
0 5 10 15 20 25
0
T 01
E
5 0.2
3]
= 03
[«
[a]
0.4
0.5 o
.
0.6 o—»0" ®—Drop No.1
—&—Drop No.2
0.7 —@— Drop No.3

Figure 4-5: Average time deflection curve for Al-Tahady site.

Table 4-4: LWD test results for subgrade soil A-3, at Al- Tahady site.

No. of Points surface deflection (mm) | Mean Ed Dc
passes 31 32 33 Mpa (ms)

1 0.576 0.571 0.523 0.557 40.200 3.891

2 0.679 0.637 0.626 0.647 43.100 4.013

10 3 0.787 0.777 0.744 0.769 45.120 3.530

4 0.544 0.514 0.524 0.527 41.100 4.062

5 0.915 0.883 0.869 0.889 42.3 4.038

6 0.678 0.671 0.649 0.666 40.16 3.601

Average 0.696 0.675 0.655 0.675 41.960 3.853

STD 0.125 0.123 0.121 0.123 1.728 0.211

CcoVv 18.004 18.317 18.588 18.254 4,118 5.490

1 0.549 0.541 0.537 0.542 50.112 2.705

2 0.524 0.495 0.488 0.502 50.080 3.202

14 3 0.550 0.525 0.508 0.528 52.370 3.006

4 0.496 0.484 0.483 0.488 53.891 2.844

5 0.762 0.713 0.699 0.725 54.380 3.445

6 0.852 0.777 0.759 0.796 51.400 3.261

Average 0.622 0.589 0.579 0.596 52.038 3.077

STD 0.134 0.113 0.108 0.118 1.682 0.252

Ccov 21.613 19.225 18.801 19.904 3.233 8.206

1 0.663 0.652 0.635 0.65 61.700 2.549

2 0.548 0.510 0.489 0.516 64.011 2.936

18 3 0.49 0.485 0.466 0.48 60.100 2.050

4 0.533 0.544 0.511 0.529 62.700 2.240

5 0.534 0.497 0.487 0.506 64.570 2.340

6 0.545 0.541 0.529 | 0.538 63.101 2.100

Average 0.552 0.538 0.519 0.536 62.695 2.369

STD 0.053 0.055 0.055 0.053 1.477 0.301

Ccov 9.615 10.266 10.645 10.061 2.357 12.726
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The variations of LWD measurements with dry density obtained from using three
different NOP (i.e., 10, 14 and 18) are illustrated in Figure (4.6). Figure (4-6: a)
shows that each the DD and Ed increase with increasing the compactive effort (i.e.,
NOP). While, Figures (4.6b) and (4.6¢) illustrate that the values of Sd and Dc
decreases with increasing DD of the soils.
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(A)Relationship between DD and Ed obtained from three locations

® 10 NOP,014 NOP,®18 NOP

2.60

2.40
2.20
2.00
1.80

1.60
1.40

| Dry Density (gm/cm3) |

1.20

1.00

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
| Surface Deflection (mm) |

(B) Relationsship between Sd and DD obtained from three locations
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(C) Relationsship between Dc and DD obtained from three locations
Figure (4-6): Relationsship between DD and LWD parameters obtained from three

locations.

In general, figure (4.7) below show Al-Faris subgrade soil shows more
influence in increasing in compaction effort for each parameter (i, e., Sd, Ed, Dc)
than Al-Intifada and Al-Tahady. The increment in (i, e., Sd, Ed, Dc) for Al-Faris
subgrade soils is due to grain size distribution, the degree of compaction, the dry
density, and the moisture content, and that agreed completely with Rawaq, (2017)
reported that Ed value for sandy soil varied from 49.67 MPa to 53.57 MPa, Sd varied
from 0.391mm to 0.453mm, Dc varied from 2.829ms to 3.241ms for 16 NOP.
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Figure (4.7): Relationship between compaction effort and LWD measurements.
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4.3 Result of DCP Test
The DCP test was carried out to determine bearing resistance of subgrades. Total

number of DCP testing points are equal to 108. The DCP parameters determined
during this study include: dynamic cone penetrometer index (DCPI), California
bearing ratio (CBR). The(CBR) has been determined according to the Kelyn, (1975),

which was recommend and used by US army crop of engineering:

292
CBR= o (4.1)

The DCP was additionally calculated in keeping with Minnesota Department of
Transportation (Mn/DOT) by averaging the five drops that occurred after three
sitting drops. As a result, three seating drops with granular material should be used
during the LWD procedure. The DCPI was additionally calculated by averaging the
five drops that occurred after three seating drops.

The results of the 108 LWD testing points test from three locations with
different NOP are presented in Tables (4.5). The DCP parameters measured
throughout this study include: California bearing ratio ( CBR), dynamic cone
penetrometer index (DCPI). The results of DCP test are summarized in following
sub sections.

For Al-Fares subgrade soil, the results of different number of passes (i.e.,10
,14, and 18) indicated that the values of CBR varied from 10.951% to 17.824%, and
the values of DCPI varied from 12.214mm/blow to 25.067mm/blow. The percent of
increase in CBR due to compaction is 63%, but the percent of decrease in DCPI is
35%, for Al-Intifada subgrade soil, the values of CBR varied from 9.030% to
18.344%, and the values of DCPI varied from 15.10mm/blow to 23.125mm/blow.
The percent of increase in CBR due to compaction is 63%, but the percent of
decrease in DCPI is 34%, and for Al-Tahady subgrade soil, the values of CBR varied
from 10.328% to 18.7%, and the values of DCPI varied from 13.822mm/blow to
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22.854mm/blow.
Table 4-5: DCP test results for subgrade soil A-3, at Al-Fares, Al-Intifadha, Al-

Tahady site, (10,14,18) NOP.

Test Al-Fares Al-Intifadha Al-Tahady
Points DCPI CBR DCPI CBR (%) DCPI CBR (%)
(mm/blow) (%) (mm/blow) (mm/blow)

1 Al 16.181 15.315 17.167 13.191 18.053 12.934
Bl 16.856 14.280 21.167 11.428 19.533 11.649
2 A2 20.903 10.085 21.667 9.587 22.021 10.409
B2 23.627 12.562 22.583 9.300 20.583 10.291
3 A3 17.389 13.331 19.917 10.927 18.133 12.523
B3 25.067 8.770 23.125 9.441 22.854 9.205
4 Ad 22.347 9.924 20.646 10.761 17.667 12.934
B4 22.700 11.075 23.167 9.801 20.333 11.173
5 A5 21.200 10.950 20.833 10.553 20.142 10.328
B5 20.547 12.807 22.750 9.030 20.167 10.854
6 A6 22.233 9.763 18.500 11.766 18.633 11.695
B6 21.080 11.152 19.708 11.097 21.750 9.495
Average 20.844 11.667 20.935 10.573 19.989 11.124
STD 2.631 1.908 1.806 1.165 1.596 1.202
CcoVv 12.622 16.354 8.626 11.020 7.988 10.811
1 Al 18.587 16.851 16.400 13.765 22.690 26.518
Bl 16.900 13.851 15.967 15.574 14.025 17.518
5 A2 21.400 10.002 19.667 11.368 17.667 13.079
B2 26.330 14.872 20.229 14.722 18.333 12.939
3 A3 18.400 11.965 17.367 12.749 16.806 13.860
B3 21.266 15.981 20.250 16.490 17.667 12.996
4 Ad 19.160 11.707 17.733 12.554 17.283 13.378
B4 23.850 13.680 21.067 17.793 18.467 14.378
5 A5 21.600 9.753 18.833 16.456 16.278 13.579
B5 25.833 14.687 20.500 14.246 19.500 12.529
6 A6 22.833 13.780 16.813 14.409 14.917 15.454
B6 21.667 9.654 16.867 17.567 17.867 12.003
Average 21.485 13.065 18.474 14.807 17.625 14.853
STD 2.802 2.332 1.739 1.944 2.108 3.789
cov 13.042 17.851 9.416 13.132 11.961 25.513
1 Al 18.329 18.540 15.722 18.344 14.722 16.754
Bl 15.252 16.581 15.867 22.56 13.833 18.35
2 A2 17.429 13.306 18.667 12.596 18.063 13.039
B2 16.295 22.425 17.267 18.789 16.000 15.645
3 A3 16.200 15.462 16.883 14.008 16.750 15.140
B3 17.824 18.780 17.603 18.678 15.100 12.825
4 Ad 15.529 19.206 15.556 14.729 15.400 14.947
B4 15.908 14.712 15.933 20.678 16.866 18.700
5 A5 17.114 18.453 17.467 12.342 18.333 16.973
B5 17.257 14.218 17.933 18.727 16.753 13.178
6 A6 15.958 15.060 15.100 16.454 13.822 16.581
B6 16.821 18.895 15.722 24.875 15.500 14.322
Average 16.643 17.136 16.635 17.731 15.920 15.538
STD 0.922 2.553 1.098 3.723 1.419 1.908
CcoVv 5.541 14.900 6.606 20.996 8.9175 12.281
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The lower the value of the coefficient of variation, the more precise the data
were measured. As listed in table (4.5), the results of COV were approximately less

than 10% which reflects an acceptable variation (i.e., high consistent measurements).

It was clear for all testing sections that CBR increases with increasing NOP,
however the DCPI results exhibited a significant reduction with increasing number
of passes. Figures (4.8) and (4.9) show that as density increase, CBR increases as

well, but DCPI decrease.

@10 NOP, ® 14 NOP,® 18 NOP

| Dry Density (gm/cm3) |

0.5

10 12 14 16 18 20 22 24

Figure 4-8: Relationsship between DCPI and DD obtained from three locations

66



Chapter four Experimental Test Results
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Figure 4-9: Relationsship between CBR and DD obtained from three locations

Figure (4.10) show Al-Faris subgrade soil shows more influence in increasing in
compaction effort for each parameter (i, e., Sd, Ed, Dc) than Al-Intifada and Al-
Tahady. The increment in (i, e., Sd, Ed, Dc) for Al-Faris subgrade soils is due to
grain size distribution, the degree of compaction, the dry density, and the moisture
content. The results indicate that the CBR value which obtained in laboratory
remolded samples is higher than the results obtained in steel box. The difference
between these results is due to difference in site condition, that agreed with Mousauvi,
(2016) reported that CBR value for sandy soil varied from 13% to 24%, and DCPI
varied from 14mm/blow to 26mm/blow, and George, (2009) reported that CBR
value for sandy soil varied from 15% to 23%, and DCPI varied from 18mm/blow to

25mm/blow.

67



Chapter four

Experimental Test Results

H Al-Fares « Al-Intifada Al-Tahady

25.00
20.08
20.00 — - 18.08
16.89 .
15.79 16-60 16.68
10 NOP 14 NOP 18 NOP
Number of Passes (NOP)

(A) Relationship between compaction effort and CBR

DCPI (mm/blow)

H Al-Fares ™ Al-Intifada Al-Tahady
25.00
20.00 19.89 ., 19.34
14.70 14.74 15.09
15.00 —
10.99
10.00 —
5.00 ——
0.00 & ; & ; s
10 NOP 14 NOP 18 NOP
Number of Passes (NOP)

(B) Relationship between compaction effort and CBR
Figure 4-10: Relationship between compaction effort and DCP measurements
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4.4 Summary
The results of the conducted testing program for evaluating subgrade soils using

different sites and different tests, can be summarized in the following points:

1. Dry density of subgrade soil was influenced with their basic physical
properties such as different in grain size distribution, water content,

compaction effort, and percentage of fine content.

2. LWD parameters include surface deflection, dynamic modulus and
degree of compaction influenced with the basic physical properties and

degree of compaction for subgrade soils.

3. DCP parameters include California bearing ratio, and dynamic cone
penetrometer index influenced with grain size distribution, the degree of

compaction, the dry density, and the moisture content.

4. The results indicate that the CBR value which obtained in laboratory
remolded samples is higher than the results obtained in steel box. The

difference between these results is due to difference in site condition.
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Chapter Five
Statistical Analysis

5.1 Introduction

A statistical model could be defined as a mathematical equation that formalizes the
connections between variables. It describes the connection between one or a lot of
random variables and one or a lot of different variables. Statistical techniques are
used to enhance experimental techniques, in which, instead of selecting one starting
mix proportion and then modifying by trial and error to get the best solution,
statistical methods are used to improve the experimental techniques. The general
goal of this section of the research is to create a prediction equation that connects a
dependent variable to an independent variable Santner, (2003).

To determine subgrade strength and dry density, the experimental research
program used three testing devices: the light weight deflectometer (LWD), the
dynamic cone penetrometer (DCP) and sand replacement method (SRM). To
evaluate any correlations between DCP, LWD, and basic soil properties data, the
testing measures collected from these two devices were compared and statistically
evaluated using regression analysis.

A Statistical Package for the Social Science (SPSS) software (Version 26) was
used to undertake data input, analysis, and the creation of tables and graphs in this
study. It can handle a vast amount of data and do all of the analyses discussed in the
next paragraphs. As a result, the next part covered the fundamentals of statistical
analysis, and discloses the analysis process for building and validating the
prospective models and explains how the future models were built and validated

through analysis George, (2019).

70



Chapter Five Statistical Analysis

5.2 Exploratory Data Analysis
Many statistical principles are available in SPSS applications. The main concepts

and their definitions are demonstrated below.

5.2.10utliers Test

An outlier in static is an observation that differ greatly from the majority of a set of
data. Outliers can affect the normality of data; an outlier may be due to variability in
the measurement or it may indicate experimental error Zhang, (2007).

Box plots method were used to find outliers in the results. LWD, DCP, SRM tests
parameters were checked using the boxplots method, if there are no circles or
asterisks on either end of the box plot, this is an indication that no outliers are
present. The results showed that there were no outliers in the LWD and DCP data,

as shown in figures (5.1) and (5.2).
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Figure 5-1: Outliers test for LWD parameters
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Figure 5-2: Outliers test for DCP parameters
5.2.2 Normality Test

Normality test is a statistical method used to ensure if the data have a normal
distribution. A normal distribution is a symmetric bell shaped curve, if the data is
not normal, then you should consider using non-parametric. There are also many
ways to test normality of the data: George, (2009)

1. Shapiro-wilk test is considered by some authors to be the best test of
normality, if the test is significant (more than 0.05), then the data are
normally distributed. The significant value ranges for LWD parameters
were from (0.192) to (0.21), and for DCP data ranges from (0.187) to (0.91)
that mean the data are normally.

e
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2. Normal Q-Q plot is a scatterplot created by plotting two sets of quantiles
against one another. If both sets of quantiles came from the same
distribution, we should see the points forming a line that’s roughly straight,

as shown in figures (5.3) and (5.4) all the data for LWD and DCP test are
near the line.

MNormal Q-Q Plot of Evd
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(A)Dynamic modulus
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Expected Normal
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(B) Degree of compatibility
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Figure 5-3: Q-Q plots for LWD parameters.
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Mormal Q-Q Plot of DCPI
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(B) Dynamic cone penetrometer index
Figure 5-4: Normal Q-Q plots for DCP parameters

5.2.3 Correlations Between Variables

Correlation is a statistical approach for displaying the relationship between two
variables or the strength of the relationship. Positive correlation happens when
variables move in the same direction; otherwise, negative correlation occurs. The
correlation coefficient varies from -1 to 1. Based on the magnitude of the coefficient,
the degree of correlation is divided into five categories: Shipley, (2016)
1. When the coefficient value is more than 0.75, there is a high degree of
correlation.
2. Moderate degree of correlation, when the coefficient ranges between 0.50 to
0.75.
3. Low degree of correlation occurs when the value of coefficient ranges from
0.25t00.5
4. Lack of presence of correlation when the value is less than 0.25.
The correlation between the variables is determined using SPSS Pearson's matrix
which is considered as the first analytical step in developing statistical models. Table

(5.1) summarizes the Pearson correlation coefficients.
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Table 5-1: Pearson correlation coefficients.

Sd Ed Dc CBR DD DCPI
Pearson 1 -924-7 | 8697 |-.902-7 | -901-7 | .9297
Correlation
Sd Sig. (2- .000 .000 .000 .000 .000
tailed)
N 54 54 54 54 54 54
Pearson -.924-" 1 -.885-" | 9057 | .9037 | -.929-"
Correlation
Ed Sig. (2- .000 .000 .000 .000 .000
tailed)
N 54 54 54 54 54 54
Pearson 869 | -.885-" 1 -.862-" | -.867- | .885
Correlation
Dc Sig. (2- .000 .000 .000 .000 .000
tailed)
N 54 54 54 54 54 54
Pearson -902-"" | 905 |-.862-" 1 8777 | -.916-"
Correlation
CBR Sig. (2- .000 .000 .000 .000 .000
tailed)
N 54 54 54 54 54 54
Pearson -901-" | 903" | -.867-" | .877 1 -.919-7
Correlation
DD Sig. (2- .000 .000 .000 .000 .000
tailed)
N 54 54 54 54 54 54
Pearson 9297 [-929-7| 885 |-916-" |-919-" 1
Correlation
DCPI Sig. (2- .000 .000 .000 .000 .000
tailed)
N 54 54 54 54 54 54
**_Correlation is significant at the 0.01 level (2-tailed).

This table shows:

1. The LWD measurements (i.e., Ed, dd, and Dc) have high correlation with each
other. It was noted that there is a negative high correlation between Ed and (dd,
and Dc). Whereas the correlation between (6d) and (Dc) is positive correlation,
which means that the surface deflection increases with increasing degree of
compatibility.

2. The correlations between the CBR and LWD measurements, and DCPI have
high correlation. High positive correlation with Ed, negative correlation with

e
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Dc, and surface deflection (8d), and DCPI.

3. The correlation between the dependent variable dry density (DD) and some
independent variables like LWD surface deflection (o0d), degree of
compatibility (Dc), and dynamic cone penetrometer index (DCPI) is negative
high correlation, which indicates that any decrease in these values leads to
increase DD, and vice versa. Also, this degree of correlation can develop an
acceptable theoretical model between DD and any one of these variables.

4. The DCPI has the most significant correlation to surface deflection (8d),
degree of compatibility (Dc), it has a high positive correlation, while with CBR

and dry density has negative high correlation.

5.2.4 Regression Analysis

Regression analysis is a statistical process for determining whether or not there is a
relationship between an independent and a dependent variable in order to predict the
dependent variables' future values. Linear regression analysis, multiple regression
analysis, and nonlinear regression analysis are the three primary forms of regression
analysis. R-squared is a statistic index that indicates how near the data are to the
fitted regression line. For multiple regression, it's also known as the coefficient of
multiple determination. R-squared has a value that is always between 0% and 100
%. R-squared equals 0% when the model does not show any variability in the
response data around its mean, While R-squared will equal 100 % if the model
shows all of the variability of the response data around its mean. The greater the R-
squared, the better the model fits your data in general. Adjusted R-square compares
the explanatory power of regression models that contain different number of
predictors Santner, (2003)
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5.3Developing Statistical Models

The SPSS software was used to examine and constructed predictive models. To
predict strength and density of subgrade soil, six sets of nonlinear models were
correlated: 1) dry density (DD) with LWD parameters, 2) dry density (DD) with
DCP parameters, 3) dry density (DD) with LWD and DCP, 4) CBR with LWD
parameters, 5) CBR with basic physical soil properties, 6) CBR with LWD

parameters and basic physical soil properties.

5.3.1Developing DD Model
5.3.1.1 Developing DD-LWD Model

For subgrade granular soil (A-3), it was assumed that the DD is influenced by three
LWD variables: surface deflection (Sd), dynamic modulus (Ed) and degree of
compatibility (Dc).

Three simple non-linear regression models were developed to predict dry density
(DD) as a function of LWD parameters (Ed, Sd, Dc). Three nonlinear correlations
were developed using the principles of selected regression model where this model
represented higher R? value among other models such as (linear, inverse,
logarithmic, quadratic, cubic, exponential, power, ... etc.) as shown in Table (5.2)
and models’ expression for these relations were shown in Figure (5.5).

Table 5-2: Summary of statistical models based on LWD parameters.

Ind. D. Models expression R? Std. | Estimated
Variable | variable Error | parameters
Ed DD= B,eBoEd 0.810 | 0.056 | B,=0.011

B,;=1.093

DD Sd DD= B,eB05? 0.752 | 0.057 | B,=-0.648
B,=2.584

Dc DD=B,eB0 P 0.764 | 0.052 | By=-0.175

B,;=3.371
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Figure 0-5: Correlations between LWD parameters and dry density
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A multiple non-linear regression model was developed to predict the dry density
(DD) as a function of LWD parameters, Table (5.3) presents the statistical model
with R?= 85.57%, which indicate a strong correlation between DD and LWD
parameters.

For ensuring the accuracy of information entered, the results of models were
validated using previous experimental data.

Figure (5.6) explains the adequacy of the model and the acceptability of scattered
between the predicted and measured dry density (DD). From the figure it can be
recognized that all values are within the significant level boundaries with R? =
0.909. A figure (5.7) shows the scatter of residual points around the mean zero. In
this Figure the residuals are plotted against the dependent variable dry density (DD)

to check the normality assumption.

Table 5-3: Summary of statistical models based on LWD parameters.

Predictors Model R* Adjusted Std.
R? Error
Ed
Sd DD=2.077-0.716 Sd+0.011 85.57% 85.56% 0.041
Dc Ed-0.1113 Dc
2.2
g 2.1 R? =O.9509 e
g ! ! ! ! !
> 207 : : : : T ®
£ o
g 19 - : : : . :
> : : : Qe
o 1.8 T : : d :
T | | | I
Pl s
£ : ,  Ogp ! :
1.6 : @
1.5 T T T T T T
1.5 1.6 1.7 1.8 1.9 2 2.1 2.2
Measured Dry Density (gm/cm3)

Figure 5-6: Predicted dry density vs. measured dry density (LWD-DD) Model

e
81




Chapter Five

Statistical Analysis

0.06

0.04

0.02

Residuals
o

-0.02

-0.04

-0.06

* )
] - . '..
.o e
®
)
DD (gm/cm3)

Three simple non-linear regression models were developed to predict dry density
(DD) as a function of DCP parameters (DCPI, CBR). Three nonlinear correlations
were developed using the principles of selected regression model where this model
represented higher R? value among other models such as (linear, inverse,

logarithmic, quadratic, cubic, exponential, power, ... etc.) as shown in Table (5.5)

Figure 5-7: Residuals vs. DD model
5.3.1.2Developing DD-DCP Model

and models’ expression for these relations were shown in Figure (5.8).

Table 5-4. Summary of statistical models based on DCP parameters

Ind. D. Models expression R? Std. Estimated
variable | variable Error | parameters
B,=-0.039
DCPI DD= B, eBo DCPI 0.872 | 0.054 | B;=3.461

DD
CBR DD= B,eB0 CBR 0.778 0.07 B,=0.037
B;=1.004
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Figure 5-8: Correlations between DD parameters and DCP

A multiple non-linear regression model was developed to predict the dry density
(DD) as a function of LWD parameters, Table (5.6) presents the statistical model
with R%?= 85.57%, which indicate a strong correlation between DD and LWD

parameters.
For ensuring the accuracy of information entered, the results of models were

validated using previous experimental data.
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Figure (5.9) explains the adequacy of the model and the acceptability of scattered

between the predicted and measured dry density (DD). From the figure it can be

recognized that all values are within the significant level boundaries with R? =

0.812. A figure (5.10) shows the scatter of residual points around the mean zero. In

this figure the residuals are plotted against the dependent variable dry density (DD)

to check the normality assumption.

Table 5-5: Summary of statistical models based on DC parameters.

Predictors Model R? Adjusted Std.
R? Error

CBR
DCPI | DD=3.227- 0.2345 DCPI +0.104 CBR + 0.00538 | 88.01% | 88.00% 0.063

(DCPI)?- 0.00271 (CBR)?
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Figure 5 0-9: Predicted dry density verse measured dry density (DCP-DD) Model
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Figure 5-10: Residuals verse DD model

5.3.1.3 Developing DD with (LWD-DCP) Model
A multiple non-linear regression model was developed to predict the dry density

(DD) as a function of LWD parameters, Table (5.6) presents the statistical model
with R?= 84.67%, which indicate a strong correlation between DD and LWD
parameters.

For ensuring the accuracy of information entered, the results of models were
validated using previous experimental data.

Figure (5.11) explains the adequacy of the model and the acceptability of scattered
between the predicted and measured dry density (DD). From the figure it can be
recognized that all values are within the significant level boundaries with R? =
0.8147. A figure (5.12) shows the scatter of residual points around the mean zero.
In this Figure the residuals are plotted against the dependent variable dry density

(DD) to check the normality assumption.

Table 5-6: Summary of statistical models based on LWD — DCP parameters.

Predictors Model R? Adjusted Std.
R? Error
Ed
DCPI DD=3.074 - 0.1622 DCPI+ 0.00914 Ed+ 0.00353 (DCPI)? 84.67% 84.62 0.068
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Figure 5-11: Predicted dry density verse measured dry density (DCP-LWD) Model

5.5.1 Developing CBR Model
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Figure 5-12: Residuals vs. DD model

5.3.2.1Developing CBR-LWD Model
Three simple non-linear regression models were developed to predict dry density

(CBR) as a function of LWD parameters. Three nonlinear correlations were

developed using the principles of selected regression model where this model
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represented higher R? value among other models such as (linear, inverse,

logarithmic, quadratic, cubic, exponential, power, ... etc.) as shown in Table (5.7)

and models’ expression for these relations were shown in Figure (5.13).

Table 5-7: Summary of statistical models based on LWD parameters.

Ind. D. Models expression R Std. Estimated
Variable | variable Error parameters

Ed CBR = B,eBoEd 0.837 | 0.085 B,=0.02

B;=6.295
CBR Sd CBR = B,ePo>4 0.741 | 0.107 | By=-0.306
B;= 46.234
Dc CBR = B,ebol¢ 0.817 | 0.09 B,=-1.216
B,;=30.239

25.00 ® Observed

CBR(%)

(A)Exponential relationship between CBR- Ed

40.00 50.00 G0.00

Ed(MPa)

70.00

= Exponential
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Figure 5-13: Correlations between CBR parameters and LWD
A multiple non-linear regression model was developed to predict the dry density

(DD) as a function of LWD parameters, Table (5.8) presents the statistical model
with R?= 89.01%, which indicate a strong correlation between DD and LWD
parameters.

For ensuring the accuracy of information entered, the results of models were
validated using previous experimental data.

Figure (5.14) explains the adequacy of the model and the acceptability of scattered
between the predicted and measured dry density (DD). From the figure it can be
recognized that all values are within the significant level boundaries with R? =
0.986. A figure (5.15) shows the scatter of residual points around the mean zero. In
this Figure the residuals are plotted against the dependent variable dry density (DD)

to check the normality assumption.

Table 5-8: Summary of statistical models based on CBR-LWD data

Predictors Model R? Adjusted Std.
R? Error
Ed
Sd CBR=6.3-8.55 Sd+0.353 89.01% 89.1% 0.053
D¢ Ed+1.96 Dc-0.0565 Ed Dc
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Figure 0-14: Predicted CBR verse measured CBR (CBR-LWD) Model
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Figure 5-15: Residuals verse CBR model

5.3.2.2Develoing CBR-Basic soil properties Model
Three simple non-linear regression models were developed to predict dry density

(CBR) as a function of basic soil properties parameters. Three nonlinear correlations
were developed using the principles of selected regression model where this model
represented higher R? value among other models such as (linear, inverse,

logarithmic, quadratic, cubic, exponential, power, ... etc.) as shown in Table (5.13)

s
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and models’ expression for these relations were shown in Figure (5.18).

Table 5-9: Summary of models and coefficients for Nonlinear CBR, LWD

parameter
Ind. D. Models expression R? Std. Estimated
Variable | variable Error | parameters
DD CBR = B,eB0 PP 0.756 | 0.104 | B,=0.617
B;=5.152
CBR w.C CBR = B,ePow< 0.809 | 0.092 | B,=0.137
B,=4.827

® Ohserved

25.00
= Exponential

20.00

CBR(%)

15.00

10.00
1.40

DD(gmicm3)

(A)Exponential relationship between CBR- DD

® Ohserved
= Exponential
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Figure 5-16: Correlation between CBR parameters and Basic soil properties
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A multiple non-linear regression model was developed to predict the dry
density (DD) as a function of LWD parameters, Table (5.14) presents the statistical
model with R?= 90.1%, which indicate a strong correlation between DD and LWD
parameters.

For ensuring the accuracy of information entered, the results of models were
validated using previous experimental data.

Figure (5.17) explains the adequacy of the model and the acceptability of scattered
between the predicted and measured dry density (DD). From the figure it can be
recognized that all values are within the significant level boundaries with R? =
0.9105. A figure (5.18) shows the scatter of residual points around the mean zero.
In this Figure the residuals are plotted against the dependent variable dry density
(DD) to check the normality assumption.

Table 5-10: Summary of statistical models based on CBR-Basic soil properties

parameters.
Predictors Model R? Adjusted Std.
R? Error
DD
W.C CBR=5.13+ 5.29 *DD+ 90.1% 90.03% 0.058
1.399*M.C
20.0 .
19.5 1 R* =0.9105
19.0 - . : :
gs] e
= 18.0 1 : : O
8 175 - : : 6 .
Z 17.0 - i : 0 0@ .
5 16.5 : 0 : :
€ 16.0 - .
® 155 - (
£ 150 P o
15 16 17 18 19 20
Measured CBR (%)

Figure 5-17: Predicted CBR verse measured CBR (LWD-basic soil properties)

91




Chapter Five Statistical Analysis

0.2

0.15

0.1

0.05

Residuals
o
®

-0.05 .
-0.1

-0.15 L

-0.2
CBR(%)

Figure 5-18: Residuals verse CBR model

5.3.2.3Developing CBR with (LWD and Basic soil properties) Model
A multiple non-linear regression model was developed to predict the CBR as a

function of LWD parameter (Ed) and basic soil properties (dry density), Table (5.11)
presents the statistical model with R?= 85.5%, which indicate a strong correlation
between DD and LWD parameters.

For ensuring the accuracy of information entered, the results of models were
validated using previous experimental data.

Figure (5.19) explains the adequacy of the model and the acceptability of scattered
between the predicted and measured dry density (DD). From the figure it can be
recognized that all values are within the significant level boundaries with R? =
0.976. A figure (5.20) shows the scatter of residual points around the mean zero. In
this Figure the residuals are plotted against the dependent variable dry density (DD)

to check the normality assumption.
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Table 5-11: Summary of statistical models based on CBR-LWD-Basic soil
properties parameters.

Predictors

Model

RZ

Adjusted
R 2

Std.
Error

DD

Ed

CBR= -8+ 25.1DD- 0.378 Ed+
0.01296 (Ed)* - 0.381 DD Ed

85.5%

86.00%

0.065

Predicted Dry CBR (%)
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Figure 5-19: Predicted CBR verse measured CBR (CBR- (LWD. Basic soil

properties)) Model
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Figure 5-20: Residuals verse CBR model
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Chapter Six

Conclusions and Recommendations

6.1Summary and Conclusions

The following conclusions are derived supported the experimental and theoretical

summary:

1.

The predominant subgrade soils at Karbala city is A-3 soils which is classified

as a poorly graded sand soil with a high gypsum content.

It was found that increasing the dry density of soils leads to an increase in
CBR and LWD dynamic modulus. However, increasing dry density results in

a decrease in both surface deflection, and degree of compatibility.

It was concluded that exponential statistical models provide a best dry density
prediction based on LWD measurements. The results showed that the dynamic
modulus is the most significant correlating parameter in determining dry
density with R?=80%.

It was concluded that exponential statistical models provide a best dry density
prediction based on DCP measurements. The results showed that the dynamic
cone penetration index is the most significant correlating parameter in

estimating dry density with R>=87%.

It was concluded that exponential statistical models provide a best CBR
prediction based on LWD measurements (Eg, 64, D). The results showed that
the dynamic modulus is the most significant correlating parameter in
estimating CBR with R?=87%.
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6. The results of statistical analysis show that exponential models provide
a best CBR prediction based on basic soil properties measurements (w.c,
dry density) and found that the w.c is the most significant correlating

parameter in estimating CBR with R?=80%.

7. As a result, the regression of dry density models based on a combination of
LWD measurements and DCP measurements give higher value of R? =
85%, whereas the regression of CBR models based on a combination of LWD
measurements and basic soil properties measurements give higher value of

R? = 86%.

8. This study indicate that the values of LWD measurements (E; , S4 . D, ) for
soil samples of different sites were (64.57MPa, 0.36 mm, 2.05 ms)
respectively, and the values of DCP measurements (CBR, DCPI) for soil
samples of different sites were (18.34, 12.214).

6.2Recommendations and Further Works

1. It is recommended to evaluate properties of subgrade soils using chemical

stabilization method to improve the strength.

2. It is also recommended to conduct theoretical work using finite element to

evaluate the strength and stiffness of subgrade.

3. It is recommended to select more types of subgrade soils like clay soils to develop

other statistical models.

4. It is recommended to determine measured dry density by using nuclear density
gauge device instead of using the conventional method (i.e., SRM) which was
adopted in this research to ensure the accuracy for validated results.
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5. It is recommended to comparison between light weight deflectometer and nuclear
density gauge to assess compaction quality for subgrade soils.

6. The light weight deflectometer serves as an effective tool for construction
inspection of any roadway project because of its simplicity, portability, and shortens
the times (i.e., testing operation less than 2 minutes).

7. The dynamic cone penetrometer is a simple field test equipment that saves time

and requires less maintenance, when comparing with traditional CBR test.
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Appendix A: LWD Testing Curves
A-3: Al-Fares district
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Figure (1.1): Point one time-deflection curve of LWD (No. of passing 10)
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Figure (1.5): Point five time-deflection curve of LWD (No. of passing 10)
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A-3: Al-Intifada district
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Time (ms)
0 5 10 15 20 25

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

Deflection (mm)

==®=Drop No.1
=@=Drop No.2
=@=Drop N0.3

Figure (1.4): Point four time-deflection curve of LWD (No. of passing 10)
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Figure (2.3): Point three time-deflection curve of LWD (No. of passing 14)
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Figure (3.3): Point three time-deflection curve of LWD (No. of passing 18)
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Appendix A: DCP Testing Curves
A-3: Al-Faris district
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Figure (1.1): Number of blows verse the depth of DCP (No. of passing 10)
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Figure (1.2): Number of blows verse the depth of DCP (No. of passing 10)
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Figure (1.3): Number of blows verse the depth of DCP (No. of passing 10)
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Figure (1.4): Number of blows verse the depth of DCP (No. of passing 10)
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Figure (1.5): Number of blows verse the depth of DCP (No. of passing 10)
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Figure (1.6): Number of blows verse the depth of DCP (No. of passing 10)
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Figure (2.1): Number of blows verse the depth of DCP (No. of passing 14)
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Figure (2.2):
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Figure (2.4): Number of blows verse the depth of DCP (No. of passing 14)
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Figure (2.5): Number of blows verse the depth of DCP (No. of passing 14)
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Figure (2.6): Number of blows verse the depth of DCP (No. of passing 14)
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Figure (3.1): Number of blows verse the depth of DCP (No. of passing 18)
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Figure (3.2): Number of blows verse the depth of DCP (No. of passing 18)
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Figure (3.3): Number of blows verse the depth of DCP (No. of passing 18)
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Figure (3.4): Number of blows verse the depth of DCP (No. of passing 18)
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Figure (3.5): Number of blows verse the depth of DCP (No. of passing 18)
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Figure (3.6): Number of blows verse the depth of DCP (No. of passing 18)
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A-3: Al-Intifada district
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Figure (1.2): Number of blows verse the depth of DCP (No. of passing 10)
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Figure (1.3): Number of blows verse the depth of DCP (No. of passing 10)
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Figure (1.4): Number of blows verse the depth of DCP (No. of passing 10)
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Figure (1.5): Number of blows verse the depth of DCP (No. of passing 10)
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Figure (1.6): Number of blows verse the depth of DCP (No. of passing 10)

Number of Blows (B)

0 5 10 15 20 25 30
0 1 1 1 1 1

50 +

100 +

150 +

200 -

250

Depth (mm)

300 -

350 ~

400 -

450 -

500

Figure (2.1): Number of blows verse the depth of DCP (No. of passing 10)
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Figure (2.2): Number of blows verse the depth of DCP (No. of passing 14)
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Figure (2.3): Number of blows verse the depth of DCP (No. of passing 14)
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Figure (2.4): Number of blows verse the depth of DCP (No. of passing 14)
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Figure (2.6): Number of blows verse the depth of DCP (No. of passing 14)
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Figure (3.1): Number of blows verse the depth of DCP (No. of passing 18)
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Figure (3.2): Number of blows verse the depth of DCP (No. of passing 18)
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Figure (3.3): Number of blows verse the depth of DCP (No. of passing 18)
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Figure (3.4): Number of blows verse the depth of DCP (No. of passing 18)
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Figure (3.5): Number of blows verse the depth of DCP (No. of passing 18)
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Figure (3.6): Number of blows verse the depth of DCP (No. of passing 18)
Al-Tahady district
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Figure (1.1): Number of blows verse the depth of DCP (No. of passing 10)
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Figure (1.2): Number of blows verse the depth of DCP (No. of passing 10)
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Figure (1.3): Number of blows verse the depth of DCP (No. of passing 10)
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Figure (1.4):
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Appendix DCP

Figure (1.6): Number of blows verse the depth of DCP (No. of passing 10)
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Figure (2.1): Number of blows verse the depth of DCP (No. of passing 14)
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Appendix DCP

Figure (2.2): Number of blows verse the depth of DCP (No. of passing 14)
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Figure (2.3):
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Appendix DCP

Figure (2.4): Number of blows verse the depth of DCP (No. of passing 14)
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Figure (2.5): Number of blows verse the depth of DCP (No. of passing 14)
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Figure (2.6):
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Figure (3.1):
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Appendix DCP

Figure (3.2): Number of blows verse the depth of DCP (No. of passing 18)
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Figure (3.3): Number of blows verse the depth of DCP (No. of passing 18)
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Figure (3.4): Number of blows verse the depth of DCP (No. of passing 18)
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Figure (3.5): Number of blows verse the depth of DCP (No. of passing 18)
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Figure (3.6): Number of blows verse the depth of DCP (No. of passing 18)
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