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Kort sammanfattning

Det aktuella projektet fokuserar pa att anvanda VTI:s multifunktionella latta fallviktsmatare (LWD)
for att uppskatta dynamiska deformationsmoduler av finkornig jord under upprepad belastning.
Forskningen fokuserar ocksa pa att hitta nya korrelationer dar resultat fran upprepade LWD--forsok
kan anvandas senare i mekanistisk-empirisk vagdesign.

Projektet syftar ocksa till att kontrollera matchningen mellan den ackumulerade permanenta téjningen
av den testade jorden métt med upprepade LWD-férsok i falt och de ackumulerade permanenta
tojningsmodeller som antagits i mekanistisk empirisk vagdesign.

Nyckelord

Upprepad létt fallvikt test, modellering, permanenta deformationer, lerjord, spanningsnivaer,
vattenhalt.
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Abstract

The current project focuses on using the VTI’s multifunctional light weight deflectometer (LWD) to
estimate the dynamic deformation moduli of fine-grained soil under repeated loading. The research
focuses also on finding new relationships where results from repeated LWD tests can be used later in
mechanistic-empirical pavement design.

The project is also aimed to verify the matching between the accumulated permanent strain of the
tested soil measured by the in-situ repeated LWD and the accumulated permanent strain models
adopted in mechanistic-empirical pavement design.

Keywords

Repeated light weight deflectometer tests, Modeling, Permanent and elastic deformations, Clayey soil,
Stress levels, Water content.

VTI rapport 1117A 5



Sammanfattning

Trafikverket (TRV) har agnat sarskild uppméarksamhet at att hitta en enkel och tidsbesparande teknik
for att mata dynamiska egenskaper in situ hos obundna materiallager. Dessutom har ett behov uppstatt
for att jamfora och generalisera anvandningen av upprepade LWD-testdata for att utveckla metoder
och modeller som kan anvandas for att forutsaga dynamiska materialegenskaper for mekanistisk-
empirisk vagdesign.

For att uppfylla detta krav har den aktuella studien genomférts for att utvardera mojligheten att
anvanda VTI:s multifunktionella latta fallvikt (LWD) for att bestdmma de dynamiska
deformationsmodulerna pa plats utover elastiska och plastiska deformationer som inférs genom
upprepade dynamiska belastningar av finkornig jord med LWD-forsok. Upprepade LWD--forsok
genomfordes vid en testgrop pa VTI:s bakgard i Linkoping. En sandig siltig lerjord har valts ut for
testning (material typ 5 med tjalfarlighetsklass 4). Infor forsoken packades testjorden i testgropen, och
sedan genomfordes forsoksserier med latt fallvikt med olika intervall av vattenkvot (ndmligen 16 %,
19 % och 24 %) under olika tillampade spanningsnivaer (namligen 24 kPa, 38 kPa och 50 kPa).

Testresultaten har visat att en 6kning av vattenhalten minskar de dynamiska deformationsmodulerna,
pa samma satt minskar de applicerade pafrestningarna ocksa de dynamiska deformationsmodulerna.

Multipel regressionsanalys har anvénts for att modellera den testade jordens dynamiska
deformationsmodul, Evd, baserat pa de matningar som rapporterats fran upprepade LWD--forsok pa
plats. En stark korrelation har hittats mellan Evd och vattenkvoten, méttnadsgrad och applicerade
axiella belastningar for den testade jorden med hog korrelationskoefficient pa 0,99 enligt Equation 7.

Nér det galler den ackumulerade permanenta deformationen av den testade jorden har det visats att
deformationsegenskaperna hos det testade materialet paverkades avsevart av den applicerade
spanningsnivan, vattenkvoten och antalet belastningsrepetitioner. Materialet i det vataste laget var mer
benéget att ackumulering av permanent deformation (t6jning) dven i slutet av den 70:e LWD-slaget
nar det huvudsakligen utsattes for medelstora och stora spanningsnivaer pa 38 kPa och 50 kPa.

Vid konstant spanningsniva pa 24 kPa resulterade en dkning av fukthalten fran 16 procent till 24
procent i drygt 800 procents dkning av ackumulerade permanenta deformationer. Pa samma satt, vid
den hogsta applicerade spanningsnivan pa 50 kPa, resulterade en 6kning av fukthalten fran 16 procent
till 24 procent i cirka 130 procents 6kning av ackumulerade permanenta deformationer.

En 6kning av stressnivan fran 24 kPa till 50 kPa for punkter som testats med 16 procent vattenhalt
resulterade i en 600 procents 6kning av de ackumulerade permanenta deformationerna, samtidigt som
stressnivan okade fran 24 kPa till 50 kPa vid 24 procent vattenhalt, vilket resulterade i endast 73
procents 6kning av de ackumulerade permanenta deformationerna.

Dessutom foreslas en forutsagelsemodell for ackumulerade permanenta tojningar baserade pa de
upprepade LWD-matningarna i denna studie. FOr det testade undergrundsmaterialet har modellen i
Equation 5 visat god matchning med den ackumulerade permanenta tdjningen (ep) matt med
upprepade LWD--forsok pa testytan som en funktion av belastningscykler, stressnivaer och vattenhal.

Sammanfattningsvis visade denna studie att den utvecklade multifunktionella latta fallviktsmétaren
kan vara ett anvandbart verktyg for materialbeddmning som kan anvéndas for att ge tillforlitliga data
om dynamiska materialegenskaper med avseende pa materialstyvhet och ackumulerade permanenta
deformationer i falt.
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Summary

The Swedish transport administration (TRV) has paid a particular attention to find a simple and a time
saving technique to measure the in-situ dynamic properties of unbound road layers. Also, a need has
arisen to compare and generalize the use of repeated LWD tests data in developing methods and
models that can be used in predicting dynamic material properties for Mechanistic-Empirical
Pavement Design.

To fulfil this requirement, the current study has been undertaken to evaluate the feasibility of using the
VTIs multifunctional light weight deflectometer (LWD) to determine the in-situ dynamic deformation
moduli in addition to elastic and plastic deformations introduced by repeated dynamic loading of fine-
grained soil by means of LWD tests. Repeated LWD tests were conducted at a test pit located in the
backyard of VTI in Linkdping. A sandy silty clay soil has been chosen for testing (material type 5 with
frost danger class 4). At the beginning, the soil was compacted in the test pit, and then, series of in-situ
repeated LWD were conducted at different ranges of water contents (namely 16%, 19% and 24%)
under various applied stress levels (namely, 24 kPa, 38 kPa and 50 kPa).

The test results have shown that increasing the water content decreases the dynamic deformation
moduli, similarly, increasing the applied stresses decreases the dynamic deformation moduli as well.

The multiple regression analysis has been used to model the dynamic deformation moduli of the tested
soil based on the measurements reported from repeated in-situ LWD tests. A strong correlation has
been found between the Evd and the water content, degree of saturation and applied axial stresses for
the tested soil with high correlation coefficient of 0.99 as given in Equation 7.

Regarding the accumulated permanent deformation of the tested soil, it has been demonstrated that the
deformation behaviour of the tested material was significantly affected by the applied stress level,
water content, and the number of load repetitions. The wettest material was more prone to the
accumulation of permanent deformation (strain) even at the end of the 70" LWD drop when subjected
mainly to medium and larger stress levels of 38 kPa and 50 kPa.

At the same stress level of 24 kPa, increasing the moisture content from 16 percent to 24 percent
resulted in about 800 percent increase in accumulated permanent deformations. Similarly, at the
maximum applied stress level of 50 kPa, increasing the moisture content from 16 percent to 24 percent
resulted in about 130 percent increase in accumulated permanent deformations.

Increasing the stress level from 24 kPa to 50 kPa for points tested at 16 percent water content resulted
in 600 percent increase in the accumulated permanent deformations, while increasing the stress level
from 24 kPa to 50 kPa at 24 percent water content resulted in only 73 percent increase in the
accumulated permanent deformations.

Furthermore, a prediction model for accumulated permanent strains based on the repeated LWD
measurements is suggested in this study. For the tested subgrade soil, the model given in Equation 5
has shown good matching to the accumulated permanent strain (g,) measured by in-situ repeated LWD
tests as a function of loading cycles, stress levels and water content.

In summary, this study showed that the developed multifunctional light weight deflectometer could be
a useful material assessment tool which could be utilized to give reliable data on dynamic material
properties with respect to in-situ materials stiffnesses and accumulated permanent deformations.
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Acronyms

a,bandc Models parameters used in accumulative permanent deformation modeling

A Stress distribution factor
BVFF Bana Vag FOr Framtiden
CBR California bearing ratio
E Modulus of elasticity
Evd Dynamic deformation modulus
F peak force.
k Soil stiffness=F / &
LL Liquid limit
LVDTs Linear Variable Differential Transformers
LWD Light weight deflectometer
MEPD Mechanistic-Empirical Pavement Design
Mr, MR Resilient modulus
N Number of load applications (cycles)
NDG Nuclear Density Gauge
p Axial applied stress during repeated LWD tests
Pa A reference stress of 100 kPa
PD Permanent deformation
PL Plastic limit
Pm Mean hydrostatic normal bulk stress
q Deviator stress
RLT Repeated load triaxial test
lo Plate radius.
S Normalized applied stress level = p/pa
Sy A factor that takes into account the effect of stress state in permanent deformation
N ==
modeling= {,;_’,1;1}“
SGI Swedish Geotechnical Institute
SR Degree of saturation
TRV Trafikverket
UGMs Unbound granular materials
W or WC Water content (%)
W, W, Water content (%)
o A parameter obtained from regression analysis and used in calculating St
) Peak deformation
€ Permanent (Plastic) strain in (%)
v Poisson’s ratio
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1. Introduction

Geotechnical failures are often the result of not recognizing or adequately evaluating conditions prior
to construction of a pavement system. The dominant geotechnical factor(s) for many pavement
distresses is/are the stiffness and/or strength of the unbound subgrade materials (U.S. Department of
Transportation, 2006).

With the introduction of the concept of resilient modulus (Mr) as the material stiffness, considerable
attention has been dedicated to evaluating the behaviour of subgrade soils using repeated load triaxial
loading. However, the resilient modulus tests are relatively expensive and time consuming. As a result,
many of the pavement design standards are based on material properties evaluated using simpler and
faster tests such as the static plate loading test, static CBR, and others (Araya, et al 2012). Although
these static tests are very common all over the world, they cannot always be correlated efficiently to
the dynamic response of the pavement structure under the actual traffic loading of moving vehicles.
Therefore, it has become necessary to estimate the material properties using simple dynamic tests
(preferably, field tests) to reduce the gap between the requirement on material stability and properties
measured in the field and that used in Mechanistic-Empirical Pavement Design (MEPD) (Kuttah,
2020). Therefore, this study was mainly dedicated to assessing the efficiency of the light weight
deflectometer devise (LWD) to be used in computing the dynamic moduli of fine-grained subgrade
soil directly in-situ. For this purpose, several in situ LWD tests have been carried out to measure the
dynamic deformation moduli of clayey subgrade soil. The LWD tests have been carried out for many
successive falling weight’s drops at each tested point to eliminate as much as possible the plastic
deformations that usually take place at the beginning of the test and as a result measure, deformation
moduli corresponding to elastic deformations mainly as confirmed in previous similar projects. The
new procedure has been found to be quite useful to estimate the dynamic behavior of the selected soil
tested in this study.

Permanent deformation (PD) usually occurs in the geomaterials (base, subbase or subgrade soils) and
are responsible for a large part of the surface rutting that can lead to significant passenger discomfort
and reduces ride quality (Puppala, 2009).Accumulation of permanent deformation is a complex
process that directly depends on many influencing factors, such as, the applied stress levels, number of
load applications, the strength of material, the loading history, the effect of principal stress rotation,
moisture content (degree of saturation), matric suction, fine content, density (degree of compaction),
aggregate type, particle size distribution (gradation), and the amount and type of fines (plastic or non-
plastic), (Lekarp et. al. 2000, Xiao et. al, 2015 and Alnedawi et. al. 2019). However, the stress level
and number of load cycles emerge as the most important factors (Ramosa et al., 2020).

Many studies have been conducted to understand the PD behaviour of UGMs and the factors that
affect the PD behaviour of UGMSs under repeated traffic loading (Erlingsson and Rahman 2013,
Rahman and Erlingsson 2015, Silva et al, 2021 and Kuttah 2021).

One of these studies is the one carried out by Rahman and Erlingsson (2015) to predict the PD
behaviour based on the mean (p) and deviatoric (q) stresses collected from dynamic triaxial tests. This
model was modified further by Kuttah (2021) to suit the LWD data. In this study, Kuttah (2021)
model has been used to predict the accumulative PD measured from a single stage in-situ repeated
LWD as a function of the number of cycles (N), stress levels and water content for silty sand subgrade
soil. The results was then compared with series of measured in-situ PD using the VTI’s LWD tests.
using the VTI’s LWD. Note that the used model is the same one developed previously by

From a practical point of view, using the field PD measurements provided by LWD will help in
identifying the weak points in the tested road layers and the effect of the influencing factors that will
likely result in more PDs than others. This may lead to suitable instant actions that could reduce the
future roads ruts and hence reduce maintenance.
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2. The Modulus of Elasticity

The modulus of elasticity given in Equation 1 is calculated for one-layer system based on Boussinesq
theory (1885). This equation assumes the test media to be a linearly elastic, isotropic, homogeneous
semi-infinite continuum. Two of the parameters required for determining the modulus, the shape
factor for distribution of the contact stress between the plate and the soil (A) and Poisson’s ratio (v),
are assumed. Some LWD manufacturers give users the option of selecting values for A and v while
others assume fixed values.

E = 2K (L-V2) ATy e Equation (1)
where,
k=Load (peak)/deformation (peak)
r,= The plate radius.
A= Stress distribution factor
v= Poisson’s ratio
Note that A= for uniform stress distribution shape (mixed soil)
A= 3 n/4 for parabolic stress distribution (Granular material)
A=4 for inverse-parabolic stress distribution (Cohesive soil)
For the current study, the Evd is calculated using Equation 1, assuming, A=4 and v= 0.35.

Although the setup and test times for LWD are relatively short (Siekmeier et al. 2009), there are some
concerns about the effectiveness of the LWD in testing layered systems. This concern is mainly
attributed to the fact that the LWD’s zone of influence may extend beyond the thickness of the tested
layer. Elhakim et.al. (2014) investigated the zone of influence of the LWD by performing the LWD
test on calcareous and siliceous sands placed in layers with varying thicknesses (10, 20, 40, 60, and 80
cm) resting on a rigid boundary (concrete floor). They discussed the relation between the LWD
modulus, and the thickness of the sand layer normalized to the LWD plate diameter of 300 mm for
calcareous sand compacted to relative densities of 20%, 40%, 60% and 80%. They found that the
LWD reading reflects the stiffness of both the tested soil and the rigid boundary. The influence of the
rigid base boundary on the LWD modulus diminishes with increasing the thickness of the sand layer.
For soil layer thickness to plate diameter ratios of 1.5 to 2, the effect of the rigid layer is considered
negligible. Furthermore, tests performed using siliceous sands show similar findings. Tompai (2008)
and Nazzal (2003) found also that the zone of influence of the LWD to vary between 1 and 2 times the
plate diameter something which is in good agreement with the findings reported by Elhakim et. al.
(2014).
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3. The Permanent and Elastic Strains

The focus of the current research will be on mechanistic-empirical models used in predicting
permanent strains of unbound roads materials. These models can correctly simulate the response of
materials, they are easy to implement and they depend on fewer parameters than conventional
elastoplastic models (Ramosa et al., 2020).

One of the first simple models proposed, which relates plastic strains to the number of load
applications and other factors, was the model of Monismith et al. (1975), as shown in Equation (2)
below:

= AN Equation (2)

where:

gp= Accumulated plastic strain (%)

N= Number of load applications

a, and b= Parameters that represent the influence of other factors.

More recent models depend on the mean (p) and deviatoric (q) stresses have been developed, as does
the model developed by Rahman and Erlingsson (2015), see Equation 3.

E= A St N ST e, Equation (3)

where ¢, is the accumulated permanent strain, N is the total number of load cycles, a and b are model
parameters associated with the material and the term S takes into account the effect of stress state in
permanent deformation accumulation given as:

S T B e Equation (4)

where pr is the hydrostatic stress (one third of the sum of the principal stresses, 6), q is the deviator
stress, pa is the reference stress here taken equal to the atmospheric pressure 100 kPa and « is a
parameter obtained from regression analysis.

Kuttah (2021) modified Equation 3 to fit the accumulative permanent strains measured from a single
stage in-situ repeated LWD as a function of the number of cycles (N), stress levels and water content
for silty sand subgrade soil, as shown in Eq (5). below.

— c bS
B AN S N Equation (5)

where ¢, is the accumulated permanent strain, N is the total number of load cycles, a and b and c are
regression parameters associated with the material, W is the water content measured during LWD
testing in (%), and S is as defined in Equation 6.

.................................................................................... Equation (6)
where:

p= Applied stress level during testing in (kPa) = applied load /area of LWD plate. Note that the
diameter of the used plate in this study was 30 cm.

pa= A reference stress =100 kPa
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The model given in Equation 5 has been adopted in this study to predict the accumulative permanent
strain measured from a single stage in-situ repeated LWD for the clayey soil tested, as will be
discussed later in this report.
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4. Testing Methodology

4.1. Selection of material to be tested

At the beginning, a commonly available silty subgrade soil was decided to be used in the current
project. After several unsuccessful trials to find silt in different construction sites during the project
time, it was decided to test sandy silty clay available in one of Peab’s construction sites in Skénninge,
see Figure 1.

5 e

3 A
i
SR Y L L v X YA LA

Figure 1. Collection of samples from a construction site in Skanninge. Photo: Dina Kuttah, VTI.

4.2. Testing plan
The project methodology and implementation steps have been as follows:

Material classification tests have been carried out at VTI to define the main physical and mechanical
properties of the materials to be used for testing (e.g. particle size distribution, liquid limit (LL) and
plastic limit (PL), compaction characteristics and specific gravity).

The in-situ LWD tests was carried out on a compacted layer of the chosen soil in a test pit located at
the backyard of VTI in Linkdping. During the in-situ LWD tests, the deformation moduli in addition
to elastic and plastic deformations have been measured under repeated loading at different stress levels
and water content conditions. Laboratory moisture tests have been carried out using oven drying
method in parallel with the LWD tests.

Figure 2 shows a detailed flow chart of the testing procedure. It can be seen from Figure 2 that the
adopted in-situ repeated LWD tests have been carried out at stress levels of about 24 kPa, 38 kPa, and
50 kPa. These stress levels have been chosen to simulate the real ranges of applied stresses on such
weak clayey subgrade soil by moving vehicles for subgrade used for paved and unpaved roads. Due to
the expected low bearing capacity of the tested soil, a maximum stress level of 50 kPa has been
adopted. Note that LWD testing at stress levels lower than 24 kPa cannot be achieved using in-situ
LWD with 30 cm plate diameter (as the one used in this study). This is because generating lower loads
requires to reduce the drop height significantly and, if so, the dropping weight will bounce faster than
one manages to grab it resulting in few additional successive rebound blows of the LWD weight.
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In-situ testing has been carried out at a test pit at VTI

.

Select the subgrade soil to be tested,
namely, sandy silty clay

|
' .

In-situ compaction of the subgrade soil in the Collecting of soil samples for laboratory
test pit investigations

v

Performing in-situ cyclic LWD tests at different
stress levels of about 24 kPa, 38 kPa, and 50 kPa
under 15-18% Compaction moisture content Determining the physica' properties of

the soil including particle size

v distribution, specific gravity, LL and PL

Performing in-situ cyclic LWD tests at different
stress levels of about 24 kPa, 38 kPa, and 50 kPa
under 18-22% compaction moisture content

A

¢ Soil Classification

Performing in-situ cyclic LWD tests at different
stress levels of about 24 kPa, 38 kPa, and 50 kPa
under 22-27% compaction moisture content

¢ Perform modified Proctor compaction
test to identify the moisture-density
characteristics of the soil tested

Performing NDG and laboratory moisture
measurements in parallel with the all in-situ LWD
tests

v

Data analysis and developing correlations models

A4

Reporting

Figure 2. Flowchart of the testing program.
4.3. Equipment used

4.3.1. The Light weight deflectometer (LWD) used in this study

A multifunctional light weight deflectometer has been used in the current research, see Figure 2.
During the test, the falling mass (of 10 kg) impacts the plate, producing a load pulse that may be
adjusted in magnitudes depending on the dropping heights and dropping weight of the LWD. The
center deflection of the tested material surface is measured through holes in the loading plate by a
highly accurate, seismic transducer (geophone). The basic diameter of the loading plate used in this
study was 300 mm. The drop height can be easily and quickly adjusted by a movable release handle
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and the peak value of the impact force is based on actual measurements from the load cell, see Figure

. ,ﬁ yﬁﬁ[ 8 v&,. : e ‘_ .:3,?” ~‘ .
Figure 3. The VTI's light weight deflectometer used in this study. Photo: Dina Kuttah, VTI.

The main invention in the used LWD is that it has been supplied with a control beam linked to a
central LVDT to register the plastic deformations during testing at the centerline of loading. This
development enables a continuous monitoring and displaying of load versus accumulated soil
deformation loops in a manner similar to the stress—strain behavior under different cyclic loading
conditions and hysteresis loops usually collected during RLT tests, see Figure 4.

This function enables instant determination of the number of drops (cycles) required during the LWD
to bring, as much as possible, the response of the soil to near elastic state. In other words, using the
developed multifunctional LWD, the plastic (permanent) and elastic (recoverable) components of the
deformations can be measured separately.
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Figure 4. Granular material behaviour under repeated loading.

4.3.2. Nuclear density gauge

The Nuclear Density Gauge (NDG) was used in this study to determine the in-situ density and
moisture content of the tested soil in the test pit. Measurement can be performed on materials less
than125 mm in diameter. For more information about this test see Vagverket Publ. No. 1993: 26

(1993).
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5. Characteristics of the Tested Soil

Sandy silty clay subgrade soil was selected for this study. Series of laboratory tests were carried out on
the selected soil to determine its physical properties, namely, the particle size distribution, clay and silt
fractions, soil classification, specific gravity, liquid and plastic limits, and compaction characteristics
and soil classification.

The particle size distribution test has been performed for the selected soil according to SS-EN 933-1
(2004) and the result of the test is illustrated in Figure 5 below.
100
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Figure 5. Particle size distribution of the tested soil.

The clay content in the soil was tested by sediment method at SGI (Swedish Geotechnical Institute)
and the test results showed that the soil consisting of 37.5% clay particles (< 0.002 mm), fine content
of 75.7 % (clay and silt), sand fraction was 21.9 % and gravel fraction was 2.4 %.

According to VVTK Vég (2008), the tested soil is of material type 5 (with frost danger class 4). With
respect to SS-EN SO 14688-2 (2004), the soil is classified as a sandy silty clay, see Figure 6.

The specific gravity of the selected soil was tested according to SS 027115 (1989), and it was found to
be 2.65.

The liquid and plastic limits were determined at SGI according to SS 027120 (1990) and SS 027121
(1990) respectively. The tests results revealed a liquid limit (LL) of 37% and a plastic limit of (PL)
17.8% resulting in plasticity index of 19.2%.

The compaction properties of the soil under study were determined by modified Proctor test as per
ASTM D1557 (2012). The soil samples were compacted at different molding water contents ranging
between 7 to 27% to determine the water-density relationship. The existence of irregularly (double
peak) shaped compaction curve is clearly shown in Figure 7.
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The results of the compaction tests revealed that the tested soil has a maximum dry density of 1.825
g/cm?®at two optimum moisture contents of 9.5% and 16.5%, as shown in Figure 7.
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Figure 6. Soil classification according to SS-EN 1SO 14688-2 (2004).
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Figure 7. Compaction curve of the tested soil.
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6. In-situ Testing of the Selected Subgrade Soll

In-situ tests were carried out on the selected soil, namely, field density and moisture content tests, and
repeated in-situ LWD tests. These tests were carried out in a test pit compacted with the selected soil
under controlled conditions. The test pit is located at the backyard of the Swedish Road and Transport
Research Institute (VTI) and it is approximately 10 m long x 5 m width x 1.5 m depth. It has been
equipped with a concrete well with a water discharging motor that can be used to control the ground
water level during testing. The test pit is also instrumented with an electric drive motor roof panel that
can be opened and closed with the help of an electric motor to control as much as possible the testing
conditions in the test pit, see Figure 8.

At the beginning, the new selected subgrade material was placed and thoroughly compacted in the test
pit using a small vibrator. The soil was compacted in layers, each layer was about 60 cm thick. When
the compaction was completed, the final subgrade surface was marked with circles representing the
selected places of the points to be tested, as shown in Figure 8.

Figure 8. Compaction and preparing of the subgrade soil in the test pit. Photo: Dina Kuttah, VTI.

After compacting the soil, LWD tests were performed under water contents ranged between 18 to 22.
At this range of water contents, the LWD tests were performed at three different applied stress levels,
namely, 24 kPa, 38 kPa and 50 kPa. After completing these tests, the compacted soil was dried for
few days under the sunshine. Then the second series of LWD tests was performed at water content
ranged between 15% to 18%Later, the competed soil was watered, and the water content increased to
about 22-27%. The water was sprinkled by a sprinkler, after watering, the material was left for few
hours before testing to ensure, as much as possible, that the water content has been distributed
thoroughly along the depth of the test pit. Then the third series of field LWD tests was carried out at
the same adopted stress levels.
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The Nuclear Density Gauge (NDG) was used to determine the in-situ density and moisture content of
the tested soil in the test pit. The results of the NDG tests are illustrated in Table 1 below together with
the adjusted field moisture content of collected samples using the oven dried method. Note that the
samples for laboratory moisture content determination were collected from each point simultaneously
with field NDG measurements.

The tested points were grouped to three groups based on the convergence in testing time and the
corresponding water content (W) ranges of the tested points. Each group of near testing water contents
includes three subgroups of points tested at target stresses of 25 kPa, 37 kPa and 50 kPa. Table 1 also
shows the degree of saturation for each tested point and group.

Table 1. Summary of the results of tested points properties and the test conditions.

Average . Field
Water w w Vertical Field Dry Degree-of
range of wet . Degree of | saturation
content group fora stress density Density saturation | of a group
W % kP
’ (%) | 80P ® | (ke/m3) (%)

% (kg/m°)

19.4

243
23.6
22.6

Note that the goal was to test two points at each water content and applied stress combination, but only
few points included at 1.7 kN applied load at different water contents. As highlighted previously, to
achieve 1.7 kN, the corresponding drop height of the LWD load should be relatively short. So, when
the load was released, sometimes, it bounced faster than one manages to grab it. When such problems
encountered the related testing points have been excluded from the analysis.

Also, one can see from Table 1 that one point was tested at 2.6 kN applied load under 15-18% water
content while three points were tested at the same load under 18-22% water content. This was because
when the overall tests were finished and the results collected, it has been noticed that even before
watering stage one of the points tested at low water content group has high water content which is
more within the other chosen group of water contents, therefore, this point tested at 2.6 kN was moved
to the group tested at 18-22% water content.
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7. Results and Discussions

7.1. In-situ measurements of deformation moduli Evd

At the beginning, and after completing the compaction and marking the points on the compacted
surface at the test pit, during which the testing water contents were around 16% (near the wet peak of
optimum water content), series of LWD tests were carried out at the three target applied stresses,
namely, 24 kPa, 38 kPa and 50 kPa. During all in-situ repeated LWD tests, the LWD plate diameter
was 300 cm, but by changing the drop height of 10 kg drop weight, the applied stresses have been
varied to achieve the target stresses.

Later, to carry out LWD tests on a water content wetter than the optimum moisture content, the soil in
the test pit was watered slightly something which increased the average water content to about 19%.
The research team waited for few hours, to ensure consistence water content penetration and
distribution through the soil layer, before carrying out the LWD tests. Then, the repeated LWD tests
were performed at this water content. For details of the exact stresses and water content of each
individual point and group, see Table 1.

At the last stage of the project the moisture content increased further by additional watering. Then the
LWD tests were carried out at the three target applied stresses at an average moisture content of about
24%.

Figure 9 to Figure 11 show the effect of consecutive dropping of the falling weight on the average Evd
of various points tested at three different moister contents under 24 kPa, 38 kPa and 50 kPa applied
stresses.

W=16%

Evd (MPa)
(5]
(=]

0 10 20 30 40 50 60 70 80
Nummber of drops
p= 24 kPa p = 38 kPa p = 50 kPa

Figure 9. The average Evd measured by in-situ LWD tests on many points tested at average water
content of 16% under different applied pressures of 24, 38 and 50 kPa.
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Figure 10. The average Evd measured by in-situ LWD tests on many points tested at average water
content of 19% under different applied pressures of 24, 38 and 50 kPa.
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Figure 11. The average Evd measured by in-situ LWD tests on many points tested at average water
content of 24% under different applied pressures of 24, 38 and 50 kPa.

In Figure 9 with (16%) water content (i.e., the lowest tested water content), one can notice obvious
fluctuation in readings of Evd with the number of falling weight drops while for higher water contents
the fluctuation in readings almost diminished. This could be attributed to the high particle interlocking
and shearing between the particles at the lowest water content of 16% which is near the optimum. This
high particle interlocking, and high friction between the particles enables the energy transfer between
the particles and hence rearrangement of particles within the soil matrix under the plate after each
LWD drop something which causes fluctuation in readings with the successive falling weight drops. In
the case of higher moisture content and hence high degree of saturation, as in Figure 10 and Figure 11
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the friction between the particle has been decreased and less rearrangement of particles has been taken
place with successive LWD drops something which resulted in more even Evd readings.

Also, it can be noticed that for the case of tests carried out at 16% water content, the trendlines
indicate that Evds, in general, have been increasing slightly with increasing the number of LWD drops
for the three applied stress levels conditions. This increase in Evd with increasing the number of
repeated load cycles owing to the densification. With increasing the water contents, such increasing
trend of Evd with the number of LWD drops has been diminished. This means that Evd attained a
steady state due to the steadiness of the elastic deformation with the number of load cycles (See also
the elastic deformation trendline in Figure 17).

Figure 11 shows the effect of water contents and applied stresses on the LWD measurement for the
tested clayey soil. It can be noticed from this figure that increasing the water content decreases the
dynamic moduli. Thom and Brown (1987) attributed this behaviour to the effect of water since the
water induces a lubricating effect on the particles when the moisture content is below the fully
saturated condition. Therefore, stiffness of the compacted material decreases due to the reduction of
inter-particle bonds and consequently, Evd decreases with increasing moisture content.

Furthermore, it can be shown in Figure 12 that increasing the applied stresses decreases the dynamic
deformation moduli (Evd). This is attributed to the fact that increasing the applied stresses will result
in higher deformations and hence lower deformation moduli.

. p-24 kPa

&

= 35 36

s p-38 kPa

o

e

P 5027 p=24 kPa

% p= =50 kPa 26,35

[+8]

£ 23,36 p=24 kPa

E 20,28

2 p=38 kPa

o 15,12

s p=38 kPa

= —

o p= 50 kPa 10,70 h_50 kpa

[d —

§ 7 46 6,83

) ]
16% 19% 24%

Water content, W (%)

Figure 12. Effect of water contents and applied stresses on the LWD measurement for the tested
clayey soil.

Over the last decades, a lot of effort has been made to develop models that can describe and predict the
non-linear resilient behavior of road materials. Many researchers have developed models to describe
the stress dependency of the resilient behaviour of road construction materials.
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In this study, multiple regression analysis has been used to correlate the measured deformation moduli
Evds to the water content, applied stress and degree of saturation parameters, as given in Equation 7.
A strong correlation has been found with multiple correlation coefficient of 0.988 representing very
strong correlation after Ott and Longnecker (2010).

Evd (MPa)= 180.9- 57 (S)+ 4.8 (W) — 309.3 (SR)

........... Equation (7)

Figure 13 where Evd is the average dynamic deformation moduli for the last three drops (i.e drops 68
to 70) in MPa, W is the water content measured in parallel with LWD testing in (%), SR is the degree

of saturation and S is the normalized applied stress ratio as given in Equation 6.

Figure 13 shows how close the predicted moduli are to the measured in-situ dynamic deformation

moduli.
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Figure 13. Regression curves describing the correlation between measured Evd and calculated
Evd using Equation 7.
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7.2. Deformation measurements during LWD testing

As described previously, the VTT’s LWD can measure the permanent and recoverable deformations
components under the centerline of the drop weight using a central geophone and a central LVDT. By
this added function, the accumulated load-deformation loops can be collected and plotted for each
tested point. Figure 14 and Figure 15 show typical examples of the effect of repeated loading on the
accumulated permanent deformations for the case of points tested at an average water content of 19%
and 24% respectively.

3
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Blow 3 Blow 4 B
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Figure 14. Load- deformation loops for a point tested at 19% water content under about 2.6 kN
applied load.
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Figure 15. Load- deformation loops for a point tested at 24% water content under about 2.6 kN
applied load.

It can be seen from these figures that the tested soil is not truly elastic but experience some
nonrecoverable deformation after each load application. One can notice from Figure 14 that at the end
of the seventieth LWD load application, the increment of nonrecoverable (plastic) deformation is
much smaller compared to the resilient/recoverable deformation. For the tests given in Figure 15, at
higher water content of 24%, one can notice that the increment of nonrecoverable (plastic)
deformation is still accumulated even during the last applied cycles of LWD loading adopted in this
test.

Figure 16 shows typical curves for the effect of successive LWD drops on the total, elastic and plastic
deformations of 2.6 kN falling weight (at about 19% water content).

Based on Figure 16, the plastic deformations reduce with increasing the number of drops and reach
near zero status at around 55 to 60 drops. Similarly, the vibration of the total and plastic deformations
dies out with increasing the number of drops. The slight jump in total deformation (and hence the
elastic deformation) curve between drops 43 and 45 can be attributed to a slight local movement of the
LWD geophone during the dropping of the falling weight. This jump has not been noticed in the
plastic deformation curve as the central plastic deformations measured by the central LVDT. Also, a
decreasing trend of the total deformations curve with increasing the number of drops has been
reported, rapidly, during the first few LWD drops.
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Figure 16. A typical example on the effect of successive LWD drops on the total, plastic and elastic
deformations for a point tested at 19% water content under 2.6 kN applied load.

7.2.1. Effect of repeated loading, stress levels and water contents on soil plastic
deformations during LWD testing

In this project, the effect of repeated loading on the plastic (permanent) soil deformations during LWD

testing is of particular interest, and therefore, it has been studied in detail. Figure 17 shows the effect

of repeated loading on the permanent soil deformations during repeated LWD testing at different water

contents and stresses levels.
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Figure 17. Effect of repeated loading on the permanent deformations during LWD testing at different
water contents and applied stress levels.

It can be noticed from Figure 17 that the lowest value of accumulated permanent axial deformation at
the end of the 70" LWD drop was obtained for the points subjected to the lowest stress level of 24 kPa
and tested at lowest average water content of 16%, as expected. At the same stress level of 24 kPa,
increasing the water content from 16% to 24% resulted in 836% relative increase in accumulated PD.
Similarly, at the maximum applied stress level of 50 kPa, increasing the water content from 16% to
24% resulted in 132% relative increase in accumulated permanent deformations. The reason of the less
increase of permanent deformation under 50 kPa with increasing the moisture content as compared to
the case of 24 kPa applied load is the very high accumulated permanent deformation reported for the
points tested at 16% water content under 50 kPa applied load. This means that the highest adopted
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stress level of 50 kPa resulted in high accumulated permanent deformations even at the lowest tested
moisture content.

A similar trend was observed for points tested at 16% water contents but exposed to increasing stress
levels. Increasing the stress level from 24 kPa to 50 kPa at 16% water content resulted in 600 %
relative increase in the accumulated permanent deformations, while increasing the stress level from 24
kPa to 50 kPa at 24% water content resulted in only 73 % relative increase in the accumulated
permanent deformations. The reason of the less relative increase of permanent deformation at the
higher moisture content of 24% with increasing the applied stress is the very high accumulated
permanent deformations reported for the point tested at 24% water content under 24 kPa applied
stress. This means that the high moisture content of 24 % resulted in very high accumulated permanent
deformations even at the lowest applied stress of 24 kPa.

Note that for the case of points tested at 19% moisture content under 38 kPa stress level, as seen in
Figure 17, the recorded accumulated permanent deformations, at the beginning, were lower than the
accumulated permanent deformations reported for the case of points tested at 24% moisture content
under the same stress level of 38kPa, as expected. Then, the slopes of the two curves continue to rise
with increasing the LWD load application but at different rates. So, at the end of the 70" LWD load
application, the accumulated permanent deformations for points tested at 24% maoisture content under
38 kPa stress level were lower than permanent deformations for points tested at 19% under the same
applied stress. This can be attributed to two reasons, the first one is the uneven effect of the successive
LWD load application on the particle’s movement under the LWD plate something which related to
the material homogeneity and other influencing factors such as compaction evenness. The second
reason is that water lubricates resulted from increasing the water content above the optimum moisture
content, reduces the frictional resistance between the particles, which in turn, caused an increase in
permanent deformations. However, the PD values did not vary significantly as water content varied
(when increased from 19 to 24%). Water is more readily held in the pores of the clay fines and the
fines do not allow water to drain freely. This implies low sensitivity of the compacted clay PD
behaviour to moisture content increase beyond the near optimum moisture content. Even for points
tested at 50 kPa applied stress, one can noticed that the PD behaviour implies low sensitivity when the
moisture contents increase from 19% to 24%, see Effect of repeated loading on the permanent
deformations during LWD testing at different water contents and applied stress levels. Generally, this
phenomenon was noticed more for points tested at higher stress levels of 38 kPa and 50 kPa than for
points tested at low applied stress of 24 kPa.

7.2.2. Modelling the permanent strains reported during repeated LWD testing

As described previously under paragraph “3 The Permanent and Elastic Strains”, it is clear from the
models used to predict the accumulated permanent strain that these models require the permanent
strains while in the developed repeated LWD test, the permanent deformations could be measured.
However, to convert the measured permanent deformations to strains (the recoverable strains required
in Equation 5, the LWD’s zone of influence should be estimated. This issue has been discussed also
under paragraph ‘2 The Modulus of Elasticity”.

As mentioned previously, Nazzal (2003) and Tompai (2008) found that the zone of influence of the
LWD to vary between 1 and 2 times the plate diameter something which goes well with Elhakim et al.
(2014) findings. Correspondingly, in this study, the zone of influence of the LWD was assumed to be
1.5-fold of the plate diameter of 30 cm (i.e. the zone of influence of the LWD was assumed to be 45
cm) in this study.

In order to consider the effect of number of load cycles, water content and the applied stresses on the
prediction of the accumulated permanent strain measured by repeated in-situ LWD tests, the model
given in Equation 5 has been found suitable for the current study.
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This model requires a set of nonlinear parameters namely a, b and ¢ that would provide a reasonable fit
of the model to the measured data. The optimization of the model’s parameters given in Equation 5
was carried out so that the sum of squares for error from the test data and the model predictions is
minimized.

Table 2 below illustrates the parameters given in Equation 5 that would provide the best fit to the
LWD test data for point tested up to 22% water content.

Table 2. The parameters of Equation 5 that would provide the best fit to the LWD test data.

Model a b c

Equation 5 7.059E-08 1.047 4.896

Figure 18 shows the accumulated permanent strain (gp) as a function of loading cycles for the data
collected from in-situ repeated LWD and the developed model given in Equation 5.

It can be deduced from this figure that the increase in permanent strains does not behave in the same
way under all stress and water contents conditions.

As discussed previously, g, increased with increasing water content and applied stress levels. It has
been noticed that most of the &, accumulation occurred in the initial part of the tests. The trendline of
increasing the accumulated €, with the number of LWD load applications continues sloping upward
even at the end of the 70" LWD load applications specially for the points tested at the highest applies
stress of 50 kPa for the two average water content of 16% and 19% and even for points tested at 38
kPa at average water content of 19%.

Furthermore, it can be remarked that the model given in Equation 5 has showed good matching to the
accumulated permanent strain (gp) to the in-situ measured data from repeated LWD tests as a function
of loading cycles, stress levels and water content during testing.

Note that the model given in Equation 5 could not model the accumulative permanent deformations
for points tested at the highest average moisture contents of 24% (water content ranged between 22
and 27%), but it gave a very good fitting for points tested at water content up to 22% under all chosen
applied stresses of 24 kPa, 38 kPa and 50 kPa, as shown in Figure 18.
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Figure 18. The accumulated permanent strain as a function of loading cycles for the data measured by in-situ repeated LWD and the developed model given
in Equation 5 for water contents ranged between 15% and 22%.



8. Conclusions

The main objective of this study has been to verify the validity of using repeated LWD tests to
estimate the dynamic properties of fine-grained subgrade soil in terms of deformation moduli and
plastic deformations. To reach this goal, several repeated LWD tests have been carried out in addition
to in situ and laboratory densities and moisture contents measurements. The overall tests results have
been analyzed and the relations between the materials parameters collected from in-situ repeated LWD
tests and those predicted by defined equations has been identified for the sandy silty clay tested in this
project.

Regarding the dynamic deformation moduli, Evd, the following conclusions can be drawn:

1. It has been observed that for the case of tests carried out at 16% water content, the Evds
curves reported slight increasing trend with increasing the number of LWD drops for the three
applied stress levels conditions. With increasing the water contents, such increasing trend of
Evd with the number of LWD drops has been diminished.

2. It has been noticed that for tests carried out at 16% water content, the lowest tested water
content adopted in this study, the readings fluctuated with the number of falling weight drops
while for higher water contents of 19% and 24%, the fluctuation in readings almost
diminished. It has been noticed that increasing the water content decreases the dynamic
moduli, similarly, increasing the applied stresses decreases the dynamic deformation moduli
as well.

3. Regarding the prediction of the dynamic deformation moduli Evd, a strong correlation has
been found between the Evd and the water content, degree of saturation and applied axial
stresses for the tested soil with high correlation coefficient of 0.988.

Furthermore, this study has been carried out to evaluate the effect of water content and stress levels on
the permanent deformation potential of the sandy silty clay tested in this study by using in-situ
repeated LWD test. In addition, the study was focused also on comparing the measured in-situ LWD
data with an adapted mechanistic-empirical model usually used to predict the permanent strains of
unbound materials. The main conclusions are pointed out below:

1. Although, the accumulated permanent deformations increase with increasing the loading
cycles, applied stress levels and water content during testing, as expected, but it can be
deduced that the increase in permanent strains does not behave in the same manner under all
chosen stress levels and water contents conditions. One can notice that most of the permanent
deformations have been developed at the first few cycles and then the accumulation of
permanent deformations (strains) has continued its slow but steady decline during the last
cycles of LWD loading for the points tested at the lowest stress levels and under 16% and 19%
average water contents. The material in the wettest condition, tested in this study, was more
prone to the accumulation of permanent deformation (strain) even at the end of the 70th LWD
drop when subjected mainly to medium and larger stress levels of 38 kPa and 50 kPa.

2. At the same stress level of 24 kPa, increasing the moisture content from 16% to 24% resulted
in 836% relative increase in accumulated permanent deformations. Similarly, at the maximum
applied stress level of 50 kPa, increasing the moisture content from 16% to 24% resulted in
132% relative increase in accumulated permanent deformations.

3. Increasing the stress level from 24 kPa to 50 kPa for points tested at 16% water content
resulted in 600 % increase in the accumulated permanent deformations, while increasing the
stress level from 24 kPa to 50 kPa at 24% water content resulted in only 73 % increase in the
accumulated permanent deformations.

34 VTI rapport 1117A



4. For the tested subgrade soil, prediction model for accumulated permanent strains based on the
repeated LWD measurements is suggested in this study. The model given in Equation 5 has
showed good matching to the accumulated permanent strain (gp) to the in-situ measured data
from repeated LWD tests as a function of loading cycles, stress levels and water content lower
than 22% (corresponding to an average water content of 19%).
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0. Recommendations

The model adopted in this study to estimate the dynamic deformation moduli, namely Equation 7, is
sophisticated enough and easy to use. This model is valid for the material used in this study and can be
used to solve practical problems concerning the stiffness estimation under repeated traffic loading for
engineering purposes.

Based on plastic deformations provided by the repeated LWD tests, it has been found that the
subgrade material tested in this study is unsuitable to be used when subjected to high water contents
regardless of whether it will be subjected to low or high stress levels. This is because, under both low
and high stress levels that this subgrade may experience under various traffic loading, the frequent
extreme rainfall events, will causes continued high accumulated permanent deformations something
which indicates that the plastic ruts may be produced soon after opening the road to traffic. The
permanent deformation in the tested subgrade soil can be limited if near optimum moisture content
(=16%) could be maintained.

Nevertheless, it is important to mention that the permanent deformation model (given in Equation 5)
used in this study to fit repeated LWD test data are recommended to be used in practice and tried in
MEPD keeping in mind that it is not suitable to predict permanent deformations for similar soil at high
water contents level. Also, the models given in Egations. 5 and 7 have been developed for specific
materials and testing conditions. When using these equations for different testing materials and
conditions as that they developed for, a combination of previous experience and engineering
judgement should be considered.
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10. Recommendations for Future Studies

For future studies, the following research work is recommended:

1. The permanent strain model given in Equation 5 could be verified further for its potential to
predict the accumulated plastic strains that may encountered under long-term vehicle passes.
This could be achieved by comparing the developed accumulated plastic strains models for the
certain materials using repeated LWD testing with the data conducted from a heavy vehicle
simulator (HVS) test carried out using the same testing material used to develop the models.

2. Itis important to investigate the actual zone of influence of LWD for various materials
subjected to different stress levels, water contents and using LWD plates of different
diameters. This research can be carried out using strain and/or stress sensors embedded in the
compacted layer during the LWD testing.

3. Itisalso recommended to start verifying the possible use of LWD in quality assurance of
compacted unbound layers in Sweden during road construction in combination with the
traditional static plate loading test and continuous compaction control methods. A database for
target values of laboratory and in situ stiffness/strength measurements needs to be established
for different local road materials.
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