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ABSTRACT
The subgrade is a soil layanwhichapavement andnbound soil layerareplaced Thus,
it works asa foundation to supportthe a v e me n t '. $he snpartancgeatechaical
design parameter that describes the relationship between strestheandsociated
settlement ofubgradess the modulus of subgde reactiofKs). The modulus of subgrade
reaction is an essential parameter in the design and analysis of rigid pavements. It has a
significant effect on the required thickness of pavements surface, and gives an estimation
of the supporting ofhelayers under pavement surfadéhe Ks is typically obtained from
the plate load test, PLTLhe PLT test has a several limitations; difficult to carry out, costly,
and timeconsuming.To overcomesome of thesdimitations, it is requisite to find an
alternativetesting technique which caapidly and simplyredictthis parameter

This study aims to evaluate the effectiveness of usirghaweight deflectometer
(LWD) in predicting subgrade reaction modulus of subgrade $0® is a portable non
destructivetesting device also known as the dynamic plate load test that is utilized to
measure the properties of soil layers under the effect of dynamic loaashiBvethe aim
of this study, a series of tests were carried out on three types of subgrade soils. The
subgrade soils were collected from different site projects in Karbala ciyléglad, Al
Faris,andAl-Rofae), the soils collected and testeit two phase; [1] in the laboratory to
identify the type and classification of soils, and to identify its dpsbperties. 2] in a
laboratory setup model which is designed and manufactured to simulate the field
conditions. The collected soigere preparednd compacted in the laboratory setup, three
degree of compaction were achiewdltestedthe soil under &h degree of compaction
usingthe dynamidight weight deflectometefL WD) in conjunction with he static plate
load test (PLT).

On the other hand, the experimental results were statistically mdadelestlictthe
subgrade reactiormhe statistical analsis was carried into to phase; granular subgrade
soils, and fine subgrade soil.

For granular subgrade soils, three groups of regression models were developed
based on independent variables; [1] LWD measurements data, [2] basic soil properties, [3]

both he LWD measurements and basic soil propertiethis phase the higher value of R



was 0.93 for subgrade reaction modwUsWD degree of compatibility model (KSDc)
model.

For fine subgrade soilwo groups of regression models were conducted based on
independent varides; [1] LWD measurements data a2 basic soil properties. The
resuts showedhatthere is a good correlation between Ks and LWD measured data (Ed,
od, and Dc). Also, a strongly correlation was identified between the dry dengihg of
subgrade soil and Ks.he results also showedtceptable relation between Ks and water
content.

Additionally, the results of experimental work were verified using fimie
elementsoftware PLAXIS 3D.Two types of models were usetb simulate the soll
behavior.The linear elastic model was used to represent the behavior of subgrades under
the effect of LWD dynamic loads. And the Me@ioulomb was used to represent the
behavior of subgrade undtre effect of static PLT load.

The FE results were compared with those obtained from experimental work, and
the T-Tests were carried out to examine the variance between the results.

In the term of LWD surface deflection the mebaierence between predicted and measured
value ranged from 0.003 to 0.242 mm. And in the term of PLT surface deflection the mean
deference ranged from 0.105 to 0.15 mm, fandhe subgrade reaction modulus the mean
deference ranged from 3.088, and 25.4R&/mm.

Finally, the results of this study showed the efficiency and possibility of using the
LWD device rapidly and easily tpredictthe subgrade reaction modulus of pavements

materials.
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Chapter One Introduction

Chapter One

Introduction

1.1 Background

The subgrade is a sddyer of natural formation which can bear wheel loads transporting
from vehicles as well as from paveméayers The subgrade soil works as the foundation

that supports the road. The success or failure of any pavement system is more often
dependent upome 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 loadbearing capacity, and moisture content. These necessary parameters are
typically characterized by resistance to deformation under wheel load actions, which can

be either a measure of strength or a measure of stiffdassdi et al, 2014).

In the rigid pavement, the modulus of subgrade reaction (Ks) is an essential parameter
which needs to be consideredtime design procedure, and it estimates the supporting of
layers under the surface of pavem@rihg and Sheng,2011). The modulus of subgrade
reaction depends on various factors including: elastic properties of soil, dimerfsioas o
area acted upon the subgrade soil, and other parameters like soil typepatimbe
embedment depth and type of foundation. The subgrade reaction (Ks) can be obtained from
the field plate load test according (AASHTO T 222, 2007)and (ASTM D 1196, 2004).
However, tlis test has several limitations as itis difficalln d expensi ve ..etc.
many studies investigated the possibility of unitizing alternative methods to predict the
subgrade reaction modulus. Several researchers developedcampind theoretical
relationships between the modulus of subgrade reaction of the pavement layer and other

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

Pavement design methodologies depend increasingly edesiructive tests faredict
the dynamic pavement response to traffic loadings -testructive deflectometer testing
techniques including falling weight deflectometer (FWD) and light weight deflectometer
(LWD) are the most common devices for assessing the structural pert@aoh@avement

systemgAlavi, and Lecates, 2002)
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1.2 ResearchProblem
One of the most important engineering parameters thastebd considered in the design
of pavements underlying soils is the reaction modulus of soil in contact with pavements
structure The modulus of subgrade reaction (Kgscribes the relationship between the
applied pressure arttie vertical deflection of soils. The Ks is typically determined from
the standard plate loading test accordingh@SHTO T 222, 2007)and ASTM D 1196,
2004) The nonrepetitive static plate baest is the most popular tebat performed on
pavement components and subgrade soils in either compacted conditions or in its natural
state, to determine the modulus of subgrade reaction and bearing cagasays.
However,there are several limitations associated with performing the plate load test
including:
1. Itis exceedingly tim&onsuming and expensive.
2. Test’'s results may be evaluated only for
are performed
3. There is a difficulty in selecting a proper critical deflection value.
It is difficult to conduct this test in narrow trenches and exploration pits because there
is insufficient space.
In order to overcome some of these problems, many studies exampusitality of
using alternative methods to predict the subgrade reaction modiulasnecessary to
develop a simple and reliable testing procedure for predicting pavement moduli based on
dynamic measurements obtained framm-destructive deflectometdesting techniques
including falling weight deflectometer (FWD) and light weight deflectometer (LWD). The
lightweight deflectometer (LWD) is a nefestructive testing device which provides a
reliable and fast tool to measure the field soil properties uhdesffect of dynamic loads.
The dynamic measurements obtained from the LWD are utilized to identify structural
integrity andestimatethe remaining service life of the pavement systévesnapusa and
White, 2013. A very limited rumber of researche®ndiucted a investigation to compare
between the light weight deflectometer and the loading plate to assess the pavement moduli
of airfield and highway pavements based on deflection measurements of the deflectometer

tests.
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1.3 Research Aimand Objectives

1.3.1 Aim

This study aims to develop simple and reliable statistical madgisedictthe subgrade
reaction modulus based on dynamic measurements obtained from performing the light

weight deflectometer test.

1.3.2 Objectives of the Study

To achievelte am of this researctthe subgrade materialgere examineth the laboratory

testing setup under both the static and dynamic. |[Baglire (1.1) is a flow chart that

explains research activities which were conduttegchieve théollowing objectives:

1. Devel@ aportableof laboratory testing setup which was designed and manufactured
to simulate the actual subgrade layers.

2. Soil samples from different roadway projects were collected and tested in the
laboratory. Different laboratory tests were carried outuidiclg; CBR test, Atterberg
i mits, grain size distribution, direct
properties of the subgrade soils.

3. Three degree of compactiowere obtaineddepends on number of passes of
compacting device for each type of IsoAnd two test methods; Light Weight
Deflectometer (LWD), and Plate Load Test (PLT) were carried out to obtain strength
characteristics of subgrade layers. Three dynang@asurementsere obtained from
LWD: surface deflection, degree of compatibility, atythamic modulesAlso, three
parametersvereobtained from PLT tests: maximum settlement, modulus of subgrade
reaction, and Young’'s elastic modul us.

4. The testing measurements of each soil type were recorded and analyzed using statistical
analyses softwarealled SPS$ Statistical Package for Social Sciertoefletermine
any possible correlatiorexjuation to compute the modulus of subgrade reaction.

5. Developing finite element models using Plaxis 3D to simulate the LWD surface
deflection and the plate loatEformation curve. Then, thinite elementresults were

compared with those obtained from the laboratory experiments.

N
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Assessment of Modulus of Subgrade Reaction of different Soils Using Light Weight

Deflectometer
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Introduction

1.4 Thesis Layout

Thisresearchs presented isevenchapters, which areutlined as follows:

1. Chapter One

2. Chapter Two

3. Chapter Three

4. Chapter Four

5. Chapter Five

6. Chapter Six

7. Chapter Sever

gives a brief introduction about the importance of the subg
layer in pavement systems and how to evaluate its modul
subgrade reaction. Also, this chapter presents the res
problem, and explains the aim andngipal objectives of this
research, and finally summarize thesis layout.

provides an overview on the subgrade reaction modulus
theories to explain it. Also, presents previous studies tha
related withthe Light Weight Deflectometergeand Plate loau
test. It also presents a short review of existing correlation st
between PLT and other tests.

presents the methodologies of the experimental work, w
includes description of: soil samples collected and identifioe
of their basic characteristics, manufacturing the labora
testing setup for the model tests, testing procedures of LWL
PLT.

displays and discusses the results of the experimental work

illustrates the statistical anafs of the results, and a theoreti
model developed by using SPSS software.

explains the numerical modeling to simulate the experim
work using the finite element software known as Plaxis 3D. 1
presents and discusses the output of nisaemodeling
summarizes the conclusions that obtained from the experinr
and theoretical works, and gives recommendations for fu

studies.



Chapter Two Literature Review

Chapter Two

Literature Review

2.1 Introduction

Highway and airport pavements are compdéxictures supportealy foundations of soil

layers. During the service life of pavement systems, soil layers beneath a pavement surface
course are subjemtito different intensities of loads by the wheels of moving vehicles. The
weight of this traffic isihally transmitted and carried by the subgrade itself, which in turn
provides support to the pavement structure. The behavior of subgrades under different
loading conditions must be thoroughly investigated before a rational pavement design or

analysis is onducted.

In the pavement design process, the strength characteristics of the subgrade on
which the pavement is placed are essential design parameters that need to be considered
and determined. Subgrades are typically characterized by their resistarmtertoation

under various loading conditioBing & Sheng, 2011)

2.2 Subgrade Reaction Modulus

Structural elements such as concrete pavementsoareonlysupported by underlying
soils. In the pavement design process, it is suitable to assume that the intettsity of
continuously distributed reaction at each point is proportional to the deflection at that point.
This reaction can be represented as modulus of subgrade reaction.

The modulus of subgrade reaction (Ks) is a required parameter for the design of
rigid pavements. It estimates the support of the layers below a rigid pavement surface
course. The modulus of subgrade reaction is determinedtfrepiate bearing load test
(Naeini & Taherabadi, 2015)

The value of (Ksylepemls on sveral factors including

1. Elastic propertiegelasticmodulusP oi s s o n’ 9 of asaligiadesaile t ¢ .
2. Dimensionf the area acted upon by the subgrade reaction.
3. Other parameters like soil type, embedment depth and type of foundation (Flexible or

Rigid).
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Soil medium has very complex mechanical behavior, thus subgrade is often represented by
a much simpler system in theoretical analyses. Many theoretical subgrade models such as:
Winkler foundation model, Pasternak foundation model, elastic isotropisjrete model

et c. were developed. The foll owing subsecq

models utilized to represent structural behavior of subgrades:

2.2.1 Winkler Foundation Model

One of the oldest and most popular models in determining the modilsisbgrade
reaction is thene- parameteWinkler modelWinklerin 1867assumed that a soil medium
could be represented by a system of identical but mutually independent, closely spaced,
discrete and linearly elastic springs. The ratio between comtessure (P) at any given
point, and settlemend) produced by load application at that point is named the modulus

of subgrade reaction, Ks:

+ (2.1)

0
N

In this modelasubsoil is replaced by fictitious springs whose stiffneggjual to
Ks, as shown in Figre (2.1)

P

e

" s Springs(K)

J

Figure (2.1): One Parameter Winklemodel (Bhatia, 2016)

Rigid hase

One of the basic limitations of Winkler model lies in the fact that this model cannot
transmit the shear stresses which are derived from the lack of spring coupling. Also, this
model @nnot account for the dispersion of the load over a gradually increasing influence
area with an increase in depth. Moreover, it considers the linearstrags behavior of
soil (Dutta & Roy, 2002).

2.2.2 Elastic Continuum M odel:
In this model, the continuous behavior of a soil is idealized as -tlmsensional

contiruous elastics solid. The origaf this model is from the research work of Boussinesq

7
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in 1885. Boussinesfpund a solution for the stress caused by a single point load applied
on a homogeneous, elastic, isotropic and sigrfimiite medium,as shown irFigure (22),

with the aid otthe mathematical theory of elastic{@alili et al,2013)

Figure (22:Bou s si nes q’ mointdoadaoh gnelastc halffsmrerretti, 2013)

In thederivation ofBoussinesdheory, it was assumed that theil mediumextends
infinitely in all directions from a level surfacaheysto theHooke's lawthe soil is initially
unstressedandthe selfweight of the soil is ign@d.

In this modelthe soil characteristics which loénce the stresses in the paents
are the modulus of elasticif§), and Poisson's rati(v) (Siddigi, and Hudson, 1970).To
find the modulus of subgrade reactigs, and the deflection w, due to a pressure (p),
uniformly distributed over a rigidurface plate of diametéD), Boussinesq developed this
expression(Teodoru and Toma, 2009) In the derivation of Boussinesctheory, it was
assumed that theoil mediumextends infinitely in all directions from a level surfagbeys

to theHooke's lawthe soil is initially unstressedndthe selfweightof the soil is ignored

AD$ o
?—F;/O 2.2)

Where

P: Contact pressuréMPa).

Slab deflectior(mm)
v: Poison’ s ratio.

Es: Young’s modulus of soil ( MPa) .
D: Diameter of plate (mm)

2
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N T %
Sp O (2.3)

The advantages of this model are listed as fo(buita & Roy, 2002)
1. This approach provides much more information on the stresses and deformations
within soil mass than Winkler model.
It has the simplicity oinputthep ar amet er s, Young's modul us
3. Solutions for some practical problemdealizing the soil media as an elastic
continuum are available for a few limited cases.
The major dravbacks of the elastic continuum model are listed as fol@wta & Roy,
2002)
1. Inaccuracy in calculating the reactions at the peripheries of the foundation.
2. The surface displa@aments awmafrom the loaded aredecreasenore rapidly than
what is predicted by this approach.
3. ldealization of this model fails to represent the physical behavior of soil very

closely.

2.3 Typesof Field Test:
There are different test methods for theistural evaluatiomf the pavement layers:

1. Destructive testghese test methods cause a damage to the pavement when coring
and preparing a sampletttelaboratory testing. These methods are very costly and
time consuming due to coring proceSsame poplar destructive test methods
include ests of mechanical properties (bending, impact tests, te(silegriyeh,

2015)

2. Nondestructivetests:these in situ tests are most popular and preferred in the
geotechnical engineering and evaluation the highway and apiekinents during
the construction or after the construction. These tests require less time and cost to
conduct. Nordestructive tests can be divided into two categories:

1 Deflection basin testre those in which the deflections are recorded along the
surface of a pavement subjectem a static state load like transient dynamic
impact like (Clegg impact test (CIT), Falling Weight Deflectometer (FWD),
and Light Weight Deflectometer (LWDJ}Roesset, 1998)

9
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1 Wave propagation testShe speatl analysis of surface waves (SASW) is the
charateristic of the nondestructive tests method that widely used for
determining moduli and thicknesses of paved surface systems. By means of a
traveler impact hammer, a falling weight, or a hydraulic shaker on the surface
of pavement system (or soil deposig group of waves with different
frequencies is transmitted to the medium. The resulting wave field is recorded
by a number of sensors at the medium surface and used to detesparsidn
and attenuation curvstress wave, electromagnetic method @tazarian et al,

1983), and(Roesset, 1998)
2.4 Static Plate Load Test (PLT):
The static plate load test (PLT)asuseful site investigation tool in obtaining the necessary
information about the soil to design the shallow foundatiorigid pavement structure

Figure (2.3) displays a schematic dtration of thestatic plate load test

2

2> g
gage
AR

1.'-I-I- — === === |."|‘.—~—2____ plates
R —

Figure (2.3): Plate Bearing TegBowles, 1998)

The plate load test is the mosliable method early developéat obtaining various
geotechnical design parameters such @aribg capacity, subgrade reaction (Ks) and
modulus of deformation of a soil, compacted subgradd compacted subbase.many
European countries it has been used for proof testing of pavement layers. Currently, it is
used for rigid pavements. Over tlasti 15 yeargTuse et a] 2016)conducted many of field
and laboratory tests for different problems relating to bearing capacity or design of
foundation. The plate bearing test wasdusetheir work, for this test, there are three types:
gravity loading, truss and anchoring, and reaction load. According to their expetience
test procedure of both first and second type is not convenient and theaesdtgealistic
(Tuse et al 2016)

10
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The interpretation of plate bearing test resubquires full information on the
subgrade condition. Hence, the results of PLT are affected by several factors:

1. Water content: the PLTis performed on unsaturated soil layers, where ground water
table isat great depthSeveral researchers showed that the behavior & lsudler
applied lad from insitu PLTsis significantly influenced when porgater pressures
negative with respect to the atmospheric presgiieand Vanapalli, 2013).

In the saturated conditiorthere is a correction for the difference in the
subgrade moisture content at the time of testBigdies conducted &US Army
Engineer Waterways Experiment Station, 1945) and (CRD-C 655, 1995)
recommended the method fobtainingthe modulus of subgrade reaction at a

saturated condition empirically by the following relation:
. b

where

Ks: Modulus of subgrade reactidor the saturated soil

Ku: Modulus of soil reaction for the soil at natural moisture as found by :
field-bearing test.

ps.  The unit pressure ipsiused to determine the valuekof

pda: The unt pressure ipsiused in a saturated consolidation .test

In this equation the reference of stress is that for 0.05 in of plate deformation.
While (AASHTO T222, 2007)recommended the corrected equation below taking

into account the thickness of base, and in the applied stress 10 psi, that the value
was expected typical vertical stress under a rigid pavement.

+C’)+8i A8p é (25)
A XV A
where
Ks: Corrected rodulus of subgrade reactidor the saturated s@ipsi/in
Ku: Modulus of soil reaction uncorrected for saturation, psi/in.
d: Deformation of consolidometer specimen at in situ moisture content und
unit load of 10 psi
ds. Formation of a saturated consolidometer specimen under a unit load of :
b: thickness of base course material, in.

2. Size of plate:the influence of plate size on the soil behaviander the load should
be takenn to account. A series of teshade ly (Ohio River Division, 1943)and(U.S.

11
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Army Engineer Waterways Experiment Station, 1945Jaboratories indicated thas the
plate size increases, the measured value of (K) approaches a constant value.
As summarized in Table (2.1), different shapes aressif the plate load test can be used

in determining the modulus of subgrade reaction (Ks).

Table (2.7): Some different methods to calculate (Ks) by using plate load test

No. Investigator Shape Dimensions
1 Terzaghi (1955) Square L =305 mm
2 ASTM D1195and D 1196 (2004 Circular D: 305 to 762 mm
3 British standards code (B.S 593( Circular or square o D" 300 to 1000 mm
(2999 equivalent area
4 Peck et al. (1997) Square L=305 mm
5 Ping andYang (1998) Circular D: 705, 950 and 1050 mmr
6 Egyptian cod¢2001) Circular or square o' iy 344 450 and 706 mm

equivalent area
Circular or square

i D: 300 and 1000 mm
of equivalent area

7 Reza and Masoud (2008)

Also, another factorsffecton the plate bearing test results like:
1. The amount and effect of tesrpture.

2. The amount and effect of frost action and thawing.
3. Stress transfer devices.
2.4.1 Typesof static PLT:
The static PLT are classified according to the testing procedure performed in determining
subgrade modulus as follows:
1. Repetitive Static Plate Load TestqrPLT):
The rPLT was introduced from Europeabtain moduli of the soil based tme
loading and deformation, ®valuate whether sufficient compaction has
occurred. It also usedto evaluate the bearing capacity during railroad
constrution. According to(ASTM D 119571 93, 2004) and(AASHTO, 2007), this

testis performed on soils, unbound base, and sublfise and Park, 2011).
2. Unrepetitive Plate Loading Test (UPLT):

12
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The uPLT isperformed on soils, unbound base, and subbase to determine the
modulus of subgrade reaction (Ks) and the shear strength of pavemeanents
(AASHTO, 2007) and (ASTM D 119617 93, 2004) This test is widelyutilized in
various geotechnical appliwans in Asia, themodulus of subgrade reaction (Ks)

can be calculatebased on the relationship between the average normal stress and
the settlement of the plate, see Equation (2.1). As shown in Figure (2.4¢pthe d

of influence of this test is assumedii@equal to 2B, where B is the diameter of

loading plate.

et Z, = Zone of significant stress equal to 10% of
applied stress.

B =Diameter of bearing plate (mm).
2B

X =horizontal extent of significant stress = 0.9-time B (mm)

p = Applied stress (kPa).

v = Settelment (mm)

Figure (24): The influence of the total deformation in PLT

2.4.2 Disadvantage of Plate Load Tests:
According(Adam et al, 2009)there are severéimitations associated with perforngrihe
plate load test including
1. PLT test is costly and quite time consuming, so its application restricted to al contro
point of compactedubsoil.
2. Very difficult to use this test in narrow trenches and in differeptlos because there
is no enough space for the testing equipment.
3. There is difficulty in selecting a proper critical deflection value.
In order to overcome these limitations, many studies investigated the possibility of unitizing
alternative methods targ@dict the subgrade reaction modulus. Several researchers developed
empirical and theoretical relationships between the modulus of subgrade reaction of the
pavement layer and other soil properties that can be determined from field or laboratory tests;

thes relationships are presented in the Table (2.2).

13
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Table (22): Some of Ks Soil properties relationships

a Authors. Suggested formula
@ Packard1986) +Ova o 3
o
©
K Federal Aviation 5 pumm#® 2
. . + -
o Administration(FAA)(2009) CQ
;l) Tuleubekov and Bril(2014) +0 @ gy 2
» 8
%L UFC (2001) + O
5 Co
= PingandSheng(2011) +0 cg v
P 8
E . -
BarkerandAlexander(2012 N
J ( ) +0 1T %
. ) % | %
2 Vesic and Saxend 974 + — _—
8 nd974) O 18 ¢ ST E
4] 3 %
k) AASHTO (1986) +0
s s
iz Ullidtz (1987) FOT®T —
W E
v Khazanovich et g12001) +0 ™ WY
Setiadji and Fw#2008) +O0O MU OB pPC
Where

E: Elastic modulus of subgrad®iPa)

Ec: Elastic modulus of pavement sl@idPa)

pu: Poison.) s ratio.

hc: Thickness of pavement sl@mm).

he: Equivalentthicknesgmm).

Ks: Modulus of subgrade reaction (in MP&m
Mr:  Resilient modulus is (psi)

CBR: California bearing ratio
These empirical correlations between modulus of subgrade reaction (Ks) and soil
properties are approxeke and applicablenly under the conditions when they were
derived.For this reasomther researchers, studitdte correlation between the (PLT) and
other tests to determine the soil moduli. These correlations are presentkd fdlowing

subsections:
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1. Correlation Between SPTand PLT:(Moayed and Naeini, 2006%tudied the correlation
between (PLT) and (SPT) to determine the modulus of subgrade reaction for dense gravely

soils, the result ahestatistical analysis witR? of 0.915 shown:

+Oocpto © (2.6)

Where:
Ks: Modulus of subgrade reactidor the saturated sojMPa/mm)

Neo: Is a measured SPT below counts for the 60% energy level.
Another empirical relationshgare derived byMohamed and Vanapalli, 2019 to
estimate the bearing capacity of saturated and unsaturated sand soils

v
n —255 & X0 8 zpmnmnm (2.7)
)
n —?g @ uo 8 zpnmm (2.8)

Where:
Qat: Ultimatebearing capacity, kN/fm
N: Is a measured SPT
B: Footing width(m),

2. Correlation Between DCP and PLT
Table @.3) summaies the theoretical model that obtained from field and laboratory data
between the DGIPR(mm)and PLT initia[ ErLti) (MPa)] and reloading modulBpLtr2)
(MPa) produced by Abu-Farsakh et al, 2005)

Table (2.3): Summary ofcorrelationsbetween DCP and PLT

Proposed Relationship Descriptions R?
X TUTUTT
0 A S 2—
Yo o 020 From laloratory data R°=0.62
% Ocz;;pn From laboratory data  R?=0.77
PXT& P , a
% 02 0@ V& P From field data R?=0.94
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Table (2.3): Summary ofcorrelationsbetween DCP and PLIcontinue

Proposed Relationship Descriptions R?
% 5 ;sp TEQ:)CPE( 08 w From field data R?=0.95
% WX X T - From field and R?=0 67
028 o@ laboratory data
% T 0T B o From field and R2=0 78
028 po laboratory data

3. Correlation Between Geogauge and PLT
The results of the statistical regression analysis between the Geogauge stiffness modulus
(EGin (MPa) and the backalculated PLT initia[EpLtg (MPa)] and reloading moduli
[ErLT(R2)(MPa) are summarizeth thetable below(Abu-Farsakh et al, 2004)

Table (24): Summary ofcorrelationbetween Geogauge and PLT

Proposed Relationhip Descriptions R?

% p @A From laboratory data ~ R?=0.83

% o @i From laboratory data ~ R?=0.69
% X ® P p® % From field data R?=0.87
% Q& X pd ™% From field data R?=0.90
% PPOW OB C From field and R2=0.72

laboratory data

% p T8 8 From field and R2=0.59

laboratory data

4. Correlation Between LWD and PLT

Several researclconducted a comparison investigation between tight liweight
deflectometer and the loading plate to evaluhésinitial and reload elastic modulus of
pavement foundations at different highways projects. The results showed a promising
regression between the LWD stiffness and the plate load modulusrtiragsizel in Table

(25).

16



Chapter Two Literature Review

Table (2.5): Summary ofcorrelationbetween LWD and PLT

Reference. Suggested formula Descriptions R?
% -0A MomX % - O0A p& From 0.62
% S0A c @ & -oA laboratory data g 77
Abu-Farsakh % -0A CC ™% -0A . 0.94
) ~ From field data
etal., (2004) oy “0A QB TE W -O0A 0.95
% -0A T&P% -0A p®O Fromfieldand 0-67
% “0A T L% _0A p @ laboratorydata g 7g
Nazzal et al % -0A p8ttYPp -0A _ 0.92
N ) ~ Fromfield data
2007 % “0A T®X% -O0A 0.97
O -0A
0 S0A ———° 0.66
Vemnapusaanc % - OR TR pomfield dan
e, % oA — 0.64

several authors proposed anotfeemulato calculatethe modulus of subgrade reaction
using plate load test.able (26) summarizes most common formulas.

Table (26): Some different fanula to calculate the subgrade reaction, Ks

No. Authors. Suggested formula

T80 90 " %
"p O p O %)
For square footing with dimensions (B*B)

1 Biot (1937) +

R 11 2 1 V)
+ t
2 Terzaghi(1955) For rectangular footing with dimensions (B*L)
+ p -
+ )
08 TT
3 Vesic(1961) Tp 66 %7
"p O %)
4 Meyerhof(1965 + %
yerhof(1965) 5
v %
5 Selvadura(1984) + n@ 8—
p O
6 Bowles(1998) + i
" p O 1))
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Where

B: Width of footing(m)
Es. Modulus of elasticityMPa)
El: flexural rigidity of footing
IS ,IF Influence factors depend on the shape of footing.
Ks: Modulus of subgrade react.
Ksp: The value of subgrade reaction for 0.3x@.81 ft. wide) bearing plate
Kst: Value of modulus of subgrade reaction for the-fidle foundation.

2.5 Light Weight Deflectometer (LWD):

The Light Weight Deflectometer (LWD) is a portable and -destructive device, first
appeared in Germany in 1980s. The LWD which is used to measure-ghe elastic
modulus of unbound pavement layers was developed as an alternative field test to many
other tests such as Plate Load test (PLT), Field Dry Def#diti), and California Bearing

Ratio (CBR). LWD considered by State and Federal agencies in the United State as an
evaluation tool in the quality control and quality assurance (QC/QA) process for earth work
construction, geotechnical applications, and pammanagemetrifkbariyeh, 2015).

The benefits of using the LWD ardt is a nondestructive testip equipmentthe
deflection measuremés are repeatable and accuratee equipment is durable and
inexpensive comparted to other complicated testing syssmasl and Easy to operate any
place.

The LWD device provides a tirrdeflection curve which is dized to measure the
in-situ maximum vertical surface deflection and elastic modulus of pavement layers. The
maximum vertical deflections are measured by integrating the geophone (velocity
transducer) signal. This has two important divisions; the peakdtieth may not occur
instantaneous under the peak lahgk to dynamic effectsand the peak deflection may
include both plastic and elastic deflection that depends on the strength of testing materials

and proper contact between material and geopl{bleening et al.,2007)

The peak deflection is a measure either to degree of compaction or stiffness of soil,
or both together with the peak force. to cddte the elastic modulus based on the well

known Boussinesq elastic halspace theory by the following expression
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O KA
% p]— & (2.18)
Where

Ewwo: Dynamic LWD soil Modulus
7. Applied dynamic stress (MPa)

Solil surface deflection (mm)

a: Radius of the loading plate (mm)

v: Poi s o nihm®mnge (3D.45 depending on the type of test material

"H Shape factor depending on stress distribution under a plate as shown ir
(2.7). The stress distribian depends on soil type and rigidity of the load
plate.

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

Platetype Soil type Stressdistribution (Shape) Shap(ef)factm
Rigid Clay (elastic
material) _
Parabolic (S
Rigid Cohesion less
Sand Parabolic W 8/3
Rigid Material with
intermediate  Inverse Parabolic 171~ o
- . A W “Tco &
characteristics to uniform
Flexible Clay (elastic T 11
material) Uniform l \L l l " 2

Flexible Cohesion lss
Sand Parabolic W 8/3
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2.5.1 Type of Light Weight Deflectometer (LWD):

There aredifferent types of LWD that have many similarities in their mechanics of
operation, although thewredifferences in their style and diameter of plate, sensor type,
droppng weight and height, impulse timand contact pressure. Table&2shows the

physical characteristics of different types of LWBurhani, 2016)

Table (2.8):Characteristics dfypical LWD devices(Burhani, 2016)

Manufacture CSM Zorn Prima Load man TFT
Plate style Solid Solid Annulus Solid Annulus
Plate diameter 200 . 300 150, 200 100, 200 130, 200 100, 150
(mm) ’ 300 300 300 200, 300
Plate thickness Unknown 124, 45 20 Unknown Unknown
(mm) 28, 20
Plate mass (Kg) 6.8, 8.3 15.0 12.0 6.0 Variable
Drop mass (Kg) 10.0 10.0 10,15,20 10.0 10,15,20
Drop height (m)  Variable 0.72 Variable 0.8 Variable
Maximum applied
. 7.07 15. 17. .
Force (KN) 8.8 0 5.0 6 8.5
Force measured Yes No Yes Yes Yes
Impulse time (ms) 1520 18+ 2 1520 25-30 1525
Rubber
Type of Buffer ~ Urethane  Steel spring  (conical Rubber Rubbe
shape)

Plate response
P Geophone Accelerometer Geophone Accelerometer Geophone

Sensor
Contact stress  User def. Uniform User def. Rigid User def.
Poi sson Userdef. 0.50 User def. 0.50 User def.

2.5.2 Factors Influencing the LWD Results:
The measuresnts of LWD test are influenced by several factors including:
1. Bearing plate sizethe size of loading plate ike mosstignificant factor that change
the LWD test condition. The diameter of plate effext the amount of pressure, the
pressure reduces d#stransfersfrom top down through pavement layei$e test

conducted bylin et d, 2006) on natural sandy soil found that the elastic modulus
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(ELwp) for a 100 mm plate wak.5 to 1.6 timedigher than for a 300 mm plate at
similar loads

2. Typesand locdion of deflection sensorthe type and position of deflection sensors
are different with various manufacturers, for example, the Zorn LWD reads the
vertical surface deflection using an accelerometer built into the solid plate, as shown
in Figure (25 c). The other types like Prima, TFT, Keros /Dynatest LWD devices
estimate vertical surface deflection using a splaagling geophone in direct contact
with the ground surface through a (40 mm) diameter hole in the center of plate as
shown inFigure (2.5a andb) (Dived, and Mooney, 2013)
The number of sens® used in LWD testing setup hase effect on LWD results.
(Akbariyeh, 2015), indicated that the elastic modulus estimated$gagLWD with a
single sensor woulde true only if the layer consists of a homogeneous and uniform
materials, like a subgrade or compacted soil at the maximum depth of ltitn€s5
the plate diameter. But for layered structure like an asphalt pavameuwiifficult to

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

3. Plate contact stress:the effect of this factor depends on the type of layers
underneath,(Vennapusa and White, 2013)explained that for dense and granular
materials the increasing contact stress lead to increase the elastic modulus. While the

materials with cementitious properties will not ughced by changes in contact

GUIDE ROD | HEH
RODY o GUIDE ROD} |
(a) DROP MASS {b} (G) DROP MASS
l_ D <l GEOPHONE 3,
A SPRINGS
OAD o= LOAD LOAD =1
CELL -2 -
SPRING SELL
SECPHONE ==} ACCEL. ACCEL. o
— JUL —1 C 1L [

GEOPHONE FOOT
{O30mm)

LOAD

PATE SOLID PLATE

ANNULUS
(O a0mm)

ANNULUS
{CY40mm}

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

Figure (2.95: (a) Stock Prima 100 LWD, (b) modified configurations of Prima LWD with
geophone (top) or accelerometer (bottom) fixed rigidly to the load plate, afdr(c)
LWD showing modification to include loazkll. (Vennapusa and White, 2013)
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4. Plate Rigidity: this factor is important for estimating the distribution of stress under
the plate and for selecting the shape factor (f) as explained in Table (2

5. Loading rate and buffer stiffness: the elastic modulus (o) that measured by
using elastt half — space theory influencdsy the rate of loading which can be
controlled by changing the stiffness of buffer placed between the contact plate and
drop weightVennapusa and White, 2013)

6. Proper contact between the loading plate and the surface of being testethe
(ASTM E 2835, 2011yecommaded that the test surface shooddclean and smooth
to obtained a uniform contact between the surface and load plate, so it recommended

to place a thin layer of fine sand over the test poinafygravel surface.

2.53 Existing Correlation between LWD Moduli and Other In -Situ Test
A number ofcomparativevork were carried out by severalsearch to correlate
the LWD with other field testdp evaluate irsitu elastic modulus of pavement foundations

at different highways projectslhese correlations are summarizeth@Table below:

Table (29): Summary of correlation between LWD moduli and othesiin Test

Reference. Suggested formula R?
Rao et al, #" 2¢q LT
2008 »  Twmugx >
8
% - 0.54
Louay et al, Cc®v .
2009 % - PR O CTRGP 0.7
op @1
0 2 U@ 0.35
Zhang, 2010 % O Cw
% _— 0.11
| et al # nagr P T
Nazzal et al.,
2016 »  moe 0.83
For subgrade coarse 0.84
(0] 18 ¢ 0® @ 81 10 '
For subgrade coarse 0.79
(0] 8t ( T8t 1 :
Shaban, 201¢ X8Ux T © e
For base coarse 0.94
(0] o8 Y o® O T8t O '
For base coarse 0.77
(0] VRO T O & pmt O '
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Where
Ewwo: Dynamic LWD soil ModulugMPa).
Mr: Resilientmodulus of pavement materials
ErFwp: Dynamic FED soil ModulugMPa)

Esco: Modulus of the compacted material obtained from Briaud Compa
Device (BCD)(MPa)

EimpmT)  Initial Elastic Modulus (MPgobtained from the MPMT tests
Erivpvty  Reload Elastic Mdulus (MPapbtained from the MPMT tests

2.6 Summary:

As explained in the literature review, the plate load ®ahiimportant famous site test,
it’s necessary in various Blaelbad teb(ALT)c a |
estimates bearing pacity of soil, subgrade reaction modulus, and modulus of
deformation. Because of this test is difficidind time consuming mamgsearch tentb
correlatethe PLT with other testlike; standard penetration test (SPT), cone penetration
test (CPT), failng weightdeflectometer RWD), and lightweight deflectometer (LWD).

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

pavement foundatiorin this research, correlates the static plate load test(PLT) with the
light weight deflectometer(LWD) to evaluate the possibility of using dynamic

measurements obtained from (LW)predict the modulus of subgrade reaction.
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Chapter Three Experimental Work

Chapter Three
Experimental Work

3.1 General

In order to achieve the aim and objective of this wadeies of laboratory testing methods
were carried out on different types of subgrade sdife subgrade soils were excavated
from different sites in Kerbala city and tested in the laboratory testing setup, which were
designed and manufactured to simulateditteial field conditions.

The experimental work consists of 219 sets of laboratory tests, 126 of them were
carried out in the laboratory setup, the remaining werieled intotwo parts; 69 tests to
determine the physical properties, and 24 tests weriedarut to identify the chemical
characteristics. Tables (3.1) summarize thesyenaterials that have been investigated

as well as the total number of laboratory tests

Table (31): Summary oNumber oflaboratoryTest

T  Test Type of Soils
e of Tests
yp A LD A3 A6 Total Number of Tests
PLT 9 9 9 27
S ©
58 LWD 18 18 18 54 N
s F'
SE Sand-Cone 9 9 0 18 I
58 N
= Core-Cutter 9 9 9 27
. Soaked 9 9 9 27 ‘3
0 o N
I O | Un soaked 9 9 9 27 "
)
2 N
= ~ | Standard 1 1 1 3 ™
o o (0)}
2 | i 2 2 2 6 4
i kS Modified N
Direct shear 3 3 0 6
Chemical test 8 8 8 24

For determining basic soil propertjgbe following tests were conducted; specific
gravity (ASTM D854, 2014) particle size distribiion (ASTM D2487, 2003 to classify the
soil samples anchodified proctor testASTM D 1557, 2012was conducted to determine
the maximum dry density and optimum moistur@teat. These tests are necessary for

determining how the sample will be prepared later in the testing setup.
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In thelaboratory testing setythefollowing testswere implementefl] Plate Load
Test (PLT) measured data, [2] Light Weight Deflectometer (LWi&asured data. In
addition, the density and water content of compacted soils are determined b§&end
Method(ASTM D2011, 201}, and Core Cutter methddSTM D2937, 2004)

3.2Laboratory Testing Setup:
The laboratory testing apparatus were designed and manufactured to simulate soll
conditions as close as possible to those occuinnthe field. Also, it providedhe
following advantagesfacilitating the use of in-situ testing devices to determine the
deflection of subgrade materials under the influence of static and dynamic loads
facilitatingthe change of water content and degree of compaction so as to simulate different
materials of a pavement layemsoisture and compaction conditions in practical situation.
Plate (3.1) shows the general viewtbé laboratory testing setupvhich consist of the
following components

1. Loading steel frame.

. Steel box.

2
3. Hydraulic loading system.
4

. Data acquisitiorsystem

Plate (31): LaboratoryTestingSetup.
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3.2.1 Loading frame:

The steel loading frame was manufactured with the dimer(&d® m width,2.82 m
length, and B5m height) to support and ensure the verticality of the hydraulickagure
(3.1) illustates a schematic diagram of the steel structure of the loading frame.

Loading
system track
Loading
support
|
2.65m
Tightening |
members |
\\f-\
/

s

Bracing—r s/

5 2.82m

Base stiffenes——= //'
f//’ /‘/
N — ;/
\-< -\;V i //'
L.75m___ S B
e 4
i

Figure (3.1): Steelloadingframe
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3.2.2Steel box.

A large steel box in which the sample of subgrade material was compacted and tested
shown in Figure (3.2), was mafactured with dimensions @m width x2.4m length
x1.25m depth). These dimensiarglarge enough to allow the use ofsiiu devices such

as PLT and LWD, and to eliminate the effectbmfundary condition®n failure zone,
because both PLT and LWD degk create a bulb shape zone of stress under the plates of
test. The diameter of significant stress zone extends approximately (0.9 times the diameter
of the plate) horizontally from the center line of (30fh) diameter bearing plate, and (1.5

to 2 times he diameter) vertically. So the box mustléeerthan (060 m) wideand (0.5

m) deepand its lengtlis largeenoughfor taking more than one point for testing. Hteel
boxwasstrengthened by-kectionsteel membeto enhance the rigidity to minimizateral

deformation during soil compacting and testing.
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Figure (3.2): Steel box
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3.2.3Hydraulics loading system:

Hydraulics loading system consiststioe fdlowing parts:

1 Hydraulic pump.

1 Hydraulic jack with capacity of 20 tonnda® apply conpression load. The jack
supported by a thin steel plate with dimensions (3 d&# cn), the plate attached
to an ovethanging of two 4section beams3jn. (7.5 cm) webx 3 in. (7.5 cm)
flanges)which facilitated the transvers movement of the loadingagsviwhile the
two |- section beams itself travelled longitudinally above the steel box. Tthus,
providad a two-dimensional selection loading location, this part was explained in

Plate (3.2).

& Y R
U

Hydraulic jack

oad Cell

L
= S
/

Plate (3.2): Loadingassemblyparts
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1 Hydraulic control system: which is reasonable for moving the piston into up and

down, and applying the required load. The movement of pistmscontrolled

electrically, either manually by press the suitable key in the control unit explained
in Plate (3.3), or comdtled automatically by a LabVIEW prograas illustrates in
Figure (3.3)

rauic oo’

o\

Control unit

Hydraulic pump

Plate (3.3):Hydraulicsloadingsystem.
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Figure (3.3): LabVIEW Software
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3.2.4 Data acquisitionsystem

Data acquisition was used tecord and store loadeflecion measurementduring the

static plate load testt stores 100 reading per secondsedé huge number of readings
performed the total accurate informatioto the tester in measuring and sensthg

occurring displacement due to static load. Plate @ghlaysthe data acquisition which
consists of the following parts

1 LVDT: linear variable displacement transducer with capacitynf{ith was used to
measure the vertical deformations of the soil.
1 Load Cell: a compression load cell with maximum capacity {@0s), model (SC
520) was used to measure the applied load, the rated output (R.O) of this load cell is
(3 £ 0.0023 mV/V)and hagombined erroranged0.02%to 0.05%,andexcitation
varied from10tol5V.
LabVIEW Software: wasused for engineering applitans that require test, and

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

the piston automatically, magnitude of static load, and rate of loading for dynamic
load. The data that is read in the program is savad kxcd file.

N\ -
DI

)

=
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3.3 Subgrade Soils Selection

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

Kerbala city and tested in the laboratory. The first sitedated in AtMeelad in the South
East part of Kerbela city, the classification of this soil wasl{#) according to the
American Association of State Highway and Transportation Official (AASHTO) soll
classification system, and poorly graded sand wit{SP-SM) according to the Unified
Soil Classification System (USCS). The second site is located-iaié in the southern
part of Kerbela city, the classification of this soil was3Paccording to the (AASHTO)
soil classification system, and poorlyaged sand (SP) according to the (USCS) Soil
Classification System. The third site is located inR&ifae in the NorthWest part of
Kerbela city, the classification of this soil was-{A6) according to the (AASHTO) soil
classification system, and leanyl@L) according to the (USCS). The basic physaral
chemicalproperties of the collected subgeadoils are summarized in Tables (3.2) and
(3.3) respectivelyand Figures (3.5) to (3.12kplainsthe grain size distribution, Proctor,
and CBR testgFigure (3.4) shows aerial photo of three field sites in Kerbala City.

r«l‘g & g

Figure (3.4): Aerial

]

g

Photo of hireeField Sites in Kerbala City.
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Table (3.2) Basic Plysical Properties of Subgrade Soils

Property Test Results Specification
Soil Classification AD o AT AASHTO M145
SRPSM SP CL ASTM D 2487
Coordinates 409911.538 406139.763  40673.683 /
3604114.561 3604069.317 3617974.787

OMC 15.5% 8.75% 18.5 % ASTM D 1557

Max. Dry Unit Weight 18.85 kN/ni  21.35kN/ni  17.20 kN/ni ASTM D 1557
Liquid Limit / / 47% ASTM D 4318
Plasticity Index NP NP 24.26 % ASTM D 4318
Uniformity Coefficient (Cu) 5.25 1.8 / ASTM D 2487
Curvature @efficient (Cc) 1.19 0.77 / ASTM D 2487
Specific Gravity (GS) 2.72 2.74 2.74 ASTM D 854
CBR Soaked% 34 78 5.6 ASTM D 1883
CBR Un Soaked% 53 98 26 ASTM D 1883
Angle of friction @) 38 36 / ASTM D 3080

Table (3.3). BasicchemicalProperties of Subgrade Soéscording tqB.S Part 3, 1990)

Test Results %

Property

A-1-b soil A-3 soil A-7-6 soil
Sulphate, S© 9.08 5.68 1.859
Gypsum 19.52 12.21 /
Silicon Dioxide (silica), Si@ 53.5 71.7 53.4
Calcium Oxides, CaO 26.29 11.17 8.63
Aluminum trioxide, AbO3 4.5 6.24 9.78
Iron oxide, FeO3 1.6 4.9 8.9
Loss on ignitionL.O.| 11.8 6.2 17.9
PH 1.56 1.1 3.53
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3.3.2Preparation of Subgrade Layer

In this work, three types ofsubgrade soilsvere excavated and collected frahree
locations in Kerbala cityEach subgrade material wgsrepared and compacted in the
laboratory testingetup,then thestructureperformance osubgrade layewas evaluated
usingtwo in- situ tesing devices [1] light weight deflectometer, and [2] pldtead test. In
addition, density and water content measurements were taken from ttogdand cone

test, core cutterdpproximately (2 m) of each soil typavasrequired to construct a (0.6

m) thick of compacted subgradyer. Subgrade sofl were preparée at optimum water
cortent by using electrical mixtewith capacity (0.3 m®) asshown in Plate (3). Then

the subgrades wemmmpacted inside the testing steel box as layers (2@echayer) until
reaching the desired height (0.6 ,na illustrated inPlate (36). this desired high of
compaction subgrade soitsgreater than theepth of influenceesulted from both PLT and

LWD loadsbecause both PLT and LWD devices create a bulb shape zone of stress under
the plates of test. The diameter of significsiness zone extends approximately (0.9 times

the diameter of the plate) horizontally from the center line of (80 diameter bearing

plate, and (1.5 to 2 times the diameter) verticallge layers were compacted under a
specific compaction effort to heve a desired degree of compaction. The compaction
process was carried out using a plate compactor, and three degree of compaction were

selected based on number of passes of the comf8cthz, and 16) Once the subgrade
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wasconstructedits modulus ad stiffness propertieseremeasured using PLANdLWD
tests. The field moisture content and dry unit weight were obtained usingCsaedand

CoreCutter tests method, the sequence of testing was selected as following: three PLT, six

LWD, three Sand conand three core cutter. Figure .gjives a schematic diagram that

describegshe layoutand location®f the tests

A 4

530 mm " 800 mm g 800 mm 270 mm
i
£
£
=
=
=l
LWD LWD LWD
Sand- S‘::::- E
conhe 3 E
E 1 2
1 [ae]
) ' . )
£
Core— E
Cutter &
1 [ag}
LWD Y
A
6 / =
£
=
~
ol
v
) 270 mm >
2.4 m -

Figure (3.15): The layout of the field tests
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Plate (36): Preparation bSample

3.4 Testing Methods

3.4.1 Static plate loading test (PLT)

The plate bearing testas performed according to standard tespiragedurgpresented in
(ASTM D1196, 2004)and AASHTO T222, 2007).A 300 mm diameter circular steel
platecarefully cen¢red under the load cell and jack assembly, another plate with smaller
diameter set concentric with, and on top of the bearing plate. The bearing plates must be
leveled so; a thin bed of fine sandiasrequired for uniform bearingds shown in Plate
(3.7),two dial gauiges with sensitivity 0.01lmm/min and ori& mmLVDT were installed

near the edge of the bearing plate &% from the circumference) at an angle of%f2ém

each other to get the average deflection of the bearing platephsitang the loadig plate,

dial gaugs and LVDT, a seating loadf 0.5 tonwasapplied to produce a deflection not
less than 0.25 mmW/henthe reading of dials and LVDT e to resthe seating, the
seating load waseleased. Thdial gaugesvereset to zero startmthe lading. Then, the

load wasapplied at stages with uniform increments. The number of stgrild be
enough to permit the recording of a sufficient numbeoadtdeflection pointgat least six
points should be recorded during the .testter each incremen the load shoulde

maintaned until an increasen deflection of not more than 0.03 mm/min for three
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consecutive minutes occurs. This proceduascontinued until the load capacity has been

reached. Plate (3. showsthe testing.

Plate (37): PIateLoadet
From the data obtaingtiroughthe procedure describethove a Loadeformation curve
was obtained by plotting the load for each increment in (kiPajsus the average
deflections. Tie average deflection represents the average of tweatidILVDT readings
between the zero and end of each load increnTdr.curve should bapproximatelya
straight lingpassinghrough the origin, otherwise, the cumweist becorrected bylrawing

a straight line between the unit loads of 69 and 207 &Pshown in Figure (36).
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Figure (3.16): Typical loaddeformationCurve
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3.4.2Light Weight Deflectometer (LWD)

A manufacturedportable LWD was utilized irthis study to evaluate dynamic and
compaction characteristics of compacttgradematerids. The principle of working

LWD same as of PLT, but it applies a dynamic load not a static. The components and
principle of the Zorn ZFG3. LWD device that shown in Figur& T8 which is used in this

study can be summarized &haban & Cosentino, 2016)

1. Handle

2. Welght release
3. Gulde rod

4. Drop welght
5. Buffer system
6. Loading plate

Measuring unit

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

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

perform a uniform distribution load.

2. 10-kg faling weight dops from 11écm height, the fdihg weight designed tde
operaté by one person and negligible resistance or friction. As exgam(ASTM E
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2835, 2011)that when the féihg weight hits the loading plate resulting a bsilie
shaped load on testing surfage shown in Figure (3.18hree drops were carried out
on each testing point tecrease the influence of loose gmlticles that might cause
unfavorable plastic deformations. The test parameters includyingmic modulus,
vertical surface deflectiorand degree of compatibilityfhe surface deflections are
measured by integrating impulse velocity readings of an accelerometer fixed inside a
circular loading plate, the vertical deflectiomoducedfrom accelerometer readings
are utilized toobtainedsuface soil modulus based @oussineselastic halfspace
theory.

3. Buffer system that used to transfer the load to the plaifermly. (Akbariyeh, 2015
explained that increasintpe number of buffer leado increase the systestiffness
and reduce pulsguration.

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

Time (msecond)
0 5 10 15 20 25
0
o1 bp—————-———"7"""F7"—""""""—"————— ———
IS
é 2t —#—————
c
2
o 33—+ F - ———
2
=
)
O 04F———"-\\"—+———-F—gff—"4—————
Drop No.1|
05 F—————"————"az 2 — | ==@==Drop No.2
==@==Drop No.3
0.6

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

3.5Summary

This chapter explains characterization of the subgrade matbaalssed in this thesithe
methodaused to test materials, the manufacturing of laboratory testing setijpcation

of preparation the subgrade soils in this stublye tests are dividednh to two phase;
laboratory, and laboratory testing setup t€ke laboratory testaiclude the basic physical
and chemical test®hile the laboratory testing set up test consist of static and dynamic
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tests. The static tests representshgtic plate load test (PL.TWhile the Light Weight

deflectometer (LWD) is the dynamic testing devise Al s o, the field de
performed ly the Sand Replacement test and Go@aitter testsThis chapter explain how

the compaction effort of subgradmils in the laboratory testing setup was performed by

usingthree number of passes of compactaicke (8, 12, and 6).

The methodology in this study includpteparatiorthe subgrade sailat its optimum
water content inhte laboratory testing setup, and compacted it in three different degree of
compaction depends on number of passes of compactiocededer eachdegree of

compaction thesubgrade soil properties were performed under static and dynamic tests.
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Chapter Four
Resultsof Experimental Tests

4.1 Introduction:

This chapter presents and discusses the results of 126 experimental testsegeoform
different types of soil, 27 of these tests were cawigdinder the static load, 3dstswere
subjected to the dynamic load, and the remaining 45 testes for other required field tests to

determine the field densities and degree of compaction.

4.2 Densities Tests Results:

The degree of compaction and field densities of subgrade soils are summarized in Table
(4.1). The field densities were selected basethemumber of passes of the compacting
device on soil layerg=rom the results in table belpw can be seen that when increasing

the number of passes, the dry density incieaswlits increasings different from one soil

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

percentage of fine content], watamntent and compaction effofGuerrero, 2004)

Table (4.1):Field Densities &sts

Core-Cutter Test SandConeTest
Typet No. of Points Bullg Dry Degree_of Bullf Dry Degree_of
of soil Passes density density  compaction  density density  compaction
(gm/cm3) (gm/cm3) % (gm/cm3)  (gm/cm3) %

1 1.930 1.685 89.37 1.99 1.733 91.95

8 2 1.907 1.690 89.65 2.01 1.741 92.36

3 1.967 1.742 92.43 2.02 1.751 92.89

o 1 1.902 1.761 93.40 1.96 1.776 94.19
F:' 12 2 1.850 1.700 90.00 1.91 1.716 91.00
< 3 1934  1.730 92.00 1.96 1.744 92.50
1 1.983 1.843 97.79 2.01 1.857 98.51

16 2 1.929 1.801 95.55 2.03 1.830 97.09

3 2.034 1.855 98.43 1.98 1.860 98.68

1 1.973 1.830 85.73 2.03 1.886 88.33

8 2 1.949 1.835 85.93 2.03 1.888 88.41

3 1.997 1.851 86.69 2.02 1.898 88.89

™ 1 2.026 1.893 88.69 2.09 1.975 92.50
<;: 12 2 1.977 1.874 87.78 2.01 1.898 88.89
3 1.962 1.858 87.01 2.00 1.890 88.51

1 2.151 2.023 94.77 2.10 1.974 92.46

16 2 2.172 2.030 95.07 2.17 2.035 95.31

3 2.155 2.039 95.49 2.20 2.047 95.87
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Table (4.1):Field Densitis Testscontinue

Core-Cutter Test Sand-ConeTest
Type  No.of . . Bulk Dry Degree of Bulk Dry Degree of
of soil ~ Passes density density  compaction  density density  compaction
(gm/cm3)  (gm/cm3) % (gm/cm3) (gm/cm3) %
1 1.870 1.439 83.69 / / /
8 2 1.817 1.447 84.15 / / /
3 1.863 1.431 83.20 / / /
© 1 1.857 1.520 88.38 / / /
N 12 2 1863 1491  86.70 / / /
< 3 1808 1479 8599 / / /
1 1.880 1.622 94.03 / / /
16 2 1.959 1.632 94.90 / / /
3 1.997 1.646 95.70 / / /

4.2 Resultsof Plate Load Test:

Twenty-seven PLT tests were performed on three types of soil under different degree of
compaction. The PLWasconducted by applying the load incrementally, the magnitude of
maximum applied load used inighstudy is 50 kN (5 tonsY.he following characteristics

of subgrade materials were extracted from PLT tests:

1 Pmax.: maximum contact pressure in (kPa) produced from the ratio between applied
load and area of the loading plate.
Umax.. maximum settlement of the loading plate under the static load.

Ks: modulus of subgrade reaction in (kPa/mm) obtained from equation (2.1).
Es: Yo u n gnodslusdetermined as a functioof maximumsurface deflection
usingtheequation below.
ADS$p o
o, NEPP ©°

T X
The following subsections summarize measurements of PLT tests:

(4.1)

For A-1-b Subgradesoil from Al-Meelad district, the fundamental propertiesf soil
obtained frontonductingd PLT tests are listed ifiable @.2). It wasnotedthat the values
of subgrade reaction modulus obtairfedin actual loaedeformation curve before the
correction ranged from 222t6 313.6kPa/mmwith an average 255.07 kPa/mm. While the
subgrade reaction modulus obtained from ected loaedeflection curve ranged from
313.6 to 431 kPa/mm with an average equal to 361.43 kPalimvalues of correction
factor varied from 0.61 to 0.79 with average 0.The value of elastic modulus ranged
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from 21.1 to 55.9 MPavith an average equab 32.15MPa Whereas, the value of
maximum contact pressure varied from 432.2 to 732.39 kPa with average value equal to
631.95 kPaThe results also indicatedatthat maximum settlement varied from 2.7 to 6.47
mm with an average equal to 4.46 mm.
Figure(4.1) shows the average leddformation curve of PLT tests.

Table (4.2): Summary oplate loading test results f¢A-1-b) soil atAL-Meelad

No. of . Pmax. Elmax ( Ks ) from ( Ks ) from *ES

Passes Points (kPa) (mm) Actual Curve Corrected Curve (MPa)
(kPa/mm) (kPa/mm)

1 563.0 5.200 222.6 313.6 23.20
8 2 704.2 6.473 246.4 345.0 23.30
3 563.0 5.260 287.5 363.0 22.96
1 721.4 5.112 222.6 363.2 30.26
12 2 432.2 4.390 222.6 345.0 21.17
3 732.0 6.370 246.4 345.0 24.65
1 704.2 3.470 246.4 383.3 43.50
16 2 563.0 2.272 287.5 363.5 44.40
3 704.0 2.700 313.6 431.3 55.90
Average 631.95 4.63 255.07 361.43 32.15
St.dv. 104.83 1.42 33.40 32.52 12.59

Note:*The value of Poi sson’s ratio used to3deter mine
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Figure (4.1): Average load- deformation curvdor A-1-b soil

For A-3 Subgradesoil from Al-Faris district, the fundamental propertiex soil
obtained frontonducting® PLT tests are listed in Tablk.g). The results revealed that the
value d subgrade reactionbtainedfrom actual loaedeformation curve before corremt
ranged from 246.430 711.3 kPa/mmwith an average 401.33 kPa/mm.hil¢ after
correcing load — deformation curve the value of subgrade reaction modulus range from
246.43to 766.7kPa/mm with an average equak@®r.38kPa/mm The values of correction
factor varied from &7to 1.0with average.86 When thecorrection factor valuesactes
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to 1.0 that measthe loaddeformation curve is a straight line passing through thgrori

andi t

d aeedsamy correction according to the recommendatigAASHT O, 2007,

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

Maximum settlement of the soil that produced from average readings of diakganged

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

contact pressure varied frof82.96 to 691.14 kPa with average value equal to 624.52 kPa.

Figure (4.2) showTheaverage loadleformation curve

Table (4.3): Summary oplate loading test resulter (A-3) Soil at (AL-Farig

No. of = i (Ks) from (Ks) from ‘Es
Passes Points (kEa;') (rr:qr?;) Actual Curve  Corrected Curve (MPa)
(kPa/mm) (kPa/mm)
1 492.96 4.728 246.4 246.4 22.36
8 2 492.96 3.370 255.6 255.6 31.36
3 492.96 2.013 300.0 300.0 52.51
1 690.10 2.583 460.0 460.0 57.30
12 2 690.10 2.747 287.5 460.0 53.86
3 690.10 2.670 345.0 431.3 55.52
1 690.10 1.830 711.3 711.3 80.86
16 2 690.10 1.750 431.2 755.2 84.56
3 690.10 1.750 575.0 766.7 84.68
Average 624.52 2.60 401.33 487.38 58.11
St.dv. 98.68 0.97 158.99 209.60 22.29
Note:*The value of Poisson’s ratio used to
Settelment (mm)
0.0 0.2 0.6 0.8 1.0 1.2
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Figure (4.2): Average load- deformation curve foA-3 Soil

deter mi ne

For A-7-6 Subgrade soil from ARofaedistrict, the fundamental propertiessoil obtained

from conducting 9 PLT tests are listed in Table4)4lt was noted that the values of

subgrade reaction modulus obtaindm the actual loaddeformation curve before
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corrected curve rangesld to 138 kPa/mm with an average 90.1 kPa/rhile after
correcing load— deformation curve the value of subgrade reaction modulus range from
135.3 to 246.4 kPa/mm with an average equal to 184.3 kPalhmervalues of correction
factor varied from 0.28 to 1.0 with average 0\d/hen thecorrection factor value reaeh

to 10 that measthe loaddeformation curve is a straight line passing through the origin
andi t d aeedsamy correction according to the recommendatigAASHT O, 2007,

The value of elastic modulus ranged framto 43.5 MPavith an average equal to 52.

MPa. Whereas, the value of maximum contact pressure varied from 492.96 to 690.1 kPa
with an average value equal to 624.5 kFde results also indicated that maximum
settlement varie8.4 to 6.2 mm with an average equal to 4.49 mm.

Figure (44) shows thewverage loadieformation curve of PLT tests.

Table (4.4): Summary oplate loading test results f6A-7-6) il at (Al-Rofag

(Ks) from (Ks) from

No. of . Pmax. []max *ES
Points Actual Curve  Corrected Curve
Passes (kPa) (mm) (kPa/mm) (kPa/mm) (MPa)
1 492.96 6.03 138.0 138.0 17.50
8 2 492.96 6.20 115.0 138.0 17.00
3 492.96 5.77 132.7 135.0 18.40
1 690.1 4.20 53.1 186.5 35.20
12 2 690.1 4.08 57.5 181.6 36.30
3 690.1 3.90 50.0 172.5 37.90
1 690.1 3.44 86.3 230.0 43.01
16 2 690.1 3.40 89.6 230.0 43.52
3 690.1 3.42 88.5 246.4 43.26
Average 624.5 4.49 90.1 184.3 32.5
St.dv. 98.41 1.17 33.14 43.12 11.52
Note:*The value of Poisson’s ratio used to deter mine ¢
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Figure (4.3): Averageload— deformation curve foA-7-6 Soll
After all the soils were tested, the values obtained from the experiments were graphed in

the following figures in order to explain the relationships between the subgrade reaction
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modulus and the obtained dry derestiThe modulus of subgrade reaction increlasih

increasinghedry densities.
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Figure (44): Subgrade reactions. dry densityor (A-1-b) soll
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Figure (4.5: Subgrade reactions. dry densityor (A-3) soil
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The results also shaathat the subgrade reaction modulus incrdag¢h increasing the
degree of compactioas illustratd in Figures below Because the compaction process
improves the mechanicptoperties othe soil by reducinghe volumeof voids containing
air and the soiparticles get closer due to the new arrangeniérdt lead to increase the

resistance, and reduces the deformation capacity.
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Figure (4.7): Subgrade reactiovs. Degee of compactiofor (A-1-b) soil
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Figure (4.9): Subgrade reactiovs. Degree of compactidor (A-7-6) soil

In general, from the all results abowlee higher valuef subgrade reaction modulus is
766.7 kPa/mnfior the A-3 (AL-Faris) soil, while the lower value is 135 kPa/rfanthe A
7-6 (AL-Rofae) soil. Also, the results showed that the subgrade reaction modulus and
elastic modulus obtained from-2 soil are highethan those obtained from-&b (AL-
Melaad) soil, the reason of this that thel4 soil contain the amount of gypsum in it
components about 19.52 as illustrated in Table (3.4), this amount of gypsum effect on the
strength of soil, as mentioned {Razouki et al., 1994), (Razouki and Kuttah, 2004 Kuttah
and Sato,2015)and (Razouki and lbrahim, 2019 Gypsum is one of the soluble salts that
can have a injurious effect on subgrade soils, buildings and earth structures and caused a

difficult conditions for roads.

4.3 Results of Light Weight Deflectometer:

The dynamic properties of subgrade materials were obtained by implementing 54 LWD
tests on three types of subgrade sditee LWD parameters measured during this study
includes:

f  Ud: surface deflection itmm) obtained from double integration to the acceleration
versus time signals of pulse waves recorded by a data acquisition system for the
accelerometer located inside the circular loading plate.

1 (Eq): dynamic modulus in (MPa) measured from baelculatel of the surface

deflection using elastic hatipace theory developed by Boussinesq.
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1 (Dc): degree of compatibility is determined by dividing the mean value of surface
deflection by the mean value of pulse velocity of dynamic impact load generated
in a sulgrade layer. This parameter gives an indication about compaction
characteristics. Generally, if degree of compatibility is less than or equal to 3.5 no
further compaction is required. However, if degree of compatibility is greater than

3.5 further compaabin is recommended.

The following subsections preseéhe measurements of LWD tests:

For A-1-b Subgradesoil from Al-Meeladdistrict, the results of the 18 LWD tests
conducted on different compacted subgrade surfaces are given in Tahld ése results
were calculated by averaging the values resulted from three consecutive drops. The results
exhibited that the vertical displacements ranged from 0.47 to 1.053 mm, with an average
deflection of 0.675 mnfigure (4.10) showed the average dataréideformation curve

The values of dynamic modulus varied from 21.37 to 47.87 MPaamtiverage equal to

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

All time-deflection curves of LWD are listed in Appendi-().

Table (45): Summary of LWD Results fqA-1-b) Subgrade Soilat (Al-Meelad

No. of Point Surface Deflection (mm) Eq Dc
Passs onts U1 U2 Us Mean (MPa) (ms)
1 1.065 1.050 1.044 1.053 21.37 3.649
2 0.651 0.647 0.624 0.641 35.10 3.163
3 3 0.779 0.753 0.723 0.752 29.92 3.679
4 0.537 0.545 0.549 0.544 41.36 3.101
5 0.586 0.577 0.557 0.573 39.27 3.209
6 0.469 0.469 0.471 0.470 47.87 3.422
1 0.720 0.721 0.716 0.719 31.29 3.193
2 0.634 0.627 0.606 0.622 36.17 3.253
12 3 0.811 0.802 0.790 0.801 33.28 3.777
4 0.648 0.639 0.621 0.636 26.85 3.393
5 0.678 0.667 0.682 0.676 28.09 3.364
6 0.866 0.830 0.819 0.838 35.38 3.546
1 0.663 0.659 0.644 0.655 31.34 3.43
2 0.716 0.696 0.684 0.699 41.44 3.07
16 3 0.731 0.712 0.711 0.718 34.35 3.370
4 0.570 0.580 0.590 0.580 32.19 3.487
5 0.545 0.501 0.513 0.520 43.27 3.105
6 0.675 0.665 0.638 0.659 34.14 3.201
Average 0.686 0.674 0.666 0.675 34.593 3.365
St.dv. 0.14 0.13 0.13 0.13 6.41 0.21
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Figure (4.10):Average TimeDeflection Curvefor A-1-b soll

For A-3 Subgradesoil from Al-Faris district, the results of the 18 LWD tests
conducted in Table (8). The results showed that the vertical displacements ranged from 0.391
to 0.675 mm, with an average deflection of 0.553,fRigure(4.11) showed the average data
of time-deformation curveThe values of dynamic modulus varied from 33.33 to 57.54 MPa
with average equal to 47.7 MPa. The average value of degree of compatibility of subgrade soil
was 3.075 ms.

All time — deformation curve are listed in Appendid(-2)

Table (46): Summary of LWD Results fqA-3) Subgrade Soilat (Al-Farig

No of . Surface deflection (mm) Ed Dc
Passes PONtS U1 U2 Us Mean (MPa) (ms)
1 0.645 0.646 0.649 0.647 34.78 3.358
2 0.698 0.670 0.658 0.675 33.33 3.577
8 3 0.619 0.624 0.616 0.620 36.76 3.481
4 0.678 0.667 0.646 0.664 33.89 3.286
5 0.656 0.634 0.621 0.637 35.32 3.253
6 0.648 0.632 0.609 0.630 35.71 3.193
1 0.457 0.451 0.451 0.453 49.67 2.772
2 0.405 0.385 0.384 0.391 57.54 2.887
12 3 0.423 0.423 0.413 0.420 53.57 2.801
4 0.511 0.532 0.500 0.514 43.77 2.868
5 0.624 0.595 0.594 0.604 37.25 2.962
6 0.486 0.471 0.474 0.477 47.17 2.829
1 0.522 0.518 0.499 0.513 42.45 3.094
2 0.582 0.570 0.56 0.571 41.13 2.995
16 3 0.517 0.531 0.543 0.530 44.38 3.107
4 0.561 0.549 0.530 0.547 39.40 2.919
5 0.501 0.500 0.504 0.502 44.82 3.069
6 0.582 0.558 0.561 0.567 39.68 2.894
Average 0.562 0.553 0.545 0.553 41.701 3.075
St.dv. 0.09 0.08 0.08 0.08 6.93 0.24
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Figure (4.11): Average TimeDeflection Curve foA-3 Sall

For A-7-6 Subgradesoil from Al-Rofaedistrict, the results of the 18 LWD tests
conducted on different compacted subgrade surfaces are given in Table (4.7). These results
were calculated by averaging the values resulted from three consecutive drops. The results
exhibited that the vertical displ@&mnents rangeffom 1.401 to 2.020 mm, with an average
deflection of 1.671 mm, Figure (2)lshowed the average data of thaheformation curve
The values of dynamic modulus varigdm 11.14 to 16.11 MPa withn average equal to
13.54 MPaThe average vatiof degree of compatibility was74ms.
All time — deformation curve are listed in Appendipx\(-3)

Table (4.7): Summary of LWD Results fqA-7-6) Subgrade Soilat (Al-Rofae)

No.of  noints Surface deflection (mm) Ed Dc
Passes Us U Us Mean (MPa) (ms)
1 1.864 1.844 1.834 1.847 12.18 4.931
2 1.861 1.871 1.862 1.865 12.06 4.898
8 3 1.809 1.752 1.727 1.763 12.76 4.747
4 2.039 2.001 2.020 2.020 11.14 5.096
5 1.955 1.932 1.937 1.941 11.59 5.041
6 1.965 1.958 1.938 1.954 11.51 5.122
1 1.502 1.513 1.517 1.511 14.89 4.55
2 1.711 1.696 1.676 1.694 13.28 4.341
12 3 1.59 1.552 1.563 1.568 14.35 4.335
4 1.705 1.678 1.675 1.686 13.35 4.85
5 1.681 1.673 1.686 1.680 13.39 5.199
6 1.665 1.657 1.642 1.655 13.6 5.162
1 1.457 1.447 1.454 1.453 13.51 4.318
2 1.526 1.487 1.478 1.497 13.59 4.794
16 3 1.500 1.644 1.555 1.566 15.49 4.410
4 1.571 1.546 1.550 1.556 15.03 4.645
5 1.425 1.378 1.399 1.401 16.11 4.484
6 1.432 1.411 1.427 1.423 15.81 4.385
Average 1.681 1.669 1.663 1.671 13.54 4.74
St.dv 0.20 0.19 0.19 0.19 1.51 0.31
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Figure (4.12): Average TimeDeflection Curve for A7-6 Soil

In generalthe following Figure4.13) to (4.21pelow explain that the subgrade reaction
modulus increase with increasing the dymamodulus, and decrease with increasing the

degree of compatibiljtand surface deflection.
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Figure (4.21): Subgrade reactions. LWD dynamic modulusr A-7-6 soil

4.4: Summary

This chapter included the testing results for characterth@gubgrade soils using three

different soils. The results dividedtimthree phases;

1. Results obtained from static plate load test, these results include the surface deflection,
elastic modulus, and the modulus of subgrade reaction before and after correction the

load— deformation curve,
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2. Results obtained from light weight dedtometer (LWD) test. Three dynamic
measurements were obtained from (LWD) test includes; dynamic modulus, surface
deflection, and degree of compatibility.

3. Results obtained from field densities tests, S@ode test and Coreutter test. From
these test ientified the degree of compaction of soil preparation and both dry and wet
unit weight

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

number of passes of compaction devises, and this lead to indneaskatracristics of

subgrade soils under each static and dynamic tests.
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Chapter Five

Statistical Analysisand Modeling

5.1 Introduction:

The experimental research program was conducted with two testing devices, the plate load
test (PLT) andhe light weight deflectometer (LWD), to evaluate the characteristics of
subgrade soils. The testing measurements obtained from these two devices were compared
and analyzed statistically using regression analysis to examine feasible relationships

between PLT and LWD dat@he analysis results have been divided into two sections:

1 Granular subgradellected fromAl-Melaad and AFarisdistrict

1 Clay subgradesollected fromAl-Rofae soill.

5.2 Statistical Analysis:

Statistical analysiss used to develop a mathematical rabtbetween dependent and
independent variables, atmldescribéow these variables relatedth each other.In this

study regression analysigascarried outo find out the most valid statistical models that
determines thesubgrade reaction (Ks). A gkttcal software called SPSS [Statistical
Package for Social Sciergtevas utilized to perform an extensive regression analysis in

the least square errors, and analyze the relationships among the results obtained from PLT
tests with those determined frolretLWD tests.

5.3 Regression analysis:
Regression analysis @n important and powerful method That progidlee following
things:
91 Description the relationships among the dependent and independent variables
statistically.
1 Testing the hypotheses about tlelationships between variables.

The bestknown types of regression analysis are the following:

59



Chapter Five Statistical Analysis and Modeling

1. Linear Regression Analysis

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

extensively utilized in practical applicationjstclassified as:

A Simple linear regression: presents the linear relationships between a dependent
variable and one independent variable imglgiven as in théorm below:
A O’ Q (5.1)
Where:

Y : dependent variable.

X: independent variable.

a : ConstantRepresentyntercept

b: the slope of the regression line

e : isthe error termthe error in predicting the value of \

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

analysis separately, it is used to predict the value of a dependent variable based on
the value of two or more other variables.

O O Wa8 O E OO (5.2)
Where:

Y : dependent variable.
X1, and X2 : independent variables.
ao: ConstantRepresentyntercept
a1, a.an: slope of the regression lige

2. Nonlinear regression analysis

Nonlinearregression is a form of regression analysis in which dependent or criterion
variables are modeled as a Horear function of the model parameters and depends on
one or more independent variabl&he relationships between the dependent and
independent w@ables in this regression are modeled aslhar (typically curvehps if
every value of Y was a random variablée goal of the model is to make the sum of the

squares as small as possible. Theee several models of this regressitmgarithmic
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trigonometric functions, exponential functions, and other fitting metliadshontoulis
and Miguez,2013).

5.4 : Correlation between variables.

Correlation is a statistical method that shows theiogldietween two variables dhe

degree of the strong reiai, when variables move e same direction it called positive

correlation, otherwiséne negative correlation occuii$ie coefficient of correlation ranges

between1 to 1.The degree of correlation is classified into five points based on the Value o

the coefficient(Montgomery et al, 2011).

T
T
T

T

High degree of correlationvhenthe value of coefficient is above 0.75.

Moderate degree of correlatiomhen the coefficient ranges between 0.50 to 0.75.
Low degree of correlation occurs when the value offiment ranges from 0.25
to 0.5

Absence of correlation when the value is less than 0.25.

5.5: SomeDefinitions about Accuracy of Regression Models:

Theaccuracyof statistical models was evaluated based on some statistical parameters;

1 Coefficient of Detemination (R?): which is defined as the number representing

the variance ratio in the dependent variable that can be predicted from the
independent variable and has a value from Q ¥&WHen the value is equal to one,
this means a perfect correlation besmall poins lieon the suggested least square

line. It can be expressed mathematically as below:

Y p - —— (5.3)

Root Mean Square Error (RMSE): it is a measure of the difference betwées
predicted values from the regression model and the values actually measured that

is being modelled

B W
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A Mean Absolute Error (MAE): Measures the average size of errors in a range of
predictions, without considering their direction. It is the mean on theatiegtis of
absolute differences betwethe prediction andheactual observation.

Where:
B & * (5.5)

VN NO) ;
3

- Observation value.
1..  Predicted value.
L. Mean of observed values
n: Number of samples
A Residual(e): is the measure of vertical distance between the data pointhend

line of equality to describe the adequacy of the model

Residual = Observed vald#®redicted value

A Analysis of Variance (ANOVA) is a statistical technique used to test difference
between two or more means,o r significance of regressi

following (Montgomery, 2011).

Regression sum of squares &S
Error or residual sum of squares £S
Total of Sum squares (95

Mean Square of regression (M)S

o bk~ 0N e

Mean square of residual or error (NS

5.6: Results and Discussion of statistical Analysi
The statistical analysis results have been spilt into two sections; [1] Results of granular

soils, [2] Results of clay soil.

1. For granular subgrade soils

The testing results data obtained from the experimental weridivided randomly into

12 resuls to generate the model and the otBeés used to validate the mod@&lhe first

step to model preparations is the correlation between the variables by using SPSS
Pearson'sinalyzed statistically. A correlation analysiascarried out and summarized

in Table(5.1).

62



Chapter Five

Statistical Analysis and Modeling

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

Ks Ed U d Adry Dc Wc
Ks Pearson Correlation 1 0.604 -0.529 0.815" -0.602" -0.561"
Sig. (2tailed) - 0.033 0.024 0.000 0.008 0.054
Ed Pearson Correlation| 0.604 1 -0.950" 0.459° -0.783" -0.561
Sig. (2tailed) 0.033 - 0.000 0.016 0.000 0.054
i d Pearson Correlation | -0.529 -0.950" 1 -0.527" 0.678" 0.644"
Sig. (2tailed) 0.024 0.000 0.054 0.002 0.004
Adry Pearson Correlation| 0.815" 0.459 -0.527" 1 -0.675" -0.765"
Sig. (2tailed) 0.000 0.016 0.054 0.002 0.000
Dc Pearson Correlation | -0.602" -0.783" 0.678" -0.675 1 0.679"
Sig. (2tailed) 0.008 0.000 0.002 0.002 0.002

We Pearson Correlation| -0.561 -0.461 0.644" -0.765 0.679" 1

Sig. (2tailed) 0.054 0.054 0.004 0.000 0.002

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

**_Correlation is significant at the 0.01 level (2-tailed).

This table show

1. The correlation betweethe dependent variable (Ke)nd some independent variables

ke LWD

sur face

def |

ection

(dd),

degr ee

negative moderate correlation, whictilicates thaanydecreasén these valugleads

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

The LWD measuremesifie.,Ed, dod,

and

and Dc). Whereas the correlatidme t we e n

Dc)

(dd)

have with gh

and

to increase Ks, and vice versa. Also, this degreearfelation can develoan

each otherlt was noted that there is &gative high correlation betwee Ed and

(Dc)

correlation, which means the surface deflection inceeasth increasingdegree of

compatibility.

3. The dryunit weighthas the most significant correlation to Ksh#s a high positive

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

correlation.

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

moderate to low. Moderate positigerrelationwith Eg, negativecorelationwith De,

and low negativeorrelationwith surface deflectiondj).
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Chapter Five Statistical Analysis and Modeling

Based on the results of correlations and the independent variables developing three

set ofregression modelsere developeds clarified below

1.1: Regression models based on LWD testing data
In this phase, the neimear regression analyses were aactdd to develop three
theoretical models that can be used to predict the modulus of subgrade reaction (Ks) as a
function of LWD measur e meTadles(5.2)sumebrizes tha g : Ed,
statistical predictors of these ntinear correlation modsland associated?’Rand MSE
values

For first model,a nonlinear regression modekas developedo predict the
subgrade reaction modulus as a function of LWD dynamic modulus. results of
ANOVA test are listed in Table (5.3), it explaitigat themeansquare erro(MSE) is low
and equaB453 kPa/mm (3.45 MPa/mnand sum of residual is lower than the sum of
regression, which sustained the signifioaof the model. While, from the same table, the
high value of the R(0.92) indicates a perfect predictioThus from thesevalues a
conclusion carbe drawn that the developed model f&-Ed is good. Figure (8) shows
the adequacy of the model and this figure indicates that an acceptable scatter can
recognized between predictadd measured Ksk-rom thesamefigure it can recognize
thatall valuesarewithin the significant level boundarieBigure (5.2) showthe scatter of
residual pointsaround themean zeroln this Figure the residualre plotted againghe
independent variable (Ed) ttetermine if theegression model provides an adequate fit to
the data or if anynderlying assumptions are violatdetom the samefigure, the two

largestresiduas do not fall extremely close tosdraight line By calculaing thetwo largest

standardizedesiduas [Q ‘Q VI, were (2.01, 16)]andthese are not far outside the

nominalstandardizedesiduas that rangebetween(-2, 2).

Forthesecondnodel a nonlinear regression model was developegredict the
subgrade reaction modulus as a function W[ surface deflectionThe results of
ANOVA test are listed in Table &), which explainsthat themean square errédMSE) is
low and equaP013.43%Pa/mm 9.013VPa/mm)andthe sum of residualis lower than
the sum of regression, which sustained theiBaanceof the model. While, from the same

table, the high value of the?0.83) indicates ayjoodprediction. Thusfrom thesesalues
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a conclusion cabedrawn that the developed model fi§r & ds good. Figure (8) shows

the adequacy of the model and this figure indicates that an acceptable scatter can
recognized between predictaddmeasured Ks€=rom the figurat canberecognize that

all values with irthe significant level boundarieBigure (5.4) showthe scatter of residual
points around the mean zero. In this Figure the residuals are pladiedttdwe independent

variable § ¥ Fromthe samdigure, thetwo largestresiduas do not fall extremely close to

astraight line By catulaing the two largest standardized resig@ ‘Q W, were ¢
2.1, 0.9]and these are not far outside the nominsiandardized residusmathat range
between(-2, 2).

Table (52): Summary of statistical models based on L\WdBadlor granular subgrade

soils
. MSE
2
Predictor Model R MPa/mm
Eq (MP Ksg. o ¥ (&Y 092 345
(MPa) ' % 1T®&W % T@Ap ' '
T8t O ¢ ™ ¢ X
od r 44 _ 0.832 9.013
( K8365+08Im$ g‘xlfﬁ))( ™ LU 03t 0A
C& L ~
Dc (ms Ks14&94—+4 = ~ OO0 A 093 4.875
(ms) ox@Bc 1pa $A cum$b A R G
A Note: Ks in (kPa/mm)
Table (5.3): ANOVAZ?test of Ks-Ed model for granular subgrade soils
Source Sum of Squares df Mean Squares
Regression 2280973.785 5 456194.757
Residual 24172.764 7 3453.252
Uncorrected Total 2305146.550 12 /
Corrected Total 337624.073 11 /

Note: Dependent variable: K
a. R squared = 1(Residual Sum of Squares) / (Corrected Sum of Squares) = 0.92
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Table (54): ANOVAZ?testof Ks-d anodel for granulasubgradesoils

Source Sum of Squares df Mean Squares
Regression 2495706.187 7 356529.455
Residual 45067.194 5 9013.89
Uncorrected Total 2540773.381 12 /
Corrected Total 268663.762 11 /

Note: Dependent variable: K

a. R squared = 4(Residual Sum of Squares) /dCected Sum of Squares) = 0.832
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Figure (5.1): Predicted vs. measured modwukWD dynamic modulus model for

granularsubgradesoils.
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Figure (5.2):residuals vs. dynamic modulas WD dynamic modulus model for

granularsubgrade
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Figure (5.4):residuals vs. surface deflectie WD surface deflectiomodel for
granularsubgradesoils.

For the third model,a nonlinear regression modelith high value of Requa to
0.93was developetb predictthe subgrade reaction modulus asracfion of LWD degree
of compatibility. The results ANOVA testare summarizedn Table (55), it explains
thatthe meansquare erro(MSE) is low and equa#857.73&%Pa/mm §¢.857MPaimm) and
thesum of residual is lower than the sum of regressidnch is good for the significae
of the model.Figure (55) explairs the adequacy dfhe model andthe acceptaltity of
scattered between the predicted and measured Ks. From the figraebe recognize
that all values witim the significant level boundarie&igure (56) shows the scatter of

residual points around the mean zero. In this Figure the residuals are plaitestthg
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independent variableDE) to check the normality assungot. By calculaing the two
largest standardized residsf ‘Q W, were ¢0.46, 0.75)]antheseare not far outside
the nominaktandardized residusthat rangebetween(-2, 2).

Table (55): ANOVA?2testof Ks- Dc model for granular subgrade soils

Source Sum of Squares df Mean Squares
Regresmn 2631624.887 6 438604.148
Residual 24288.665 5 4857.733
Uncorrected Total 2655913.552 11 /
Corrected Total 389463.757 10 /

Note: Dependent variable: K
a. R squared = 1(Residual Sum of Squares) / (Corrected Sum of Squares) = 0.93
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Figure (5.5):Predicted vs. measured moduludegree of compatibility model for
granular subgrade soils.
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Figure (5.6):residuals vs. degree of compatibiity- WD degree of compatibilitynodel
for granular subgrade soils.
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1.2: Regression models based orabic soil properties.

In the second phaskasic soil properties were used to devedogubicregression model

with R? equals to 0.90 predict the modulus of subgrade reactionakisa functiorof dry
density This modelis summarizedn Table (56), andthe results o/ANOVA testare
illustrated in Table (5.7) It explainsthat the mean square errd26XxPa/mm 8.262
MPa/mm)andthe sum of residuarelow in compare witlthe sum of regressiowhich is

good for the significare of the modelFigure (57) explainsthe adequacy ahe model
andtheacceptaliity of scattered between the predicted and measured Ks. From the figure
it canberecognize thatall valuesare withn the significant level boundarieBigure (5.8)
shows the scatter of residual pointsoand the mean zero. In this Figure the residuals are

plotted a@instthe independent variabley {) to check the normality assumption. By

calculaing the two largest standardized residi@l [ ' Vi, were (0.66, 042)]andthese

are not far outside the nomirgthndardized residual thaangebetween(-2, 2).

Table (56): Summary of statistical model based sol properties for granular subgrade

soils.
. 2 MSE
Predictor Model R MPa/mm
Yay(@micn?) Ks55335086. 8 pw@r 0.90 3.262

T Note: Ks in (kPa/mm)

Table (5.7): ANOVAZ?test of Ksdry densities model for granular subgrade soils

Source Sum of Squares df Mean Squares
Regression 2516617.884 3 838872.628
Residual 29358.797 9 3262.089
Uncorrected Total 2545976.681 12 /
Corrected Total 292747.347 11 /

Note: Dependent variable: K
a. R squared = 4(Residual Sum of Squares) /d@ected Sum of Squares) = 0.90
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Figure (5.8): residuals vs. dry densitybasic soil properties model for granular
subgrade

1.3: Regression models based on a combitien of LWD data and basic soil
properties.

In the third phase, both basic soil properties and LWD measuremenrd used to develop

a regression model to predict the modulus of subgrade reaction Ks.

A norntlinear model \ith R?equals to 0.87 was developed to predict the modulus of
subgrade reaction Ks as a functiortled dynamic modulus (Ed) and dry densi¥ary) as
explairedin Table (5.8) The results of ANOVA test are summarized in Tabl®)(5t
explainsthat themean square errdMSE) is low and equal595.177kPa/mm 2.595
MPa/mm)and sum of residual is lower than the sum ofesgiion, whichndicates agood
prediction. Thus from #sevalues a conclusion cabe drawn that the developed model
for K- YaryandEd is good. Figure (5)9shows the adequacy of the model and this figure
indicates that an acceptable scatterlmarecognized between predidtandmeasured Ks.
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From thesamefigure it canberecognize that all values are wiih the significant
level boundaried-igures (5.10), and (5.11) shdke scatter of residual points around the
mean zero. In these Figures the residuals are plottenstiipe independent variables (Ed)
and {ary) respectively to check the normality assumptiBrom thesefigures the two
largestresidual @ not fall extremely close tosdraight line By calculatinghe two largest

standardized residuaQ)] ‘Q Vi, were (0.58 0.48)]and these are notfar outside the

nominalstandardized residual thaangebetween(-2, 2).

Table (58): Summary of statistical model bas@wil properties + LWD measurements) for
granularsubgradesoils.

. 5 MSE
Predictor Model R MPa/mm
Ydry(gmlcm?) .
Ed(Mpa) | S1&61X®O v uymE ¢myoo 087 2595

T Note: Ks in (kPa/mm)

Table (5.9):ANOVA?test of KSE d 4y m&flel for granular subgrade soils

Source Sum of Squares df Mean Squares
Regression 2042212.732 4 510553.183
Residual 20761.420 8 2595.177
Uncorrected Total 2062974.151 12 /
Corrected Total 161186.55 11 /

Note: Dependent variable: Ks
a. R squared = 4(Residual Sum of Squares) / (Corrected Sum of Squares) # 0.
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Figure (5.9): Predicted vs. measured modwugy/ oryandEd) for granularsubgrade
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Figure (5.10): residuals vs. dynamic modulugy ¢ryandEd) for granular subgrade.
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Figure (5.11): residuals vs. dry density(Y aryandEd) for granular subgrade.
2. For clayey subgrade soils data
Theresults data obtained from the experimental work was analyzed statistically into two
phases based on the personal correlations analysis and independent variables that used in
developing simple regression models that Wil improvedin the future studiesA
personal correlation analysis between dependent and independent variables were carried
out and summarized in table (6)1
This table show
1. The correlation between dependent variable (Ks) and some independent variables like
LWD surface deflectiond d Ydegree of compatibility (Dc), and water content is
negative high correlatiomvhich meas thatany derease in these value lead to increase

Ks, and vice versa. Also this degree of correlatisg®od for acceptable model.
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2. The LWD measuremes{ E dd, anddDc) have high to moderate correlation between
each otherThec or r el at i on bisHhigmegativecretlatiannAdd tie d
correlationb et ween (06d) and (Dc) i s pamtthei ve hi g
surface deflection increaswith the increaseof degree of compatibility. Whereas the
correlation between Ed and Dc is negative moderate correlation. This degree of
correlation between the independent variabiesnot suitable to collect these
independent variables in one model with Ks.

3. The dry density has the most significant correlation to Ks, it has a high positive
correlation with Ks. While with water content the dry density has negative high
correlation.

4. The correlation between the dry density and LWD measurements jpbsgitive with

Edand negative with Dc and surface defl ecti

Table (5.10): Correlation between variables for clayey subgrade soils

Ks Ed U d Adry Dc Wc
Ks Pearson Correlation 1 0.910° -0.961" 0.984" -0.768  -0.861"
Sig. (2tailed) =" 0.001 0.000 0.000 0.016 0.003
Eq Pearson Correlation| 0.910 1 -0.907°  0.865" -0.748  -0.746
Sig. (2tailed) 0.001 0001  0.003 0020 0021
i d Pearson Correlation| -0.961°  -0.907" 1 -0.906" 0.767 0.835"
Sig. (2tailed) 0.000 0.001 =" 0.001 0.016 0.005
Adry Pearson Correlation| 0.984" 0.865°  -0.906" 1 -0.763  -0.820°
Sig. (2tailed) 0000  0.003  0.001 0017  0.007
De Pearson Correlation| -0.768  -0.748 0.767 -0.763 1 0.529
Sig. (2tailed) 0016 0020 0016  0.017 0.143

We Pearson Correlainh | -0.861°  -0.746 0.835" -0.820° 0.529 1

Sig. (2tailed) 0.003 0.021 0.005 0.007 0.143 ---

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

**_Correlation is significant at the 0.01 level (2-tailed).

Based on the resultsf personal correlations and the independent variaties ses of

regresion modelsvere developeds clarified below.
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2.1: Regression models based on LWD testing data

In this phase, regression &ysms was conducted to develtiree theoretical modelbat
can be used to predict the modulus of subgrade reaction (Ks¥uateoon of LWD
measur ed dat aTalted5.11Ruchmarizestite stétistical predictors of these
models and associated, RndMSE values

For the first model, a simple lirer model was developed to predict the subgrade
reaction modulus as a function of LWD dynamic modulus with good valué of(R83
The results oANOVA testaresummarized irmable (5.2), which explainsthat themean
square errofMSE) is low and equaB66 kPa/mm Q.366MPa/mm)andthesum of residual
is lower than the sum of regression, which sustained the sigriécdithe model Table
(5.13) explairsthe testing of residual for developing model, as shovthndatable the mean
of residual and standamésidua$ equal to zero, and th& animportant condition for
acceptable model.

For the second modela simple linear model with value o Rqual to 0.92 was
developedto predict the subgrade reaction modulus as a function of L\Pface
deflection Table (5.8) summaizestheANOVA test,it explainsthat themean square error
(MSE) is low and equal 16&Pa/mm 0.163MPa/mm)andthe sum of residual is lower
thanthe sum of regression, which sustained the significafitke model Table (5.5)
explains the testing of residual for developing model, as shown in table the mean of
residuas and standard residakqual to zero, and tha animportant condition for

acceptable model.

Table (511): Summary of statistical models based on L\ddedforclayey subgrade

soils
. 5 MSE
Predictor Model R MPa/mm
Eq (MPa) Ks26 %86172.55 083  0.366
dd (r Ks=551-:271391.A8 7 092  0.163
Dc (ms) Ks-116112x 8190w puypdOw 08 0.593

pp@F Ow

T Note: Ks in (kPa/mm)
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For the third model,the subgrade reaction modulwss predicteds a function of
LWD degree of comatibility with value ofR? equal to 801. Table (516) summarizes
the ANOVA test,it explainsthat themean square errdMSE) is low and equal 593.28
kPa/mm 0.0.593VPa/mm)and sum of residual is lower th#re sum of regression, which

sustained the smgficant of the model

Table (5.12): ANOVA?test of Ks LWD dynamic modulus for clayey soil

Model Sum of Squares df Mean Square
Regression 12310.929 1 12310.929
Residual 2562.194 7 366.028
Total 14873.122 8 /

a. Dependent Variable: Ks
b. Predictors: (Constant), Ed

Table (5.13): Residuals statistié®f Ks- LWD dynamic modulus for clayey soil

Minimum  Maximum Mean Std. Deviation N

Predicted Value 131.890 248.130  184.255 39.228 9
Residual -12.340 45.393 0.000 17.896 9

Std. Predicted Value  -1.335 1.628 0.000 1.000 9
Std. Residual -0.645 2.373 0.000 0.935 9

a. Dependent Variable: Ks

Table (5.14): ANOVAZ?test of Ks LWD surface deflection foiclayey subgrade soll

Model Sum of Squares df Mean Square
Regression 13727.374 1 13727.374
Residial 1145.748 7 163.678
Total 14873.122 8 /

a. Dependent Variable: Ks
b. Predictors: (Constant), od
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Table (5.15):Residuals Statistiésof Ks- LWD surface deflection for clayey soil

Minimum  Maximum Mean Std. Deviation N

Predicted Value 123.25 241.27 184.255 41.423 9
Residual -12.779 21.485 0.000 11.967 9

Std. Predicted Value  -1.468 1.376 0.000 1.000 9
Std. Residual -0.999 1.679 0.000 0.935 9

a. Dependent Variable: Ks

Table (516): ANOVAZ?test of Ks LWD degree of compatibility forclayey subgrade sc

Model Sum of Squares df Mean Square
Regression 317457.689 4 79364.422
Residual 2966.421 5 593.284
Uncorrected Total 320424.110 9 /
Corrected Total 14873.122 8 /

Dependent variable: Ks

a. R squared = 4(Residual Sum of Squanes(Corrected Sum of Squares) = .801.

2.2: Regression models based on basic soil properties.
In the second phadeasic soil properties were used to devekapession modets predict
the modulus of subgrade reaction &sa function of dry density anchter contentTable
(5.17) summarizes the statistical predictors of these models and assodasewl RSE
values

For the first model, the subgrade reaction modules developea@s function of
dry density A simple linear regression model with high valaf R equal to 0.96 was
developedTable (518) summarizeshe ANOVA test,which explains the sum of residue
is lower tharthesum of regression whictustained the significanoé the model Also, in
the same table the mean square en®r67.224«Pa/mm (0.067 MPa/mm) which is
acceptable value for the significanad the model.Table (519) explairs the testing of
residuas for developing model, as shown time tablg the mean of residual and standard

residualis equal to zero, and thet animportant cadition for acceptable model.
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Table (517): Summary of statistical model bassail propertiedor clayey subgrade

: MSE

2
Predictor Model R MPa/mm
Yary (gmicnd) Ks 485. 64555 . 32 096  0.067
We Ks 499 (@194 387 0742  0.548

1 Note: Ks in (kPa/mm)

Table (518): ANOVAZ?test of Ks dry density forclayey subgrade soil

Model Sum of Squares df Mean Square
Regression 14402.553 1 14402.553
Residual 470.569 7 67.224
Total 14873.122 8 /

a. Dependent Variable: Ks
b. Predictors: (Castant), Adr y

Table (519): Residuals Statistiésf Ks- dry density model for clayey subgrade soil

Minimum Maximum Mean Std. Deviation N

Predicted Value 139.5798 243.9852  184.2556 42.43017 9
Residual -9.34946 12.88385 0.000 7.66949 9

Std. Prediad Value -1.053 1.408 0.000 1.000 9
Std. Residual -1.140 1.571 0.000 .935 9

& Dependent Variable: Ks

Forthesecond model, the subgrade reaction modwhkss predicteds function of
water contentA simple linear regression model with acceptable vafu®? equal to 0.742
was developedlable (5.20) summarnesthe ANOVA testwhich explainsthatthe sum of
residue is lower than sum of regression which sustained the sigoémfahe modelAlso,
in same table the mean square eli548.80&kPa/mm (648 MPa/mm) which is
acceptable value for the signifiaan of the modelTable (5.21) explamthe testing of
residual for developing model, as shownthe table the mean of residual and standard

residualis equal to zero, and thet animportant condibn for acceptable model.
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Table (520): ANOVAZ?test of Ks water content forclayey subgrade soil

Model Sum of Squares df Mean Square
Regression 11031.520 1 11031.520
Residual 3841.603 7 548.800
Total 14873.122 8 /

a. Dependent Variable: Ks
b. Predictors: (Constant)wc

Table (5.21) :Residuals Statistiésf Ks- water content model for clayey subgrade sc

Minimum  Maximum Mean Std. Deviation N

Predicted Value 125.5367 226.9128 184.2556 37.13408 9
Residual -33.41540 37.32191 .00000 2191347 9

Std. Predicted Value  -1.581 1.149 .000 1.000 9
Std. Residual -1.426 1.593 .000 .935 9

& Dependent Variable: Ks

5.7: Summary

To understand the significaof the different parameters in characterizing of dynamic
properties, and basic soilgperties. Or both of them of the subgrade reaction modulus its
necessary t@€onducta statistical modeling. However, this chapter proved the ability to
introduce aracceptablenodelto predictthe subgrade reaction modulus from dynamic
measurements obtaitiérom (LWD) test basic soil properties, and both of them.
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Chapter Six

Finite Element Analysis

6.1 Introduction

The finite element method is one of the most powerful ways to solve differential equations,
especially when these equations are appliedtoplexstructureswith complex boundary
conditions Thesecomplexstructures can be either twotbreedimensional shaewhich
aresubdivided into a number dfiangular orquadrilateraklementsas shown irFigure

(6.1). Then solve differential eqgatiors, over these elements.

Figure (6.1): Threedimensional shape subdividedarelements.

The basic idea in the method of specific elements is to find a solution to a complex problem
by replacing it with a simpler one. Because replacingattiaal problem with a simpler
solution, an approximate solution will be found instead of the exacTbedinite element
analysis has been widely used in the field of structural mechanics to solve different types
of engineeringproblems, such as heat durtion, fluid dynamics, seepage flow, and
electric and magnetic fieldéRao, 2011).
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In this chapter, 3D finite element program commercially known as (Plaxis
Plasticity AxtSymmetry), was used to model subgrade layer. PLAXIS 3D is a special finite
elemen software used to implement deformation, stability, and flow analysis for various
types of geotechnical applicat®iNowadaysthis program is mostly used by geotechnical
engineers to analyze the foundation of different structure, because it provites bet
understanding on the behavior of soil under various loading condition, static and dynamic.

The main focus of using Plaxis 3D in this study was to create a 3D subgrade model to:

A SimulateLWD impulse load to find timeleflectia.

A Simulate PLT static loatb find load-deflection curve of subgrades
A comprehensive description of the material’
conditions, mesh and element configurations, dynamic loading techniques, and static

loading techniques are presented itadén the following subsections:

6.2 Material Characteristics:

To simulate the behavior of a soil, Plaxis provides four models; linear elastic model, Mohr
coulomb model, hardening soil model, and Soft soil creep model to allow the user to select
suitabe mechanical behavior of the soil. In this study, the finite element calculation is
divided in to two phases;

In the first phase, finite element modeling has been analyzed to examine vertical
surface deflection under static load to develop 4defiection curve to obtain subgrade
reaction modulus. Based on previous studies carrig@dngdoru and Toma, 2009)(Palix
et al, 2011) (Demir et al, 2013),and(Ahirwar, and Mandal, 2017), the belavior of soil was
simulated by Mohicoulomb model, this linearly elastigerfectly plastic model considered
as a first approximation of soil behavior, this model involves five parameters as an input

data namely;

T Young’' s mdasthe basielasticddulus In this studythe modulus of
elasticityvariedfrom 21.17 to 84.67 MPaas used in this work

T Poi s on ’3sasreeommeaended (PLAXIS 3D Reference Manual, 2013)his
parameterange between 0.3 and Owvhich gives a realistic ratio iess than 1,

In this study3 was assumed.3.
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f Cohesion (c) in (KN/ff) is determined from unconfined compression test for
undisturbed clay specimein this study the cohesion coefficienvas obtained

from the equation derived Ifrsoy et al.,2013):

8
# Co uo—) (6.1)

Where:

Pl: is the plasticity index.
LL: is the liquid limit.
1 Friction angle @), is enteredn degree, it is used to model the effective friction of
soi l by means of Mohr's stress circle, i
shear test and it ranged from 5.58° for-4 soil to 38° for Al-b soil.
1 Dilatancy angle ) this value is muclksmaller than friction angle, for clay soil

this valueis equal to zero, but for sands it depends on both the friction angle and
density of the sand, the order of magnitudéAsAXIS 3D Reference Manual, 2013)

r e OT (6.2)

In the secongbhase, the surface deflection under impulse LWD loading condition
was calculated using linear elastic model to simulatediidehaviorBased on the resslt
obtained from(Ameri et al, 2012), Kalliainen et al,2016),and(Shaban,2016}hey found that
usgng linear elastic properties for subgrade layer proslaceeptable degree of accuracy,
this model based on Hooke’s | aw of isotropic

y 0 u singodulus E, and poisons raso

The 150 mm radius loading plate in both phases was modeled as explained by
(Demir et al, 2013) It was assumed to be isotropic, and the basic geometry parameters of
the loading plate include the thickness, d = 0.015 m, elastic modulus, E = 7233810

Poi ssom=s0ra0joand the unit weight of the pl

6.3: Geometry and Boundary Conditions
A 3D finite element tool which typically requires much more computational time, but

provides ideal results was utilized to model gnalole. A geometry model consists of
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boreholes and horizontal work planesy{pplanes The work planes define geometry lines
and structures, while the local soil layers, ground surface level, and pore water pressure
were defined in the boreholes.

In this work, model was created with dimensions similar to those in the
experimental work as shown in Figure (6.2), this large geometric model (1.5 nx@dth
m lengthx 0.65 m deep) would help to avoid undesirable reflection of the scattered wave
source othedynamic loadand the stress bulb due to the static load

To minimize the influence of the stress distributittre boundary conditions were
chosen. A fixed support was used in the edges and in the bottom base of the model to
prevent any movement in therimontal directionwhile the surface of the model is free in
all directions, these general fixities of the boundaries are automatically imposed by Plaxis
3D.

Fixities (No horizontal

movement)

wago'o

DR s ey t
Fixities (No hor'\zonta\ movemen ) k’

| Y
Figure (6.2): Geometry and boundary conditions of 3D Finite Element Model.

6.4 Mesh and Element Configurations

After the geometry model is created and material properties are fully defined to subgrade
soil layer, the geometry has to be dividatb fine elements called finite element mesh,
these elements are interconnected at speqgtiats lie on the element boundaries called

nodal pointsas illustrated in Figure (6.3).
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Figure (6.3): 3D soil dements (1éhode tetrahedrons).

in this project the subgrade soil modeled as tetrahedral element witid&8 fine element,

used the atomatic meshing procedure, i.e. target element size was 0.7, polyline tolerance

angle was 30° and surface angle tolerance 15°. These dimensions for finite element were

selected after several analyses on different mesh size, so the surface deflectton is no

affected by the boundary conditions. The developed mesh has 60,106 nodes and 41,281

elementsas shown irFigures (6.4) and (6.5).
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Figure (6.4): Ten—nodes finite element mesh
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Circular
distributed load

Figure (6.5): Developed geometry with loading plate

6.5 Loading Condition:

6.5.1 Static loading condition:

Twenty-seven PLT tests for three types of subgrade soils that used in the experimental
work were simulated numerically using Plaxis 3D software. The vertical static loads were
increased in steps, aride plate displacementvere calculated under each load step to
develop loaedeformation curves, then the modulus of subgrade reactiorcalasated

from the simulated loadeformation curve.

6.5.2 Dynamic loading condition:
Soil layers are often sudgted to various dynamic loading conditions, as in earthquake and
traffic | oad..etc. UWD werddewloped tagdmulatee3rdffici mpul s e
load.

LWD impulse load generage&ompressive pulse stress with 100 kPa amplitude and
a pule time of 0.018 seconds. This stresaulatesa tire pressurgeneratd from a truck
with axle 100 kKN weight moving at speed 80 kN/As.shown in Figures (6.6) and (6.7),

this stresss defined adollows:

84



Chapter Six Finite Element Analysis

O 8d & "Q0— (6.3)
Where:

F: Applied pressure at Time (t).
Amplitude multiplier = 100

1. Input value of load = 7.07 KN
"Q: Loading frequency = 27.4 Hz

ng¢. Initial phase angle = 5 degree.

120

100

80

60

40

20

I N |

Transient LWD Polse Load (kPa)

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14

Time (second)

Figure (6.6): Normalzedtransientpulseload of LWD (Shaban,2016)

Multipliers

| Displacement multipliers | Load multipliers

EJ}_, “‘ Name LoadMultiplier_1

Signal [rable =
Ed e 4
#  Tmels] Multiplier
1 0.0000 0.000 -
2 0.0000 0.000 ]
3 0.0000 0.000
4 0.0000 0.000
5 0.18000E-3 3.140
6  0.35000E-3 6.280
7 0.54000E-3 9.420 9
Signal

100

@ @
3 3

Dynamic multiplier
]

204~

0 0ot 002 003
Time (s)

Figure (6.7): Dynamic loading signal, imported from an Excel sheet.
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6.6: FE Calculations:

Finite element calculations were divided into three phases:

1. Initial phases: this phase represents the stapioint for further calculation, which
defines the initial stress for the soil model taking into account weight of material and
loading history of it by using Kprocedure, where &is the coefficient of lateral earth
pressure at rest. The required partarein the development procedures of initial
stresses are twogkalues, one value is specified for thdiyection, and the other value

is specified for the xdirection:

A
ThOLTOU (6.4)
A

In engineering practice, thegkalue for a normally consolidated soil is frequently
assumed to be connected to the angle of internal friction according to daipjiscal

expressiorfJaky, 1948):

+ p OEI (6.6)

2. Plastic calculation phaséoading at this stage can be defined as changing the load
composition, stress, weight, strength, or stiffness of the elements.

3. Dynamic calculation phas¢he applied dynamic loading is the wésof multiplying
the dynamic load multiplier by the input value of the dynamic load. The critical time
step is defined by the newmark time integration scheme in which the time step is
constant during the analysis. This phasgctivated irthecalculaton of LWD impulse
load.

6.7 : Results and Discussion of Finite Element Calculation:
The results of numerical models with PLAXIS 3D software that used to simulate the

experimental work were divided into two subsections: [1] results of surface deflection
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obtained from LWD dynamic loachand[2] results of maximum surface deflection, and

subgrade reaction modulus obtained from PLT static load.

6.7.1 LWD Finite Element Results

The surface deflections resedif r o m f

t he

surface deflectiond he following subsections summarize the LWD finite element results:

For A-1-b soil, the output of finite element surface deflection varied from 0.525 to

i ni

t e

erkvevere comparadowdtle | i n g
experi ment agxpFerdhret gpeseof ilmfade sald/ofl-b, A-3,0
and A7-6, the esults are summarized in Tables (6.1) frasents FE and experimental

1.02 mm with an average value 0.672 mm and standard deviation equal to/@tla4or

A-3 soil the surace deflection obtained from finite element modeling range from 0.44 to

0.661 mm with an average equal 0.57 mm and standard deviation Ar@b%or clayey

soil A-7-6 the results show that the value of surface deflection varies from 1.168 to 1.766

mm withan average value 1.429 mm and standard deviation equal to 0.178

Table (6.1): Summary oexperimental and FEor LWD surface deflectionf subgrade

soils

Test A'l‘b A'3 A'3
No. UExP. UFEM. UExp. UFEM. UExp. UFeEM.
(mm) (mm) (mm) (mm) (mm) (mm)
1 1.053 1.012 0.647 0.640 1.847 1.568
2 0.641 0.651 0.675 0.661 1.865 1.584
3 0.752 0.727 0.620 0.613 1.763 1.460
4 0.544 0.584 0.664 0.644 2.020 1.766
5 0.573 0.597 0.637 0.643 1.941 1.698
6 0.470 0.525 0.630 0.640 1.954 1.708
7 0.719 0.769 0.453 0.4%A9 1.511 1.280
8 0.622 0.639 0.391 0.444 1.694 1.466
9 0.801 0.721 0.420 0.470 1.568 1.314
10 0.636 0.647 0.514 0.545 1.686 1.407
11 0.676 0.671 0.604 0.605 1.680 1.409
12 0.838 0.753 0.477 0.504 1.655 1.387
13 0.655 0.664 0.513 0.553 1.453 1.419
14 0.699 0.694 0.571 0.565 1.497 1.406
15 0.718 0.691 0.530 0.535 1.566 1.234
16 0.580 0.559 0.547 0.576 1.556 1.256
17 0.52 0.542 0.502 0.535 1.401 1.168
18 0.659 0.648 0.567 0.598 1.423 1.196
average 0.675 0.672 0.553 0.570 1.671 1.429
St. dv 0.134 0.110 0.085 0.065 0.192 0.178
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6.71.1 T-Test Analysis for LWD finite element results

Since the datare fewer than 3@he variations between experimental and FE results were
conducted using paired FTest methodThe results for the three soils are ergdin
Table (6.2)

For A-1-b subgrade soithe results othe T-Testanalysis were [t17) = -0.37,
probability = 075 > 0.05] which means there is no significant variance between predicted
and measured surface deflection dedrease value is @B with confidence interval 95%
see Figurg6.8).

For A-3 subgrade sqithe T-Test results showed that therasgnificant variance
between simulated and measusediface deflectionthis small variatiorcan be attributed
to many reasons, such as the testditions the FE modetannot predict the soil behavior
accuratelyandmesh sizeT-Test analysis werg (17) = 3.09, probability = 0.008 < 0.05]
the mean increase value 0.017 with 95% of confidence infexsallustrated in Figure
(6.9).

For A-7-6 subgrade soil, thpaired FTest result was [t (17) =14.27, probability
> 0.05]that means there is a significant variance between predicted and measured surface
deflection this variationcan be attributed to many reasons, such as the test condhiens
FE modelcannot predict the soil behavior accuratedgme soil properties, which are
assumed due to the laoktesting deviceandmesh sizeAnd the mean decrease value is
0.242 with confidence interval 95%s illustrated irFigure (6.10).

Table (62): Summary of FTest Analysis foLWD finite element results of subgrade

Soil Surface No.of Mean Standard

Type deflection data Samples (mm) Deviation Paired Sample Ftest Method

Bio)

Srem. 0 — = & X
ﬁ Measurements 18 0.672 0.110 l o Qe
& Probability 0.75> 0.05
Oexp. 18  0.675 0.134 Variance Nosignificant
Measurements
‘ o
Orem. 0 PP 08t W
©  Memuomens 18 0570 0.065 o0
< Probability 0.008 < 0.05
M Oexp. 18 0553  0.085 Variance significant
easurements

. Note: If the value of probability is greater than 0.05 there is no significant variance between variables.
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Table (62): Summay of T-Test Analysis foLWD finite element results of subgraee

continue
Soil Surface No.of Mean Standard .
Type deflection data Samples (mm) Deviation Paired Samgle T-test Method
o 9B &

° OFEMm. 18 1.429  0.178 i oQ P
- Measurements .
P Probability < 0.05

Oexe. 18 1.671  0.192 Variance significant

Measurements

. Note: If the value of probability is greater than 0.05 there is no significant variance between variables.

1.007

(e}
T

Surface deflection SEXP (mm)
g

40

50 0 TIU EIU .E;U 1.00 1.10
Surface deflection 8FE (mm)

Figure (6.8): Predicted vs. measurédVD surface deflectiofior A-1-b soil

Surface deflection SEXP (mm)

40 45 .5IU .5|5 .éU 6‘5 70
Surface deflection GFE (mm)

Figure (6.9): Predicted vs. measurédVD surface deflection for A soil
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Figure (6.10): Predicted vs. measur&dlVD surface deflection for A-6 soil

The typical output of finite element for LWD tests are presentharollowing Figures
(6.11) through (6.13)rhegeometry modedf 3D finite element with circular dynamic load

of LWD were illustrated in the Figa (6.11), this figure explairthe zone thadffected by

the applied load. As emtioned in the experimental wérthat the impact loadbtained
from LWD caussthe stresses zone within the soil like a bulb with a diameter of twice the

diameter of loading plate, see Figure (6.12).
*107 m]
0.52
0.48
.
e — 0.10
— 0.36
— 0.32
— 0.28

(] 0.24

Figure (6.11): 3D Finite element model of LWD test
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Figure (6.12):Bulbe of influence zone of LWD load
To explain the displacement through the subgrade Jagkethe crosssection of FE
modelas shown irFigure (6.B8), the red color represents the highest effect of the load
on the soil surface, which gives the highespticement of the soil, then the effect of
the load decreases downwards whighrepresenteth a blue color.Also, this figure
explains the deformation in the mesh under the load.

0.08
X

L.

Figure (6.13): Distribution ofdisplacements isimulatedsubgradesoil.
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6.7.2 PLT Finite Element Results
Under the same loading condition that used in the experimental work, the PLT tests were
simulated numerically to find the maximum surface deflection, and to develop load
deformation curve, from which the subde reaction modulus was predicted. The FE
results for three soils asammarize in Table (6.3)

For A-1-b subgrade soil, it was noticed thilaé maximum settlement ranged from
2.3 to 6.7 mm with an average value of 4.78 nWhereas the modulus of subdea
reaction Ks ranged from 287.5 to 492 kPa/mm with an average value of 343.82 kPa/mm.
Figure(6.14) displays a typicatompression loadeformationcurve.

For A-3 subgrade soill, it was noticed thla¢ maximum settlement ranged from 2.1
to 5.010 mm with a average value 3.11 mM/hereaghe modulus of subgrade reaction
Ks ranged from 197.14 to 766 kPa/mm with an average value 490.47 kPa/mm. Figure
(6.15) displays a typical compression leddformation curve.

For A-7-6 subgrade soil, the resudlsowed that the maximum settlement ranged
3.52to 62 mm with an average value 4.494m. Whereas the modulus of subgrade
reaction Ks rangettom 135.2to 293.6kPa/mm with an average val@89.37%Pamm.
Figure(6.16) displays a typicatompression loadeformationcurve.

All compression loadeformationcurves are summaedin AppendixB

Table (6.3): Summary oExperimental and FE resulisr PLT test

. Uexp. UrFEM. Ks Exp). Ks (FEMm).
Type of soil  Test No. (mm) (mm) kPai/mr% kPaﬁ/mr%
1 5.20 4.80 313.6 300.0

2 6.47 6.20 345.0 328.6

3 5.26 5.06 363.0 345.0

o 4 511 5.70 363.2 321.0
< 5 4.39 4.85 345.0 287.5
< 6 6.37 6.70 345.0 328.5
7 3.47 4.40 383.3 328.6

8 2.72 3.04 363.5 363.2

9 2.70 2.30 431.3 492.0

1 473 5.01 246.43 197.1

2 3.37 4.40 255.56 255.6

™ 3 2.01 2.68 300.00 363.2
< 4 2.58 3.20 460.00 492.8
5 2.75 3.10 460.00 431.3

6 2.67 2.89 431.25 460.0
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Table (6.3): Summary oExperimental and FE results for PLT tesntinue

. Uexp. UrFEM. Ks Exp). Ks (FEm).
Type of soil  Test No. (mm) (mm) KPa/mm KPa/mm
o 7 1.83 2.25 711.30 690.0
< 8 1.75 2.10 755.20 766.0
9 1.75 2.40 766.70 758.2
1 6.03 6.00 138.00 143.7
2 6.20 6.85 138.00 135.2
3 577 5.53 135.29 146.8
© 4 4.20 3.98 186.49 222.6
~- 5 4.08 4.30 181.58 197.4
< 6 3.90 4,18 172.50 181.6
7 3.44 3.25 230.00 276.0
8 3.40 3.80 230.00 287.5
9 3.42 3.50 246.43 293.6
Settelment (mm)
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Figure (6.14): Typical curve compressio between the experimental and the numerical
simulation for surface settlement for1Ab
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Figure (6.15): Typical curve compression between the experimental and the numerical
simulation for surface settlement forA
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Figure (6.16): Typical curve compression between the experimental and the numerical
simulation for surface settlement for A6

6.7.2.1 T-Test Analysis forPLT finite element results
Since the datare fewer than 3@he variations between experimental and FE results we
conducted using paired FTest methodThe results for the three soils are presented in
Table (6.4):

For A-1-b subgrade soithe results of the analysis were [t (8) = 0.93, probability =
0.17 > 0.05] which means there is no significant variance batpreelicted and measured
surface deflection and the mean increase value is 0.15mm with confidence interval 95%,
see Figurg6.17). Whereas in the modulus of subgrade reaction Ks, tfiest results
showed that there is no significant variance between atediland measured subgrade
reaction modulus, [t (8) =1.49, probability = 0.35 > 0.05], the mean decreased 17.614
kPa/mm with 95% interval as illustrated in Fig(éel8)

For A-3 subgrade soil, the-Test resultshowedthat the [t (8) =6.0, probabiliy
0.0< 0.05] which means there is a significant variance between predicted and measured
surface deflectionthis small variatiorcan be attributed to many reasons, such as the test
conditions the FE modetannot predict the soil behavior accuratehgshsize and the
mean decrease value is 0.15mm with confidence interval 95% as explained in Figure
(6.19). Whereas in the modulus of subgrade reaction Ks, tiest result showed that
there is no significant variance between simulated and measured subgsaten
modulus, [t (8) =0.27, probability = 0.75 > 0.05], the mean decreased 3.088 kPa/mm with
95% interval, see Figur@®.20)
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For A-7-6 subgrade soil, the-Test results were [t (8) =1.03 probability = 0.35 >
0.05] which means there is no signditt variance between predicted and measured surface
deflection and the mean decrease value is 0.105mm with confidence interval 95%, see
Figure(6.21). Whereas in the modulus of subgrade reaction Ks, fhest results showed
that there is a significant vance between simulated and measured subgrade reaction
modulus, [t (8) =3.47, probability = 0.008 ©.05]. This variationcan be attributed to
many reasons, such as the test condititms FE modetannot predict the soil behavior
accuratelysome soiproperties, which are assumed due to the d¢di¢ksting devicesand
mesh sizethe mean decrease2b.125 kPa/mm with 95% interval, as illustrated in Figure
(6.22).

Table (6.4) Summary of FTestanalysis of PLT test for subgrade soil

Typg of Measurements No. of Mean Star)dgrd Paired SampleT-test Method
soil data Samples  (mm) Deviation
OFEM. 9 4,783 1.412 o ’ ?PQ‘_ 8o G
5 9 4.633 1.421 A
2 =P Probability 0.17 > 0.05
< KS (Fem). 9 343.82 59.84 5 ' (AK;_ 08w
KS Exp) 9 361.43 3252 | O %%
(EXF) Probability 0.35> 0.05
9 3.11 0.98 . )
o o B 98t
OEXP. 9 2.604 0.97 L o Qe
™ Probability 0.0< 0.05
< KS (Fem). 9 490.47  208.953 ‘ R
0 = & X
KS Exp). 9 487.38  209.59 1 oe
Probability 0.75> 0.0
OFEM. 9 4.599 1.235 . o
o] e p8t o
© Sexp. 9 4494 1171 RS
~ Probability 0.35> 0.05
< KS (Fem). 9 209.37  63.649 5 R o8 T
KS Exp) 9 184254 43.124 g Qe

Probability 0.008 < 0.05

Note If the value of probability is greater than 0.05 there is no significant variance between variables
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The typical output of finite element f&LT tests are presents the following Figures
(6.23) through (&6). The geometry model &D finite element with circular static load of
PLT were illustrated in the Figure (6.23), this figure ex@#nm@ zone tht affected by the
applied load. The distribution of load through the subgrade lsygained in Figure
(6.24). As mentioned in th experimental work that thetaticload obtained fronPLT
caussthe stresses zone within the solil like a bulb with a diameter of twice the diameter of

loading plate, see Figure (6)25

=103 m]
0.72

Figure (6.24):Distribute the load through the soil layer
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Figure (6.25): Bulbe of influence zone of PLT load

To explain the displacement through the subgrade ldgkethe crosssection of
FE models shown in Figure (662, thered color represents the highest effect of the load
on the soil surface, which gives the highest displacement of the soil, then the effect of
the load decreases downwards whighepreserdd in a blue color.Also, this figure

explains the deformation the mesh under the load.
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Figure (6.26): Distribution of displacements in simulated subgramlke s
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2.8: Summary

In this chapter explainethe finite elementmodel thatdeveloped in dimensions (1.2 m
width, 2.4m length, and 0.65m depth). Té@lmensions are similar to those used in
experimental work. the boundary conditions were chose as fixed in all directions and in
base as used in the experimental work. using two types of loading conditions; static to
simulate the static plate load testdadeveloped load- deformation curve obtained
subgrade reaction modulus from it. And dynamic loading condition to simtblatéght
weight deflectometer test to identify the maximum surface deflection. Also this chapter
include the TTest that used otanalysis the experimental and finite element results to

explained the variance between the results.
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Chapter Seven

Conclusions and Recommendations

7.1 Conclusions

Based on the results of the experimental and theoretical, warkollowing conclusions

are drawn

1-

From the laboratory tests the results of physical soil properties showed that the higher
value of California bearing ratio and maximum dry unit weight were obtained-8r A
subgrade soil. While the higher optimum moisture content reach to (18&86pr A

7-6 subgrade soil.

The results of laboratory setup investigation indicated that the degree of compaction of
subgrade soils increase with increasing the number of passes of compaction device.
Increasing the degree of compaction of subgrade waitscaused to increase the dry
unit weight, LWD dynamic modulus, and elastic modulus while a decrease in moisture
content, surface deflection, and degree of compatibility.

In general, the results of laboratory setup illustrate that the modulus of subgrade
reaction increases with increasing the LWD dynamic modulus, and dry unit weight of
soils. However, the results illustrated that the modulus of subgrade reaction modulus
decreases with the increase of the LWD surface deflection, degree of compatibility, and
moisture content of soils.

From statistical analysis the results showed that good correlation between PLT and
LWD measurements for both granular and fine subgrade soils. The relations obtained
from statistical analysis, were linear for some models andinear for others.

For granular soils, a high correlation was obtained between the subgrade reaction
modulus and LWD degree of compatibility with the coefficient of determinatidr (R
0.93), and mean square error (MSE= 4.875). Additionally, a good mgrntenas
identified between the LWD surface deflection and the subgrade reaction modulus with
a coefficient of determination @R 0.83), and mean square error (MSE= 9.13). While

for fine soil (clayey soil) the higher correlation was between the subgeadé@an
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modulus and LWD surface deflection with a coefficient of determinatiés (R0.92),

and mean square error (MSE= 0.163).

The statistical results also showed that the basic soil properties that represented by field
densities and water content arellwelated with the subgrade reaction modulus. It was
found that the field densities have the most significant correlation than water content
to predict subgrade reaction modulus with a coefficient of determination equal to (R
=0.90, and 0.96) for gratar and fine subgrade soils respectively.

The results of the multiple ndimear regression analysier granular subgrade soils
showed that the inclusion of tldey densityalong with LWDdynamic modulus gives

a regression model withoodreliability in prediction the subgrade reaction modulus.
The R and MSE values were&¥, and2.595 respectively.

The results of numerical models with Plaxis 3D software revealed a good agreement
with the results obtained from the experimental work. It was found tleamian
difference between numerical and experimental results of LWD surface deflection
ranged from 0.003 to 0.242. and th&@dst results indicated that there is no significant
variance between measured and predicted data in most data.

Also, numerical angkis showed a well acceptance between measured subgrade
reaction and predicted from simulated model with low mean difference range from
3.088 kPa/mm to 25.15 kPa.

10-The results of numerical simulation showed that the mean difference between

experimental worland numerical simulation in terms of PLT surface deflections varied

from 0.105 to 0.15 mm. and there is no significant variance between the most data.

11- The results of this work showed the possibility of employing the LWD devices as an

effective nondestrutive tool to rapidly and reliably predict the subgrade reaction

modulus of pavement materials and soil embankments
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7.2 Recommendations for Future Work

1. Developing a simple procedure to determihe subgrade reaction modulus for
stabilized subgrade soils

2. Itis recommended to conduct further field tegsts., PLT and LWD)o revalidate
the theoretical models developed in this study.

3. Future research shoub® consideedto investigate thatrength characteristics of
base and subbase layers using LWD

4. Evaluate soil properties usimgpetitiveplate load test and compare the results with

those obtained from dynamic LWD.
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Appendix A: LWD Testing Curves

A-1: A-1-b Soi Curves
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Figure (A.1.1): Point onetime-deflection curve of LWD foA-1-b soil (No. of passing 8)
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Figure (A.1.2): Point twotime-deflection curve of LWD foA-1-b soil (No. of passing 8)
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Figure (A.1.3): Point thredime-deflection curve of LWD foA-1-b soil (No. of passing 8)
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Figure (A.1.4): Point fourtime-deflection curve of LWD foA-1-b soil (No. of passing 8)
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Figure (A.1.5): Point fivetime-deflectioncurve of LWD forA-1-b soil (No. of passing 8)
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Figure (A.1.6): Point sixtime-deflection curve of LWD foA-1-b soil (No. of passing 8)
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Figure (A.1.7): Point onetime-deflection curve of LWD foA-1-b soil (No. of passing 12)
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Figure (A.1.8): Point twotime-deflection curve of LWD foA-1-b soil (No. of passing 12)
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Figure (A.1.9): Point thredime-deflection curve of LWD foA-1-b soil (No. of passing 16)
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Figure (A.1.10): Point four timedeflection curve of LWD foA-1-b soil (No. of passing 12)
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Figure (A.1.11): Point five timedeflection curve of LWD foA-1-b soil (No. of passing 12
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Figure (A.1.12): Point six timedeflection curve of LWD foA-1-b soil (No. of passing 12)
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Figure (A.1.13): Point one timeadeflection curve of LWD foA-1-b soil (No. of passing 16)

Time (msecond)
0 5 10 15 20 25

0.1 1
0.2 1
0.3 1

0.4 -

Deflection (mm)

0.5 1

0.6 1 | e=®==Drop No.1

0.7 1 | =@=Drop No.2

@=@==Drop N0.3

0.8

Figure (A.1.14): Point two timedeflection curve of LWD foA-1-b soil (No. of passing 16)
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Figure (A.1.15): Point tiree timedeflection curve of LWD foA-1-b soil (No. of passig 16)

A-5



Time (msecond)
0 5 10 15 20 25
0
0.1 -
€
£ 021
c
i)
5 0.3
Q@
©
0 0.4 A
05 @@= Drop No.1
=] | e Drop No.2
@@ Drop No.3
0.6

Figure (A.1.16): Point four timedeflection curve of LWD foA-1-b soil (No. of passing 16)
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Figure (A.1.17): Point five timedeflection curve of LWD foA-1-b soil (No. of passing 16)
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Figure (A.1.18): Point six timedeflection curve of LWD foA-1-b soil (No. of passing 16)
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A-2: A-3 Soil Curves
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Figure (A.2.1): Point one timedeflection curve of LWD foA-3 soil (No. of passing 8)
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Figure (A.2.2): Point two timedeflection curve of LWD foA-3 soil (No. of passing 8)
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Figure (A.2.3): Point three timedeflection curve of LWD foA-3 soil (No. of passing 8)
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Figure (A.2.4): Point four timedeflection curve of WD for A-3 soil (No. of passing 8)
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Figure (A.2.5): Point five timedeflection curve of LWD foA-3 soil (No. of passing 8)
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Figure (A.2.6): Point six timedeflection curve of LWD foA-3 soil (No. of passing 8)
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Figure (A.2.7): Point one timedeflection curve of LWD foA-3 soil (No. of passing 12)
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Figure (A.2.8): Point two timedeflection curve of LWD foA-3 soil (No. of passing 12)
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Figure (A.2.9): Point three timedeflection curveof LWD for A-3 soil (No. of passing 12)
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Figure (A.2.10): Point four timedeflection curve of LWD foA-3 soil (No. of passing 12)
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Figure (A.2.11): Point five timedeflection curve of LWD foA-3 soil (No. of pasing 12)
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Figure (A.2.12): Point six timedeflection curve of LWD foA-3 soil (No. of passing 12)
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Figure (A.2.13): Point one timedeflection curve of LWD foA-3 soil (No. of passing 16)
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Figure (A.2.14): Point two timedeflection curve of LWD foA-3 soil (No. of passing 16)
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Figure (A.2.15): Point three timedeflection curve of LWD foA-3 soil (No. of passing 16)
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Figure (A.2.16): Point four timedeflection curve of LWD forA-3 soil (No. of passing 16)
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Figure (A.2.17): Point five timedeflection curve of LWD foA-3 soil (No. of passing 16)
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Figure (A.2.18): Point six timedeflection curve of LWD foA-3 soil (No. of passing @)
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A-3: A-7-6 Soil Curves
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Figure (A.3.1): Point one timedeflection curve of LWD foA-7-6 soil (No. of passing 8)
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Figure (A.3.2): Point two timedeflection curve of LWD foA-7-6 soil (No. of passing 8)
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Figure (A.3.3): Point three timedeflection curve of LWD foA-7-6 soil (No. of passing 8)
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Figure (A.3.4): Point four timedeflection curve of LWD foA-7-6 soil (No. of passing 8)
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Figure (A.3.5): Point five timedeflection curve of LWD foA-7-6 soil (No. of passing 8)
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Figure (A.3.6): Point six timedeflection curve of LWD foA-7-6 soil (No. of passing 8)
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Figure (A.3.7): Point one timedeflection curve of LWD foA-7-6 soil (No. of passing 12)
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Figure (A.3.8): Point two timedeflection curve of LWD foA-7-6 soil (No. of passing 12)
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Figure (A.3.9): Point three timedeflection curve of LWD foA-7-6 soil (No. of passing 12)
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Figure (A.3.10): Point four timedeflection curve of LWD foA-7-6 soil (No. of passing 12)
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Figure (A.3.11): Point five timedeflection curve of LWD foA-7-6 soil (No. of passing 12)
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Figure (A.3.12): Point six timedeflection curve of LWD forA-7-6 soil (No. of passing 12)

A-16



Time (msecond)
0 5 10 15 20 25
O 1 1
= 0.3
E
c
L 0.6 A
©
2
©
O 0.9 4
1.2 4 | ==@==Drop No.1
@@= Drop No.2
e=@==Drop N0.3
1.5

Figure (A.3.13): Point one timedeflection curve of LWD foA-7-6 soil (No. of passing 16)
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Figure (A.3.14): Point two timedeflection curve of LWD foA-7-6 soil (No. of passig 16)
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Figure (A.3.15): Point three timadeflection curve of LWD foA-7-6 soil (No. of passing 16)
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Figure (A.3.16): Point four timedeflection curve of LWD foA-7-6 soil (No. of passing 16)
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Figure (A.3.17): Point five timedeflection curve of LWD foA-7-6 soil (No. of passing 16)
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Figure (A.3.18): Point six timedeflection curve of LWD foA-7-6 soil (No. of passing 16)
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Appendix B: Finite Element Curves

B-1: A-1-b Soil Curves
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Figure (B.1.1): Point one simulated loaddeformation curve foA-1-b soil (No. of passing 8)
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Figure (B.1.2): Point two simulated load deformation curve foA-1-b soil (No. of passing 8)
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Figure (B.1.3): Point three simulateahd— deformation curve foA-1-b soil (No. of passing 8)
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Figure (B.1.4): Point one simulated loaddeformation curve foA-1-b soil (No. of passing 12)
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Figure (B.1.5): Point two simulated load deformation curve foA-1-b sdil (No. of passing 12)
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Figure (B.1.6): Point three simulated loaddeformation curve foA-1-b soil (No. of passing2)
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Figure (B.1.7): Point one simulated loaddeformation curve foA-1-b soil (No. of passing 16)
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Figure (B.1.8): Point two simulated load deformation curve foA-1-b soil (No. of passing 16)
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Figure (B.1.9): Point three simulated loaddeformation curve foA-1-b soil (No. of passing

16)
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B-2: A-3 Soil Curves
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Figure (B.2.1): Point onesimulated load- deformation curve foA-3 soil (No. of passing 8)
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Figure (B.2.2): Point two simulated load deformation curve foA-3 soil (No. of passing 8)
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Figure (B.2.3): Point three simulated loaddeformation curvdor A-3 soil (No. of passing 8)
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Figure (B.2.4): Point one simulated loaddeformation curve foA-3 soil (No. of passing 12)
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Figure (B.2.5): Point two simulated load deformation curve foA-3 soil (No. of passing 12)
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Figure (B.2.6): Point three simulated loaddeformation curve foA-3 soil (No. of passing 12)
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Figure (B.2.7): Point one simulated loaddeformation curve foA-3 soil (No. of passing 16)
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Figure (B.2.8): Point two sinulated load- deformation curve foA-3 soil (No. of passing 16)
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Figure (B.2.9): Point three simulated loaddeformation curve foA-3 soil (No. of passing 16)
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B-3: A-7-6 Soil Curves
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Figure (B.3.1): Point one simulated loaddeformation curve foA-7-6 soil (No. of passing 8)
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Figure (B.3.2): Point two simulated load deformation curve foA-7-6 soil (No. of passing 8)
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Figure (B.3.3): Point three simulated loaddeformation curve foA-7-6 soil (No. of passing 8)
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Figure (B.3.4): Point one simulated loaddeformation curve foA-7-6 soil (No. of passing 12)
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Figure (B.3.5): Point two simulated load deformation curve foA-7-6 soil (No. of passing 12)

Settelment (mm)
0.0 0.5 1.0 15 2.0 2.5 3.0 35 4.0

0 1 1 1 1 1 1 1
<
(a
<
g
=]
0
7]
0]
S
o
3]
[
1
c
o
O 600 [ = Actual Curve
== == Corrected Curve
700 1| emmgmms PLAXIS 3D Curve

Figure (B.3.6): Point three simulad load- deformation curve foA-7-6 soil (No. of passing 12)
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Figure (B.3.7): Point one simulated loaddeformation curve foA-7-6 soil (No. of passing 16)
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Figure (B.3.9): Point three simulated loaddeformation curve foA-7-6 soil (No. of passing 16
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: Point two simulated load deformation curve foA-7-6 soil (No. of passing 16)
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