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Executive Summary

Work perofred in this resuearch project was in support of the effort by North Carolina
Department of Transportation to develop criteria to discern the need for undercutting soft soils
and the adequacy of the subgrade after stabilization measures are implemented. The work was
specifically focused on performing field testing and collecting data at a site located in the North
Carolina Piedmont geologic area. The objective was to validate guidelines regarding the depth of
undercutting and the use of supplemental and/or additional stabilization measures to develop
subgrade soils with adequate bearing capacity to support traffic loading. The perofrmed work
encompassed small scale and large scale laboratory testing, field testing, and numerical analyses

and modeling.

Three test pads were constructed on comparable subgrade conditions with subgrade stabilization
measures that included the use of select fill material and geosynthetic reinforcement coupled
with a relatively thin layer of Aggregate Base Coarse (ABC). Field loading was applied using
1000 passes of a loaded construction truck. Several parameters were monitored during loading
including stresses, deformation, and moisture and suction levels. A fourth pad was also
constructed to test lime stabilization; however loading of this pad was not performed since the
lime used for stabilization did not meet NCDOT’s standards. A surface profiler (Lidar-based
surveying) was used at periodic intervals to monitor plastic deformation and wheel path rutting
with loading cycles. Sensors were installed and used to monitor moisture and suction variation at
the subgrade. The field testing results also included collection of data from Light Weight
Deflectometer (LWD) and Dynamic Cone Penetrometer (DCP) to assess subgrade properties.
Numerical analyses were performed using the dynamics module of PLAXIS 2D and 3D
software, in order to study the deformation performance and stress distribution in reinforced

unsaturated subgrade soil layer under cyclic traffic loading.

Results indicated that the measured vertical stress near the interface of the subgrade for the
geosynthetics-reinforced sections initially increased, but then decreased with increasing number

of truck passes. This decrease was attributed to progressive densification of the aggregate base
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course and the mobilization of reinforced layer tensile strength. In addition, this decrease might
be attributed to the increase in matric suction in the subgrade layer, from 25 kPa to 35 kPa, as a
result of the “hot” summer weather during testing. The geosynthetics-reinforced sections
experienced surface deformation on the order of 0.5-0.7 inches and the select fill-stabilized
section showed a 1.2 inches of deformation after 1000 truck passes. In addition to the field data,
two models were developed for the estimation of the resilient modulus (Mr) on the basis of the
Light Weight Deflectometer (LWD) and Dynamic Cone Penetrometer (DCP) data. The proposed
LWD and DCP models were shown to be capable of predicting the resilient modulus of low
plasticity soils SM, ML, and SC (A-4a and A-4), with PI<5, and 40%<P200<55%; as a function
of the stress state. Such values can be used along with the subgrade’s shear strength to discern

the need for undercutting based on the criteria presented in Borden et al 2010.

Using the monitored stresses and deformation as well as subgrade and ABC properties, the
proposed undercut criteria, previously developed in an earlier phase of the research program,
were deemed to be valid at the site with the Piedmont residual subgrade. Sections with stabilized
measures met the criteria for adequate subgrade. Guidelines regarding thickness of the ABC
layer under various subgrade strength values were proposed based on the results of the numerical
analyses. These guidelines are shown on a chart that enables the selection of an appropriate

thickness of ABC layer based on the measured DCPI of the subgrade soil.

The results presented herein are intended to assist NCDOT and their contractors with a tool for
decision making to systematically determine whether undercutting and stabilization measures are
needed. It was demonstrated that the proposed undercut criteria can be used to assess the
adequacy of the subgrade soils to support traffic loading on the criteria basis of 1-inch
deformation limit, and performance capacity factor of 1.5 or higher. In this case, the 1-inch limit
addresses issues related to deep layers “pumping” while the performance capacity factor
addresses issues related to localized bearing failure. Implementation of the research project is

recommended along the following tracks:



ii.

iil.

1v.

Use of the data and approach presented in this report to discern whether
undercutting of the perceived soft soils is necessary for the construction of the
roadway. The results from field testing indicated that the criteria proposed by
Borden et al 2010 in terms of the strength and stiffness of the subgrade soils is
valid for defining situations in which undercut is needed based on quantifiable
criteria presented.

Use the recommended approach utilizing data from DCP, LWD, resilient
modulus testing, and conventional geotechnical testing to make a determination
regarding the need for undercut during the design phase. In addition, the results
indicated that the NCDOT criterion using the DCP Index of 38mm/blow is
valid and can be used if expedient determination is needed during the
construction phase.

Estimate the depth of undercut and the corresponding thickness of the select fill
or ABC layer, depending on the stabilization measure to be implemented. It
should be mentioned that these layers (select fill or ABC) are a part of the
subgrade stabilization measure and should not be included during the design as
a part of the pavement section layers (base, subbase, and asphalt)

Provide information on the stabilized section properties that will inform the
design process of the pavement section.

Determining the depth of undercut required in the case where no other
additional means of stabilization is to be used. The depth of undercut should be
established based on strength and modulus properties as assessed from the DCP
data or conventional engineering properties of soils determined from laboratory

testing.
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CHAPTER 1: INTRODUCTION

With increased construction activities associated with the development of North Caolina’s road
network, it is common to encounter soft subgrade soils, which pose a challenge to the engineers
and contractors. The long term serviceability of a given road not only depends on the
performance of the asphalt layer, but is also tied to the quality of the subgrade layer. In situ
subgrade soil layers should be able to support heavy construction vehicles to enable a given
project to be completed on schedule. In addition to the short term stability, soft subgrade layers
need to sustain the lifetime traffic loading without experiencing excessive deformation.
Excessive deformation can lead to accelerated degradation of the asphalt layer and the need for
emergency repairs and maintenance. One example where problem soils are often found is within
the Triassic basin area of the Piedmont Physiographic region of North Carolina. In general,
NCDOT’s practice for addressing these situations is to excavate (undercut) the undesirable soil
and replace it with materials that meet high quality specifications or, alternatively, use chemical
stabilization to reduce soil plasticity and improve strength and workability. The need to properly
engineer undercutting the soil approach as a stabilization measure is well recognized by NCDOT
and the agency has supported the development of “undercut criteria” to assist in avoiding cost

overruns in construction projects where undercut is implemented.

The NCDOT has supported two prior research studies, which will be referred to as Phase I and II
studies, to establish criteria for defining the need for undercut in expansive and loose or soft
soils. These criteria included means to define the need for and depth of undercut, and guidelines
for alternative or supplemental stabilization approaches including the use of geosynthetics and
chemical stabilization to limit volume change and improve properties of the subgrade layer. The
Phase I study (Borden et al., 2010) was focused on the development of undercut criteria based on
Dynamic Cone Penetrometer (DCP) testing, and included the performance of large-scale
laboratory model tests using various stabilization measures. In addition, numerical modeling of
field configurations typically encountered in situations where an undercut approach is
implemented was performed. The undercut criteria based on the use of DCP, and the
performance of alternative stabilization measures are documented in the Phase I report (Borden

etal., 2010).



The Phase II study (Cowell et al., 2012) was focused on validating the findings from the Phase I
study through implementation of the proposed undercut criteria and stabilization approaches at a
site within the Coastal Plain region of North Carolina. Rut depth and stress increase on the top
of the subgrade were monitored during the full-scale testing, which also included performance of
in-situ tests for estimating the shear strength and stiffness properties of subgrade soil. Based on
the field results, the proposed undercut criteria were assessed with regards to ability to identify
the need for undercut and ability to predict the performance of the stabilized sections. It was
concluded that the proposed criteria established in phase I provides a reliable approach for
determining whether or not subgrade soil stabilization is required, and for discerning the efficacy

of the stabilization measure in rendering the subgrade layer able to meet the undercut criteria.

In general, soft subgrade soils are typically detected during the initial site investigation so that
the associated costs of stabilization can be anticipated prior to construction. The properties of
subgrade soil can be evaluated by conventional in-situ tests such as Dynamic Cone Penetrometer
and Light Weight Deflectometer, or by static and dynamic laboratory tests including monotonic
triaxial and resilient modulus tests. Once the subgrade is prepared in the field for the placement
of the base and asphalt layers, its stability is evaluated by subjectively observing a proof rolling
process to identify areas of excessive pumping and/or rutting. The magnitude of pumping and/or
rutting that is considered “excessive,” however, is left to the discretion of the proof roll
inspector. In previous work. Borden et al. (2010) and Cowell et al. (2012) provided an approach
for using the results from the DCP tesing to determine the need for subgrade soil improvement
and also the properties of the stabilized layer (by correlating the DCP data to shear strength and

modulus values.)

Work in this report is focused the performance of constructed test pads at a site in the Piedmont
geologic area to validate the undercut guidelines previously developed from testing and
numerical modeling. The field testing results presented herein included collection of data from
Light Weight Deflectometer (LWD) and Dynamic Cone Penetrometer (DCP) to assess subgrade
properties. Three test pads were constructed on comparable subgrade conditions with different
subgrade stabilization measures including the use of select fill material and geosynthetic
reinforcement coupled with relatively thin layer of Aggregate Base Coarse (ABC). Field loading

was applied using 1000 passes of a loaded construction truck. Several parameters were



monitored during loading including stresses, deformation, and moisture and suction levels. A
fourth pad was also constructed to test lime stabilization; however loading of this pad was not
performed since the lime used for stabilization did not meet NCDOT’s standards. The results
from the field testing are used to assess the extent to which the use of each stabilization measure

is effective in rendering the soft soil layer as meeting the criteria for a stable subgrade.
Objectives

In many cases, NCDOT uses the “undercut” approach as a means for facilitating construction in
areas with unstable soils. In order to verify and validate findings from the Phase I research study,
as discussed above, the main research objective herein is to perform field testing on instrumented
road-under-construction sections in the Piedmont area. The results are used to validate the
previously developed undercut criteria, and verify performance of stabilization measures under

construction loading. The objectives of this study are expressed as follows:

1. Identify a test site in the Piedmont Physiographic region for implementation of alternative
or supplemental approaches to undercut, including the use of geosynthetics and/or
chemical stabilization. Perform complete characterization of the site soils to define their
physical and engineering properties.

ii.  Perform Light Weight Deflectometer (LWD) and Dynamic Cone Penetrometer (DCP)
testing, and develop correlation with soil strength parameters. Use the estimated
properties to validate proposed undercut criteria for the test site, including the validity of
defining the depth of undercut and quality of replacement material.

1ii.  Instrument the test pads at the identified site and monitor performance in terms of
induced rutting and stress attenuation with depth under repeated construction truck
loading.

iv.  Through field monitoring, verify the performance of alternative or supplemental
approaches to undercut including the use of geosynthetics, and/or chemical stabilization

to limit volume change and improve soil properties and workability.



Scope of Work

Four full-scale road sections (each 50 ft. long by 16 ft width) were constructed on poor subgrade
soil where undercutting is normally needed. One test section incorporated 31 inches of undercut
and replacement with select fill material (Class II), the second and third test sections included
reinforcement using a geogrid and geotextile, respectively, in conjunction with excavating and
replacement with 9 inches ABC (Class V), and the fourth test section included lime stabilization
of the top 8 inches soft subgrade soil. The type of lime used in construction of the fourth section,
however, did not meet the NCDOT standards for materials used in this application, and will

therefore was not loaded; no response results from this section are presented in this report.

Full-scale field testing consisted of 1,000 consecutive passes of a fully loaded tandem axle dump
truck over each of the test pads. The goal was to have all 1,000 passes conducted within
approximately the same wheel path. Four Earth Pressure Cells (EPC) were embedded within the
wheel paths (two in each wheel path) of each the test sections to monitor stress variations with
traffic loading. A surface profiler (Lidar-based surveying) was used at periodic intervals to
monitor plastic deformation and wheel path rutting with loading cycles. Moisture and suction
sensors were embedded in the subgrade to monitor moisture and suction variation. These data
were collected to discern impact of moisture variation on the strength properties of the subgrade
as might be relevant to the interpretation of the field data. The construction and instrumentation

of the test pads were performed with the assistance of the NCDOT engineers and contractors.

Light Weight Deflectometer (LWD), Dynamic Cone Penetrometer, and SPT tests were
performed at various stages of the full scale testing, along with laboratory resilient modulus and
monotonic triaxial tests. In addition sampling using Shelby tubes was alos performed. The
testing results and samples were used to collect data on the strength and modulus characteristics
of the subgrade prior to and after roadway construction and full scale testing. The experimental
results were used to assess performance of the proposed undercut criteria as were detailed in the

Phase I of this study.



Report Layout

The results and finding of this study are presented within 9 chapters as follows:
Chapter 2. Review of the related literature.

Chapter 3. Details of the full scale testing, including site description, subgrade, aggregate base

course, and reinforced sections’ properties and instrumentations.

Chapter 4. Laboratory and in-situ testing program results including tested material properties,

resilient modulus test results, and LWD and DCP field measured data are presented.

Chapter 5. Two subgrade resilient modulus prediction models from DCP and LWD
measurements are introduced in this chapter. The proposed models are validated by data reported

herein and in the literature.

Chapter 6. The applicability of the proposed undercut criteria by Borden at el (2010) is

evaluated for the Piedmont residual soils.

Chapter 7. The full scale testing results, including field observations during vehicle loading,
earth pressure cell measurements, Lidar Scan data, and moisture and suction sensors readings are

presented in this chapter.

Chapter 8. Numerical analyses predicting the deformation behavior and stress distribution
within the reinforced unsaturated subgrade soil under cyclic loading. The performance of the
subgrade soil under proof roller loading is also investigated through numerical analysis in Plane

strain and 3D mode in Plaxis 2D and 3D, respectively.

Chapter 9. A summary of the research results and findings and conclusions of the study.



CHAPTER 2: LITERATURE REVIEW

A comprehensive summary of the findings of previous studies relevant to this project, including
geosynthetic-reinforced subgrades, full-scale roadway testing, Dynamic Cone Penetrometer
(DCP), and chemical stabilization, can be found in the NCDOT research reports by Borden et al.
(2010) and Cowell et al. (2012). A summary of the recent findings related to full scale testing,
resilient modulus prediction from in-situ testing, and numerical analyses of reinforced soft

subgrades are presented in this chapter.
2.1 Full Scale Testing

Based on a review of the literature, most design criteria for unreinforced/reinforced unpaved
roads are derived from physical testing including small-scale and large-scale laboratory testing
and full-scale field testing. Despite the good quality control obtainable in laboratory testing,
boundary effects can influence the results (Cote 2009). In addition, the load conditions produced
by full scale moving tires cannot be perfectly replicated in most laboratory settings. Therefore,
full-scale testing is carried out to simulate the actual load condition and eliminate the influence

of boundary effects on the results.

The performance of geosynthetic-reinforced subgrades has been evaluated and compared to that
of unreinforced sections through several full-scale testing programs over the past two decades. It
was observed from field-scale testing results that the inclusion of geosynthetic reinforcement
reduces the magnitude of permanent deformation and the magnitude of applied stress transferred
onto the reinforced subgrade (Fannin and Sigurdsson, 1996; Tingle and Webster, 2003; Hufenus
et al., 2006; Tingle and Jersey, 2009; Cowell et al., 2012). Early on, it was also observed that the
use of geosynthetics can potentially reduce the necessary base layer thickness (Fannin and
Sigurdsson, 1996). Geosynthetic inclusions have been shown to be more beneficial with thinner
ABC layers, and with increasing thicknesses of ABC, the contribution of the geosynthetic
inclusion to the reduction of rut depth development decreases (Fannin and Sigurdsson, 1996;
Hufenus et al., 2006). Tingle and Jersey (2009) observed that the base layer material became
stiffer after trafficking, due to the densification of the base materials and mobilization of the
geosynthetic reinforcement. Cowell et al. (2012) reported that a small difference in base-layer

thickness can cause a significant effect on the measured stress at the subgrade surface. Cowell et



al. applied the analysis approach by Giroud and Han (2004) to the measured field data. Based on
their analyses, it was reported that their proposed model underestimated the required thickness of

ABC.
2.2 Dynamic Cone Penetrometer (DCP)

The Dynamic Cone Penetrometer (DCP) is a portable instrument that has been used widely in
geotechnical and pavement design for estimating the shear strength and stiffness properties of
soils in the field (AASHTO, 1993; Gabr et al., 2000; Gabr et al., 2001; Chen et al., 2005). As
shown in Figure 2-1, the DCP consists of an 8 kg sliding hammer, 57.5 cm (22.6 in) drop height,
111 cm (44 in) driving shaft and a cone tip with 60° angle, ASTM D6951. During the DCP test,
the sliding hammer falls 57.5 cm vertically and drives the cone tip attached to the bottom of the
DCP rod into the ground. The penetration depth is recorded after each drop (blow) on the vertical
stake positioned next to the DCP rod. Dynamic cone penetration index (DCPI) for the soil layer
is expressed as inches per blow or mm/blow. Several correlations have been proposed in the
literature that relate DCPI of soils to the shear strength and stiffness properties, such as the
California Bearing Ratio, CBR, (NCDOT, 1998; Gabr et al., 2000), undrained shear strength, su,
(Ayres, 1989) elastic modulus, E, (Chai and Roslie, 1998; Abu-Farsakh et al., 2004; Chen et al.,
2005) and resilient modulus, Mr, (AASHTO, 1993; Hassan, 1996; Herath et al., 2005).

DCP data need to be interpreted to obtain a representative value of dynamic cone penetration
index (DCPI) for each layer. Allbright (2002) suggested using a weighted average over
arithmetic average to calculated DCPI, presented in Eq. 2-1, because of a smaller standard
deviation and better observed correlation with other field tests. By defining the DCPI of each soil
layer, the CBR, resilient modulus and undrained shear strength can be estimated by applying
existing empirical correlations.

_ L

wt.avg.

N
DCPI > (DCPI,xz,) Eq. (2-1)

i=1
Which,

z = Depth of penetration per blow (mm/in)
H = Total depth of the soil layer (mm/in)
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Figure 2-1. Dynamic cone penetrometer sketch (after ASTM D6951).

2.2.1 Correlation of DCP data with CBR

There are different empirical correlations for estimating CBR of soils as a function of DCPI,
however each equation has been developed on a specific type of soil. Coonse et al. (1999)
proposed Eq. 2-2 for estimating the CBR of Piedmont Residual soil. Eq. 2-3, proposed by
Norwegian Road Research (Ese et al. 1995), is used in this study for estimating CBR value of the

aggregate base course.
Coonse’s 1999 (residual soil):

Log(CBR)=2.53—-1.14x1log(DCPI) Eq. (2-2)



Norwegian Road Research (1995) (ABC):
log(CBR)=1.4-0.55x1og(DCPI) Eq. (2-3)

2.2.2 Correlation of DCP data with undrained shear strength
Undrained shear strength of the subgrade soil can be estimated from the CBR value by Danistan

and Vipulanandan‘s correlation (2009) as expressed in Eq. 2-4:

Su

subgrade soil

=-0.282x(CBR)’ +14.97x(CBR) Eq. (2-4)

Ayers (1989) proposed Eq. 2-5 to estimate undrained shear strength of select fill material and

aggregate base coarse as a function of DCPI and maximum aggregate size:

St e :%(37.0—9.OXDCP]+7.8MAS) Eq. (2-5)

Where,

DCPI : Penetration rate (in/blow)
MAS : Maximum aggregate size (in)

2.3 Light Weight Deflectometer (LWD)

The LWD is a portable falling weight deflectometer for measuring the in-situ modulus of soil
(Fleming 2007). Compared to the falling weight deflectometer (FWD), the LWD is less
expensive and more convenient to perform. The device used in this study was a Priam 100, as
shown in Figure 2-2, and consisted of a 10 kg falling weight, which can induce a 15-20 ms pulse
load producing a contact stress up to 450 kPa, with its 20-cm diameter plate (r = 10 cm). A
geophone is used to measure surface deflection. Surface deflection and applied load are
monitored and recorded through Prima 100 software. Figure 2-3 shows an example of the

calculated applied stress and surface deflection for one drop.



The modulus is calculated based on Boussineq’s elastic half space theory by assuming a

homogeneous isotropic soil layer (Fleming 2007). Therefore Poisson’s ratio and a shape factor

are assigned as input parameters to the software to calculate the modulus per Eq. 2-6 (Fleming

2007).

£ - f.(-v)o.r

LWD —
o

Where:

E, ., surface layer modulus (MPa)
o : applied stress (kPa)

o0 : surface deflection (um)

f: shape factor

v : Poisson’s ratio

r: radius of plate (mm)

Figure 2-2. Prima 100 sketch (after Vennapusa, 2008)

j =—Weight Release

~—G@Guide rode

Drop Weight

Rubber Buffers
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Communication port

Loading Plate

Eq. (2-6)
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Figure 2-3. Example of recorded applied stress and surface deflection during LWD
testing

Poisson’s ratio values between 0.2 to 0.5 are recommended in the literature (Bishop 1977) based
on soil type. Shape factor under the plate is a function of both plate rigidity and soil types similar
to Terzaghi and peck (1968) approach for interpretation of plate load test data. Various shape

: : : T
factors are recommended for different scenarios. The shape factor can be varied between By fora

rigid loading plate, 1.33 and 2.67 for parabolic contact stress distribution in cohesive soils and
granular soils, respectively, and 2 for a uniform contact stress distribution (Terzaghi and Peck,

1967; Mooney and Miller, 2007; White et al., 2007; Prima 100 software).
2.4 Resilient Modulus Determination

The use of the resilient modulus (Mr) has been substituted for the California Bearing Ratio
(CBR) in pavement design in order to consider the deformation behavior of base and subgrade
layers under cyclic loading conditions (AASHTO, 1993; MEPDG, 2004). The magnitude of M:
depends on soil physical properties, such as density and water content, as well as the applied

stress state (Li, 1994). The value of Mr is defined as the ratio of the cyclic axial stress to the
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recoverable or resilient axial strain (NCHRP project 1-28A, 2004), as expressed in Eq. 2-7 and

shown in Figure 2-4:

Where:

o, : applied deviatoric stress
o, . cyclic axial stress (0.90),)

cyclic *

g, : resilient strain

Cyclic Stress

R 1 o T - —

Strain

Figure 2-4. Definition of resilient modulus

Eq. (2-7)

The resilient modulus of a subgrade layer can be determined from laboratory testing following

AASHTO T-307 test protocol, which uses fifteen load combinations: five deviatoric stress levels

13.8, 27.6, 41.4, 55.2 and 69 kPa (2, 4, 6, 8 and 10 psi) at three confining pressures 41.4, 57.6
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and 13.8 kPa (6, 4 and 2 psi). Different forms of constitutive models can be found in the
literature that calculate the resilient modulus as a function of one, two or three stress parameters
such as confining pressure, deviatoric stress, bulk stress and octahedral shear stress (e.g. Dunlap,
1963; Seed et al., 1967; Witczak and Uzan, 1988; Pezo, 1993; NCHRP project 1-28A, 2004).
The most recent universal constitutive model proposed in NCHRP 1-28 A (MEPDG) is expressed
as Eq. 2-8:

0 T k
M =k Pa(—)*.(—+1)" Equ. (2-8
, =k a(Pa) (Pa ) qu. (2-8)

Where:

M, :resilient modulus
P : atmospheric pressure
0,,0,,0;. principal stresses

0 = o, + 20, :bulk stress

2

7 ., =—— (0, —0,) :octahedral shear stress
3

k, :regression constants

Although laboratory tests can provide high quality results, they require a well-trained operator
and substantial time as well as an advanced apparatus to perform. An alternative to laboratory
testing is empirical correlations developed from statistical analyses on mechanical and physical
properties of soils and laboratory-measured resilient modulus. Carmichael et al., 1985; Elliott et
al., 1988; Drumm et al., 1990; Farrar and Turner, 1991; and Hudsun et al., 1994 have all
proposed models to estimate the resilient modulus of subgrade soils from index properties of
soils. A shortcoming of these models is that they are not capable of capturing stress dependency
of the resilient modulus. As an alternative, Hasan et al. 1994; MEPDG 2004; Herath et al. 2005;
George et al. 2006; and Mohammad et al. 2008 have proposed correlations to predict M from in

situ testing using the DCP, which are summarized in Table 2-1.
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Table 2-1. Previous direct DCP models.

Researcher Correlation equation Unit
Hassan (1996) M, =7013.065-2040.783In(DCPI)  M.: psi, DCPI: in/blow
MEPDG (Powel) (2004)  pp_ e éiin (Webster 1994)
M:: MPa, DCPI: mm/blow
M,=17.58(CBR)**
928.24
Herath et al. (2005) M, =16.25+ DCPI M:: MPa, DCPI: mm/blow
George and Uddin (2000) M,=235.3(DCPI)** M:: MPa, DCPI: mm/blow
1045.9
Mohammad et al. (2008) MfW M:: MPa, DCPI: mm/blow

There are few empirical correlations to approximate the resilient modulus of subgrade soil from
LWD measurements. Although a main advantage of these models is that they can capture actual
conditions of a soil layer, they are mostly limited to one specific stress state. White et al. (2007)

proposed the following model, presented in Eq. 2-9, to predict resilient modulus of subgrade soil
from ELwp with an assumed Poisson’s ratio of 0.35 and shape factor of % and 2 for cohesive and

cohesionless soils, respectively, at confining pressure = 41.4 kPa (6 psi) and deviatoric stress =

69 kPa (10 psi).

M- (E,,p+45.3)
' 1.24

With M ,E,,, in MPa

Mohammad et al (2008) presented the model in Eq. 2-10 in order to estimate resilient modulus

from LWD data by assuming a Poisson’s ratio of 0.4 and a shape factor of % for cohesive soil

and 2 for cohesionless soils, at confining pressure = 13.8 kPa (2 psi) and deviatoric stress = 41.4

14
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kPa (6 psi). These values represent the stress state at the top of the subgrade layer under standard
single axle loading of 80 kN (18 kips) and tire pressure of 689 kPa (100 psi) with a 50-mm
asphalt wearing course, 100-mm asphalt binder course and 200-mm aggregate base course

(Mohammad et al., 2008; Rahim, 2004; Asphalt Institute, 1989).

M, =2775xE},} Eq. (2-10)
With M ,E,,, in MPa

The validity of these models at just one specific stress state, makes them ineffectual for other
loading combinations. Many studies have been performed over the past two decades to model the
stress dependency of the resilient modulus by predicting the coefficients of the universal
constitutive models (e.g. Dunlap, 1963; Seed et al., 1967; Witczak and Uzan, 1988; Pezo, 1993;
NCHRP project 1-28A, 2004) using basic soil properties such as water content, plastic limit,
liquid limit, P4, P20o etc. For example, Yau and Von Quintus, 2002; Elias and Titi, 2006; and
Nazzal and Mohammad, 2010 each proposed different models to estimate “NCHRP project 1-
28A” constitutive model coefficients (ki, ko and k3) from the physical properties of soils taking

into account mean and deviatoric stress dependency.
2.5 Numerical Analyses

2.5.1 Various soil constitutive models
In order to study the deformation behavior of test sections under cyclic loading, the subgrade and
base layer have been modeled in Plaxis 2D and 3D using Mohr-Coulomb, Hardening Soil, and

Hardening Soil small strain constitutive models.
2.5.1.1 Mohr-Coulomb

The Mohr-Coulomb or elastic perfectly-plastic constitutive model uses Hooke’s law and the
Mohr-Coulomb failure envelope. The deformation behavior of the soils below the failure
envelope is assumed to be linear elastic following Hooke’s law. The linear elastic stiffness is
modeled by a constant elastic modulus and Poisson’s ratio. The failure behavior is captured by
the Mohr-Coulomb criterion. Hence, the model is not capable of capturing the non-linear

deformation behavior of soil before failure.
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The model required two stiffness properties: elastic modulus, E, and Poisson’s ratio, v ; and three

shear strength properties in drained condition: the cohesion, c, friction angle, ¢, and dilatancy

angle,
2.5.1.2 Hardening Soil

The Hardening Soil model is an advanced soil constitutive model, which is capable of simulating
the stiffness hardening of soils with an increase of confining pressure and stiffness softening due
to vertical strain increase. The relationship between axial deviatoric stress and axial strain was
formulated with the hyperbolic relationship first by Konder (1963), as shown in Figure 2-5, and
later implemented to the constitutive model by Duncan and Chang (1970). Compared to the
Mohr-Coulomb model, the Hardening Soil model involves more stiffness parameters, as stated
below:

m: Stress dependent stiffness according to a power law.

E!Y : plastic straining due to primary deviatoric loading

E’? . Plastic straining due to primary compression

E!? : elastic unloading/reloading

v, : unloading/reloading Poisson’s ratio

deviatoric stress

asymptote

EU r

axial strain - =4

Figure 2-5. Hyperbolic stress-strain relation (Plaxis 2010 manual)

16



The strain-stress relation and stress dependency of stiffness properties are formulated for

standard drained triaxial test as follow:

1
e =—— 1 q<q, Eq. (2-11)

il_q/qa

Where qa and Ei are defined as:

e Eq. (2-12)
R,
2F
E=—2 Eq. (2-13
i 2-R, q. ( )
The Eso is the stress dependent stiffness modulus which is given by Eq. 2-14:
B E( ccosp—o,sing ' Eq. (2-14)

50 .
© “ccosp+ p sing

The stress dependency of the stiffness modulus is expressed by the power m. The value of m can
be directly calculated from a series of triaxial tests conducted at various effective confining
pressures or estimated from reported values in the literature. The m value is recommend between

0.5 for sand and silt to 1 for soft clayey soil.

In case of unloading/reloading stress paths, the Eur is formulated as a stress dependent stiffness

modulus by Eq. 2-15:

E, =E" (PR yn Eq. (2-15)
ccosp+ p'? sing

2.5.1.3 Hardening Soil small strain (HS small model)

The Hardening Soil model considers elastic behavior during unloading/reloading, however only
within the small strain range. As shown in Figure 2-6, stiffness of soils reduce due to the increase
of strain level. It can be seen that for the conventional laboratory measured strain, (i.e. £>107),

soil stiffness is reduced to half of its initial value.
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It can be concluded that for geotechnical or soil-structure analyses, an appropriate stiffness
incorporating the soil’s non-linear dependency on strain level should be used. The Hardening
Soil Small Strain (HS Small Strain) model is capable of considering this characteristic of soil

stiffness, as well as the other features included in the Hardening Soil model.

In order to describe the variation of stiffness with strain, the HS Small Strain model requires two

more parameters in addition to HS model parameters:
Go: initial shear modulus.

7o, - shear strain level at which Gs is reduced to 70% of Go

'y

[ |1—|1—P| Retaining walls
= l+—|—| Foundations
e |¢—|—D‘| Tunnels
E| Very
2 | small _—
= 5 | Conventional soil testing
= strains Small strains ey °
g ~—
= —
uI ——

Larger strains
0 p T T L L. T 1’ Shear strain  [-]
le” le le” le” le le

‘ |
Dynamic methods

|+ |
™ |

N

Local gauges

Figure 2-6. Stiffness-strain behavior of soil (after Atkinson & Sallfors (1990))

Hardin and Drnevich (1972) proposed Eq. 2-16 to capture the strain dependency of shear

modulus:
G 1
GS = Eq. (2-16)

L va

e
Where 7, , threshold shear strain, is defined as:
T

v, =5 Eq. (2-17)
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Santos and Correia (2001) suggested Eq. 2-18, to usey,,, instead y,to eliminate the error

involved with selecting the threshold shear strain:

Q

1
- Eq. (2-18)

* 1403857

Q

Yo

Benz (2007) defined the stress-strain relationship in context of HS Small Strain model, as

expressed in Egs. 2-19 and 2-20;

r=Gy=——20_ Eq. (2-19)

y=2¢ Eq. (2-20)

Where ¢ . 1s the second deviatoric strain invariant.

Figure 2-7 shows the stiffness properties of the HS Small Strain model. In contrast to the HS
model, it can been seen that within the HS Small Strain model, Eur is not linear and also Eur is

different than the initial Eo value.

»axial strain £

Figure 2-7. Stiffness parameter of HS Small strain model (Plaxis 2010 manual).
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The stress dependency of shear modulus is given by Eq. 2-21:

s CCOSQ—0,8ing _,
G, =G (P TNL ) Eq. 2-21)
ccos@p+ p'? sing

And the initial elastic modulus is defined by Eq. 2-22:
E,=2G,(1+v,) Eq. (2-22)

2.5.2 Previous numerical studies

Several numerical studies have been performed over the past decades to evaluate the
performance of reinforced unpaved and paved roads using finite element/difference analyses.
Different constitutive soil models were used to model the deformation behavior of ABC and
subgrade soils. Dondi (1994) obtained results from numerical analyses that were in a good
agreement with field observations and indicated a significant increase in bearing capacity of the
reinforced subgrade compare to the unreinforced section. Dondi (1994), and Wathugala et al. (1996)
showed through numerical analyses that geosynthetic inclusions produced up to a 20% reduction in
vertical deformation compared to an unreinforced subgrade. Barksdale et al. (1989) reported that the
most beneficial location of the reinforcement is between the top of the subgrade and 1/3 up into the
base layer. Leng and Gabr (2005) showed that the contribution of geosynthetic reinforcement to
reducing rut depth increased as the modulus ratio of the ABC to the subgrade decreased. Nazzal et al.
(2010) found the benefit of reinforcement is more pronounced in reducing permanent deformation

rather than recoverable strain.

A summary of the numerical investigations on the performance of reinforced subgrades is presented
in Table 2-2. From an analysis of these studies, it was concluded that the deformation behavior and
stress distribution within reinforced unsaturated base/subgrade materials under cyclic loading have
not been fully addressed. Furthermore, no explicit consideration for the base/subgrade matric suction
seems to have been taken into account in evaluating the deformation behavior of the pavement

system.
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Table 2-2. Summary of Finite Element Studies of Reinforced un/Pavements

Analysis

Asphalt

Base layer

Subgrade

Author(s) Software mode layer model model layer model Load
Miura
et al - Axi-sym LE! LE LE Monotonic
(1990)
33321) ABAQUS | 3D LE D-P? None Monotonic
Whathugala .
et al. ABAQUS | Axi-sym D-P D-P Hiss 3o Smglle
(1996) Cycle
Perkin ct al. ABAQUS 3D Mc Bs* BM Monotonic
(2001)
Leng and
Gabr ABAQUS | Axi-sym None D-P D-p Monotonic
(2001)
Kwon
et al. ABAQUS | Axi-sym LE MC LE Monotonic
(2005)
Abu-
Farsakhet | ABAQUS | Axi-sym MC D-p D-p 100 load
al. (2009) cycles
Naéz(a)lll 8; al. ABAQUS | Axi-sym MC CS’ Cam-Clay | Monotonic

'LE: Linear Elastic
2D-P: Drucker-Prager
3Mohr-Coulomb

“BS : Bounding Surface
5CS : Critical State

2.6 Soil Water Characteristic Curve

The soil water characteristic curve (SWCC), correlates the soil matric suction state and

volumetric/gravimetric water content or degree of saturation. Several mathematical models have

been developed over the last decades in order to develop the soil SWCC from a limited number

of points. Fredlund and Xing (1994) proposed Eq. 2-23:

Oy,a,n,m)=C(y)

{Infe+ (L) 1y
a
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Where:

In[1+ ()]
Cly)=1 ——l‘g; Eq. (2-24)
In[1+ ()]
v,

Van Genuchten (1980) proposed Eq. 2-24 for developing soil the SWCC. Plaxis software uses

Van Genuchten’s model for unsaturated soil analysis.

6=+ 00 _ Eq. (2-25)
[1+(@y)"]

Where:

m=1-1/n Eq. (2-26)

Ba et al. (2013) reported results which looked into the SWCC of different types of ABC. The
SWCC curves were developed and constructed from laboratory suction measurements and using
Frendlund and Xing’s and also Van Genuchten’s models. The presented results by Ba et al.
(2013) were used in numerical analyses, to estimate the SWCC of the aggregate base materials

utilized in the present study.

Wang (2014) performed a comprehensive study on the SWCC of Piedmont residual soils from
Greensbro, North Carolina. A series of pressure plate tests and tensiometer suction
measurements were performed to develop the SWCC of the natural A-7-5 soils. Since the
location of the full-scale testing in this project was located in same geologic region, the
developed SWCC for A-7-5 soil by Wang (2014) was used for numerical analyses in this study.
The developed SWCC was validated by laboratory tensiometer matric suction measurements on

field-obtained Shelby tubes.

Since developing the SWCC curve through laboratory testing (pressure plate test, etc. ) is time
consuming and requires advanced equipment, empirical correlations have been proposed in the
literature to estimate Fredlund and Xing’s or Van Genuchten’s model coefficients (a, n, m), from

soil grain size distribution data. In order to develop a SWCC for the A-4 soil, with PI<4, the
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proposed model by Zapata et al. (2000), that predicts the SWCC from index properties of soils
with PI=0, was used. Egs. 2-27 to 2-30 predict the Frendlund and Xing’s model coefficients for
soils with PI=0:

a=0.8627(D,,) """ Eq. (2-27)
n=15 Eq. (2-28)
m=0.1772In(D,) +0.7734 Eq. (2-29)
v, 1

- Eq. (2-30
a Dg,+9.7e" ¢ )

2.7 Summary

In summary, there is consensus that the inclusion of geosynthetics reinforcements reduces
deformation and applied stresses on the top of the subgrade compared with unreinforced unpaved
section. The contribution of the geosynthetics reinforcement intensified with smaller thicknesses
of the ABC layer. Existing empirical correlations for prediction the resilient modulus either do
not simulate field stress conditions and are generally not capable of calculating the resilient
modulus at various stress state. The modulus and shear strength properties of soils depend on
matric suction state, which in turn affect deformation behavior of the base and subgrade layers.
The contributions of the matric suction to the deformation behavior of the reinforced or

stabilized subgrade, under static and cyclic loading, are not well addressed in literature.
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CHAPTER 3: FIELD TESTING

3.1 Site Description:

The test site was part of a NCDOT road widening project (State Project R-2413C) located in
Rockingham & Guilford, north of Greensboro, North Carolina. The specific test area was located
on ramp B that connects US 65 East to US 220 South at the coordinates of 36.268082 and-
79.93053, as marked on Figure 3-1.

¥ Field site Lecation (

*
Laleigh

Figure 3-1. Site Location
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Guilford County is located in the Piedmont region, which encompasses approximately the
middle one third of the state of North Carolina. The chosen test area used to be a trailer park,
with four to six septic tanks installed into the ground. During the first phase of the project
(drilling boreholes, sampling and SPT testing) which occurred in the middle of March 2014, the

ground surface was completely covered by mud, water and grass, as shown in Figure 3-2.

Figure 3-2. Field site on March 19" 2014

3.2 Test Pads Configuration

Table 3-1 provides descriptive information for the test sections and Figure 3-3 shows a plan view
and section of the test pad area. The area encompassing the four test section was 200 ft long by
16 ft wide and was divided to four sections of 50ft long pads in order to compare the
performance of different types of subgrade soil stabilization. The test pads were constructed in

the following order:

I Section 1 was designed to be undercut by 31” and backfilled with type II select fill
material. After analyzing Lidar scan data, it was observed that 29” to 317 was

excavated and backfilled with 30 to 33” of select fill.
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IT) Section 2 was excavated 9” and reinforced with biaxial geogrid (BX 1200). The
section was backfilled with 9” of class IV aggregate base course.

IIT)  Section 3 was undercut by 9” and backfilled with 9” of class IV aggregate base
course on the top of high strength polyester woven geotextile.

IV)  Section 4 was designed to be treated by lime stabilization for the top 8 inches.

Table 3-1. Test pads description

. Depth of . . Tensile Strength, MD,
Section No. Undercut/Treatment Backfill Martial | Reinforcement (at 5% strain), Ibs/ft
Select Material
1 ”N 2 N -
i (Class II) one
Tensar®
2 7.57°~117 ABC (Class IV) BX1200 810
Geogrid
3 10"~11.5” ABC (Class Iv) | Mirafi® HPS70 2400
Geotextile
1.5 ton of lime
4 8” 3 None -
per 600 ft
) 200"
50" 50" I 50" 50"
L, Outer Wheel Plath (oWP) 4:{55""
16 Inner Wheel Path (IWP) 6.
! 475"
Section 4 Section 3 Section 2 Section 1
8 in lime stabilized soil 9in ABC over geotextile 9 in ABC over geogrid 31 in select material
8.§)O|j""'f; umestabﬁlzatpn" 4 ABC ABC by S
b)

Figure 3-3. Plan view (a) and section (b) of the test pads.
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3.3 Sensor Installation and Pad Construction

3.3.1 Moisture and suction sensors

As shown in Figure 3-4 and Figure 3-5(d), two moisture and one suction sensors were installed
in the middle of each test pad to monitor and record the volumetric water content and matric
suction of the subgrade layer. One 10HS Decagon® moisture sensor, Figure 3-5(a), was installed
horizontally at a depth of 3 and one vertically at the depth of 6” below the stabilized zone,
Figure 3-5(f). One MPS-2 Decagon® suction sensor, Figure 3-5(b), was installed 3” below the
undercut/treated depth, and 2 away from the horizontal moisture sensor, Figure 3-5(e). Figure 3-
5(d) shows the depth of sensor installation in the section 4. The suction sensors were calibrated
at the North Carolina State University geomechanics lab, the results are presented in Appendix

A.

W43—\ /—W46 W3 /—W36 W23—\ /—W26 W1 /—W1 6

b ——F —a—" —F

7 7 | 7 7 415"
sa/ s3—/ s2/ st/

Section 1

8_b0| | Section 4

3,00 -:W’

Soll Molisture Sensor e =
Suction Sensor @ 3.0 6.0

Figure 3-4. Moisture and suction sensors layout
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Figure 3-5. a) 10HS Decagon® moisture sensor; b) MPS-2 Decagon® suction
sensor; c¢) depth of sensors in section; and d, e, f) two moisture and one suction

S€Nnsor.
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3.3.2 Earth pressure cell installation

Figure 3-6 shows the location of earth pressure cells (EPC) in each test section. A combination
of 9 inch- diameter EPC Geokon® -model # 3500-2 and 3500-3 with pressure transducer with
voltage 0-5 VDC and current 4-20 mA output, respectively (instruction manual 3500 EPCs,
Geokone, 2013), were used. The EPC were located to measure applied stress by traffic load near
the interface of stabilized layer and subgrade. The EPC model # 3500-2 is manufactured with
readout cable that consists of four individually shielded pairs of cable; two pairs directly
connected to the semiconductor and one pair for long cable remote sense, which make this model
suitable for long cable (>50m). However for shorter cables, model 3500-3 with readout cable
consisting of two pairs of cable, was used. The EPCs were calibrated in the air chamber in the

North Carolina State University structure lab, CFL. The results are presented in Appendix B.

On each test pad, four pressure cells were installed 3” below the undercut/stabilized depth, two
on each wheel path. In order to install the pressure cells, after undercutting to the pre-determined
grade, a hole with 10”~11" diameter and 6” depth was dug out, as shown in Figure 3-7(a-b), and
backfilled using 3 hand-compacted silica sand, Figure 3-7(c). Each pressure cell was then
placed as shown in Figure 3-7(d), and 1” soil (fraction that passed sieve No. 10) was compacted

on the top of it, Figure 3-7(e-f).

C42—'\ c4 C32—\ C3 022—‘ c2 C1 C1
f-1 2.5" ‘—25";12.5"'1'-1 2.5" —25"lr1 2.5"71 2.5" ‘—25‘3-(1 2 .5"-|'-1 2.5 25';1 2.5“—1
| W
gl i N— owr =@ i ° 0 435,,
cae—  caz! cad et coed et cied o1z
8.‘)0' | Section 4 Section 1
3-0; 3 ‘ n
Earth Pressure Cell 35002 1l | i
Earth Pressure Cell 3500-3 @ - )‘J
3.0 3.0

Figure 3-6. Earth Pressure Cells layout
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,rs',,;. & ol - \
Figure 3-7. a) Depth of the EPC below the stabilized layer; b) 10”~11" hole; ¢, d)

3” hand-compacted silica sand; and e, f) 1” soil (fraction that passed sieve No. 10).
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3.3.3 Data acquisition

Applied stress was measured by the EPCs. These data were recorded by using Vishay Micro-
Measurements® through 16 channels, Figure 3-8(a). Data acquisition was connected to a laptop
to record and save the data by StrainSmart© software. Recording rate was set on 1000 reading

per second.

The volumetric water content and matric suction were recorded using four EM 50 data loggers,
shown in Figure 3-8(b). The data loggers were set to record volumetric water content and suction
every one hour. At the end of the full scale testing, the data loggers were connected to a laptop
and the stored data were transferred and saved on the laptop by Decagon’s ECH20 Utility

software.

Figure 3-8. a) Data Acquisition System Vishay 7000 and b) EM 50 data loggers

3.3.4 Construction of test sections
As shown in Figure 3-9(a), Section 1 was undercut 31” and backfilled by select material class II
that was compacted in four and one-half lifts to reach relative compaction greater than 95%,

Figure 3-9(b). The physical properties of the select fill are summarized in Table 3-2.

Table 3-2 Mechanical properties of select fill.
LL PL PI Gs P4% P200% USCS AASHTO

32 30 2 2.71 83% 42% SM A-4a
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Figure 3-9. (a)Undercutting section 1 and (b) Backfilling section 1

Test sections 2 and 3 were stabilized by excavating 9 inches of in-place soil and installing
geogrid BX1200 manufactured by Tensar ® and geotextile Mirafi® HP570 on section 2 and 3,
respectively, as shown in Figures 3-10 and 3-11. The geosynthetic materials were stapled into the
ground and tighten as much as possible to minimize required strain for mobilizing tensile
strength, Figure 3-11. After installing the geosynthetic layers, 9 inches of ABC class IV were
backfilled and compacted to relative compaction greater than 91% based on AASHTO T180.
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Section 3 '

Section 2

Figure 3-10. Geogrid Tensar ® BX 1200 on section 2 and geotextile Mirafi® HP570
on section 3

Figure 3-11. Stapling geogrid Tensar ® BX1200 into the ground in section 2
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3.3.5 Density testing

Two rubber balloon density tests were performed on section 1 with the select fill material. One
test was conducted right after the select fill was placed and compacted and one test 4 days later,
before full scale testing, Figure 3-12(a). Four nuclear gage density tests were carried out on
sections 2 and 3 in order to measure relative compaction of aggregate base course, Figure 3-
12(b). Two density tests were performed (one on each section) one day after the ABC was placed
and compacted and two tests before starting traffic on the pads. The relative compaction values
were calculated based on a maximum dry unite weight of 115 and 134 pcf for select fill and ABC
materials, from presented laboratory proctor test results in Chapter 4. The density testing results

are summarized in Table 3-3.

Table 3-3. Measured Relative Compaction

Pad No. 1 2 3
Description 31” Select Material type I 9” ABC over Geogrid  9” ABC over Geotextile
Method Rubber Balloon Nuclear gage Nuclear gage
% Compaction 95.4 (95)! 95.7 (97.1)! 96.3 (96.3)!
Water content 14% 6.4% (3.4%)* 6.4% (3.9%)*

1: Relative compaction before full scale testing

2: water content before full scale testg
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Figure 3-12. a) Rubber balloon density and b) nuclear gage density

3.4 Test Load and Deformation Surveys

3.4.1 Truck configuration

A tri-axle dump truck was loaded with stone and weighed on a certified truck scale in order to
determine the load distribution on each axel. The total gross weight was determined as 54980
Ibs. By comparing the truck weight and load distribution on each axle to one used in a similar
project (Cowell et al. 2012), the front and two rear axles load were estimated as 16500 and
38500 lbs, respectively, which were assumed evenly distributed among the tires for each axle.
Tire pressure was checked before, intermittently during and after testing, and set to ~85 psi.

Figure 3-13 shows the truck tire configuration and dimensions.

184 54

=—1k

Figure 3-13. Truck configuration (Dimensions in inches)

3.4.2 Lidar scan

To monitor the cumulative permanent deformation induced by traffic loading, Lidar Scan
surveys (see Figure 3-14) were performed before starting the test, after 1, 5, 10, 50, 100, 200,
300, 500, 700, 800, 900 and 1000 truck passes. Surveys were also conducted before and after
excavation to determine exact depth of the stabilization measure. Since the accuracy of survey is
dependent on distance of objects, and for the sake of consistency, surveys were carried out from

two stations, at the interface of sections 1 and 2 and the interface of sections 3 and 4.
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Figure 3-14. Survey from interface of section 3 and 4

3.5 Summary

In summary, a site located in the Piedmont Physiographic region, Greensbro, North Carolina
state was selected, in order to evaluate proposed undercut criteria in the Phase I, as well as
performance of several subgrade stabilization alternatives included select fill materials,
geosynthetics reinforcement and chemical treatment. Four full-scale road sections (each 50 ft.
long by 16 ft width) were constructed on poor subgrade soil where undercutting is normally
needed. One test section incorporated 31 inches of undercut and replacement with select fill
material (Class II), the second and third test sections included reinforcement using a geogrid and
geotextile, respectively, in conjunction with excavating and replacement with 9 inches ABC
(Class IV), and the fourth test section included lime stabilization of the top 8 inches soft
subgrade soil. Four Earth Pressure Cells (EPC) were embedded within the wheel paths (two in
each wheel path) of each the test sections to monitor stress variations with traffic loading. A
surface profiler (laser-based surveying) was used at periodic intervals to monitor plastic
deformation and wheel path rutting with loading cycles. Moisture and suction sensors were

embedded in the subgrade to monitor moisture and suction variation; to investigate impacts of
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such variation on the strength properties of the subgrade, and therefore to enhance interpretation

of the field data.
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CHAPTER 4: LABORATORY AND IN-SITU TESTING

During field construction of the test pads, in-situ tests including DCP and LWD were carried out
to evaluate shear strength and stiffness properties of the encountered soils. Laboratory tests
included index properties, monotonic triaxial compression testing and Resilient Modulus testing.

These tests were performed on samples retrieved from the test site using Shelby tubes.
4.1 Sampling and Testing

Shelby tube samples were obtained at eight locations, with 3 tubes retrieved per location. As
shown in Figure 4-1, the locations of the holes from which Shelby tubes were retrieved were
along the centerline of each test section, with samples retrieved 12.5 ft from the two ends of each
test pad. In total, 24 Shelby tubes were recovered. The samples were then taken to the

Constructed Facilities Laboratory (CFL) at NCSU for further testing.

A series of laboratory and in-situ tests were performed to evaluate subgrade soil modulus
properties of the four test pads. In this case, SPT, LWD and DCP testing was conducted to
monitor the variation of subgrade modulus across the test sections. The LWD and DCP tests
were performed four locations within each test section, as shown in Figure 4-1, both before and
after excavation and full scale testing. The test locations were offset 1-m (3.3-ft) away from the
boreholes from which Shelby tubes were obtained. In parallel, a laboratory testing program
including physical properties characterization, monotonic triaxial, and resilient modulus testing
was performed on undisturbed samples retrieved from within the LWD influence zone (a depth

of 1~1.5 diameter of the LWD loading plate, as was specified by Mooney and Miller 2007).
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Figure 4-1. Location of Shelby tubes, resilient modulus specimens, and in-situ tests
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4.2. Laboratory Testing

4.2.1 Material properties

Index property tests included specific gravity, grain size distribution, Atterberg limits and
standard compaction, which were performed following ASTM D854, D2216, D4318 and D698,
respectively, on the specimens retrieved from the Shelby tubes, select fill material and aggregate

base course.
4.2.1.1 Subgrade soil

Index properties of the subgrade soil specimens are summarized in Table 4-1. Figure 4-2 shows
the grain size distribution of the four different type subgrade soils encountered, as determined
from index properties. According to the AASHTO engineering soil classification system
(Unified Soil Classification System-USCS) the compacted fill subgrade soils are classified as A-
4 (SM, ML, CL), and the natural Piedmont residual soil as A-7-5 (MH).. Based on the index
properties test results, it was determined that the top 32 inches of soft low plasticity subgrade soil

(A-4) was compacted fill, which was underlain by the natural stiff high plasticity Piedmont

residual soil (A-7-5).
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Figure 4-2. Grain size distribution of the subgrade materials.
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Table 4-1. Index properties of the subgrade soil specimens

Section

Hole

o oL Depth w (%) y(eh) e Gs LL Pl Pu(%) %Clayl  USCS. AASHTO
i%,: 34 113 0.98 2.7 72 25 80 65 MH A-7-5
H1 ,
. > . 32 121 0.84 2.68 75 24 85 69 MH A-7-5
Section 1 57
7"-13" 14 125 0.51 2.64 15 4 41 15 SM A-4a
H2 347
40" 28 118 0.8 2.66 57 22 71 46 MH A-7-5
3"-9" 17 120 0.61 2.64 20 3 49 18 SM A-4a
0 915" 16 125 0.51 2.61 18 2 51 16 ML A-4a
2;8; 19 121 063 263 17 5 50 28 SM A-4a
Section 2
0"-6" 22 124 0.63 2.60 20 54 19 ML A-4a
Ha 9"-15" 15 129 0.47 2.62 19 54 20 ML A-4a
234(1),: 21 117 0.74 2.63 17 4 51 25 ML A-4a
0"-6" 13 130 0.46 2.61 21 2 51 20 ML A-4a
H5 o
18" 16 131 0.44 2.64 25 8 42 16 CL A-4a
Section 3 3"-9" 17 122 0.58 2.65 13 3 42 14 SM A-4a
H6 915" 21 125 0.59 2.61 19 4 48 19 ML A-4a
2340; 21 1120 07 263 18 5 40 17 SM A-da
Section 4 HS8 3"-9" 16 125 0.52 2.61 19 2 54 14 ML A-4
'Clay <5um
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4.2.1.2 Aggregate Base Course

As mentioned in Chapter 3, aggregate base course class IV, with specific gravity 2.7, was used in

this project. Figure 4-3 shows the grain size distribution of ABC material. The index properties

of the ABC material are presented in Table 4-2. Modified proctor compaction results, performed

according to ASTM D1577, are presented in Figure 4-4. According to AASHTO engineering soil

classification system (USCS) the ABC is classified as an A-1 (GW), a well-graded gravel with

silt and sand. or .
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Figure 4-3. Grain size distribution of ABC

Table 4-2. Index properties of ABC material

Soil Maximum dry unit Optimum water
Gs. USCS AASHTO
Sample weight (pcf) content
32 2.7 134 7.5 GW A-1
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Figure 4-4. ABC modified proctor compaction results

4.2.1.3 Select Material

Test section 1 was stabilized by undercutting 32 inches of soft soil and backfilling with select fill
material. The index properties and grain size distribution of the select material are summarized in
Table 4-3 and Figure 4-5, respectively. The standard proctor test result are plotted in Figure 4-6.
Based on the index properties, the select material was classified as A-4 and met the NCDOT
specification for class II select material. According to USCS the select material is classified as a

silty sand (SM)

Table 4-3. Index properties of select material

Maximum Optimum
LL PI Gs dry unit water USCS AASHTO
weight (pcf)  content (%)
32 2 2.71 117 14.5 SM A-4a
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Figure 4-5. Grain size distribution of select material
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Figure 4-6. Select material standard proctor compaction results
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4.2.2 Monotonic triaxial testing

Monotonic CU triaxial compression tests were also carried out on the undisturbed samples
retrieved from the Shelby tubes, following ASTM 4767-04. The CU tests were performed on
saturated specimens at effective confining pressures of 8 and 14.5 psi. The undrained shear
strength parameters of the subgrade soils are summarized in Table 4-4. Figure 4-7(a) and (b)
show the A-4 and A-7-5 specimens at the end of the CU triaxial test. It can be seen that A-4
specimens bulged at the failure point, while the shear band can be clearly seen in the stiff A-7-5

specimen. More details can be found in Appendix C.

Table 4-4. Shear strength parameters of the subgrade soil layers

Total Stress Parameters Effective Stress Parameters
Subgrade C (psi) ¢ C’ (psi) "
A4-a 15 4 2 25
A-7-5 10 13 3 25

Figure 4-7. CU triaxial specimens at failure state a) A-4 soil & b) A-7-5 soil.
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4.2.3 Resilient modulus test results

Resilient modulus tests were performed on sixteen 15.24-cm (6-in) long, undisturbed specimens
retrieved from Shelby tubes, as shown in Figure 4-1, by following the AASHTO T-307 protocol.
According to AASHTO T-307, the resilient modulus of cylindrical specimens is measured under

the repeated deviatoric stress with 0.1 sec load duration and 0.9 sec resting time. As shown in

Fig. 4-8, the deviatoric stress (o, ) consists of the fixed contact stress (o

ontact

:0.10,) and the
cyclic stress (0, :0.90,). The resilient modulus test begins by applying 1000 conditioning

load cycles at 13.79 kPa (6 psi) confining pressure, followed by 15 stress combinations including
five deviatoric stress levels 13.79, 27.58, 41.37, 55.16 and 68.95 kPa (2, 4, 6, 8 and 10 psi) at the
three confining pressures of 41.37, 57.58 and 13.79 kPa (6, 4 and 2 psi). The resilient modulus is
defined as the cyclic stress divided by the average resilient strain for the last 5 of the 100 applied
load cycles at each stress state. The laboratory-measured resilient moduli were analyzed in the
context of the NCHRP 1-28A (MEPDG) constitutive model. The model coefficients (ki, k2, and
ks) of all specimens, which were determined from curve fitting in Matlab, are presented in Table

4-5. Further details are presented in Appendix D.

1.1

1 ” A
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0.7
0.6 Cyclic Stress

0.5
0.4
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0.2

0.1 | ¥
0 0.1 Contact stress 1

Devaitoric stress

Time (s)

Figure 4-8. Resilient modulus test cyclic load example.
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Table 4-5. Resilient modulus test results

Section No.  Hole No. Depth ki k2 ks R2
30"-36" 1310 0.230 -1.04 0.97
H1
) 51"-57" 750 0.270 -0.62 0.99
Section 1
7"-13" 634 0.882 -2.50 0.94
H2 34"-40" 1444 0.329 -2.44 0.99
3"-9" 513 0.970 -3.08 0.96
3 9"-15" 593 0.874 -3.09 0.95
24u_30u 488 0897 -425 08
Section 2 0"-6" 666 0.879 328 0.94
Ha 9"15 646 0.895 -2.44 0.97
24"-30" 803 0.697 -3.86 0.96
0"-6" 680 0.910 -2.82 0.96
H> 12"-18" 897 0.897 -4.26 0.92
Section 3 3"-9" 567 0.808 -2.11 0.96
H6 9"-15 717 0.673 -4.39 0.86
24"-30" 812 0.679 -4.57 0.95
Section 4 HS 3"-9" 555 0.924 -2.81 0.96
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4.3 In-situ Testing

Light Weight Deflectometer (LWD), Dynamic Cone Penetrometer (DCP), and Standard
Penetration (SPT) tests were performed at various stages of the full scale testing, along with
laboratory tests, to collect data on the strength and modulus characteristics of the subgrade prior

to and after roadway grading and full scale testing.

4.3.1 SPT test results

SPT tests, to a depth of 6ft below grade, were performed at the middle of each test section before
excavation. As shown in Figure 4-9, the top 3 ft of the profile was composed of soft compacted
soil with low Neo-values, underlain by stronger natural Piedmont residual soil.. It can be
concluded that the soft A-4 soil layer is located at shallow depth in section 1, compared with the
other sections, which is consistent with laboratory soil classification and index property tests
results. A summary of the collected soil sample description and SPT tests results, along with

calculated Neo values incorporating rod-length correction factors, are presented in Table 4-6.
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1600 | W 1 60
1800 70

Figure 4-9. SPT test results
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Table 4-6. SPT test results

Depth
Section Description Soil type N Nso
From To
0 1.5 Loose, Tan to Brown Silty Sand 3 34
1 1.5 3 Medium Stiff, Tan to Brown Silty Clay 8 9.1
3 4.5 Very Stiff, Red to Brown Silty Clay 23 26.2
4.5 6 Hard, Red to Brown Silty Clay 39 44.4
0 1.5 Loose, Tan to Brown Silty Sand 5 5.7
o) 1.5 3 Soft, Tan to Brown Sandy silt 3 34
3 4.5 Stiff, Tan to Brown Silty Clay 11 12.5
4.5 6 Very Stiff, Red to Brown Silty Clay 24 27.3
0 1.5 Medium Stiff, Tan to Brown Sandy silt 5 5.7
3 1.5 3 Medium Stiff, Tan to Brown Silty Clay 5 5.7
3 4.5 Stiff, Red to Brown Silty Clay 12 13.6
4.5 6 Very Stiff, Red to Brown Silty Clay 23 26.2
0 1.5 Soft, Tan to Brown Sandy silt 3 34
4 1.5 3 Medium Stiff, Tan to Brown Silty Clay 4 4.5
3 4.5 Very Stiff, Red to Brown Silty Clay 18 20.5
4.5 6 Very Stiff, Red to Brown Silty Clay 23 26.2

4.3.2 DCP tests measurements

As previously stated, DCP tests were performed during the project at different time steps. DCP
tests were carried out at four locations in each test section, as shown in Figure 4-1, before and
after excavation, and after traffic loading. To establish the interface between soil layers from
DCP data, ASTM D6951 recommends to plot the cumulative blow counts vs penetration depth
and find the intersection of tangent lines. From this plot, as shown in Figure 4-10, the thickness

or respective layers can be found.
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Figure 4-10. Soil layer interface determination by DCP data

After locating the interface of layers, the weighted average DCP Index of each soil layer was
calculated using Eq. 4-1. By defining the DCPI of each soil layer, the CBR, resilient modulus
and undrained shear strength can be estimated by inserting DCPI into the existing empirical

correlations, as presented in Chapter 2.

wt.avg.

N
DCPI, = % > (DCPI, xz,) Eq. (4-1)
i=1

Which,
z = Depth of penetration per blow (mm/in)
H = Total depth of the soil layer (mm/in)

The DCP measurements are summarized in Tables 4-7 to 4-10.
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Table 4-7. DCP test results prior to excavation.

Test Section Station Depth! DCPI? CBR® Su*
S11 0~21 60 3 45
21~34 25 8 107
S12 0~6 33 6 82
6~21 43 5 64
1 21~35 18 18 143
S13 0~25 48 4 57
25~36 15 15 160
S14 0~9 27 8 100
9~22 16 15 158
22~35 6 41 140
S21 0~9 37 5 73
9~28 54 4 50
29~32 16 14 155
S22 0~12 126 1 20
12~27 56 3 48
2 27~31 17 13 148
S23 0~8 35 6 79
8~28 57 3 47
28~35 37 5 73
S24 0~28 57 3 47
28~37 17 13 149
S31 0~1 51 4 53
1~8 21 10 124
8~26 43 5 64
26~38 21 11 129
S32 0~17 56 3 48
17~34 18 13 147
3 S33 0~4 43 5 64
4~17 19 12 137
17~28 40 5 69
28~37 15 16 165
S34 0~15 46 4 59
15~25 28 8 97
25~33 17 13 150
nches
’mm/blow
3Eq. (2-2)
“Eq. (2-4), kPa
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Table 4-8. DCP test results after excavation.

Test Section Station Depth! DCPI? CBR’ Su*
1 S11 32~40 48 4 57
40~52 16 14 158
52~59 7 40 149
S12 32~50 22 10 123
50~58 8 33 187
S13 32~50 20 11 132
50~57 6 45 98
S14 32~44 15 16 164
44~54 10 25 198
2 S21 9~13 24 9 113
13~39 60 3 45
39~346 27 8 101
S22 9~14 19 12 137
14~38 55 4 49
38~45 27 8 102
S23 9~38 58 3 47
38~45 25 9 109
S24 9~17 22 10 123
17~31 45 4 61
31~44 20 11 132
3 S31 9~31 48 4 56
31~45 25 9 108
S32 9~30 47 4 59
30~47 20 11 131
S33 9~25 47 4 58
25~47 23 10 119
S34 9~31 48 4 57
31~44 18 13 143
nches
mm/blow
SEq. (2-2)
*Eq. (2-4), kPa

52



Table 4-9. DCP test results prior to traffic loading.

Test Section Station Depth! DCPI? CBR** Su’*®
1 S11 0~29 13 18 238
S12 0~34 14 17 237
S13 0~14 13 18 238
S14 0~33 13 18 238
2 S21 0~6 4 56 341
6~10 13 17 175
S22 0~11 4 53 341
11~14 14 17 173
S23 0~7 4 55 341
7~13 19 12 139
S24 0~14 6 43 339
3 S31 0~7 6 43 338
7~10 17 13 150
S32 0~8 6 39 337
S33 0~11 5 47 340
S34 0~8 5 48 340
8~10 14 16 171
'Inches
’mm/blow

34Eq. (2-2) for subgrade, Eq. (2-3) for ABC
>SEq. (2-4) for subgrade, Eq. (2-6) for ABC and select material, kPa
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Table 4-10. DCP test results after traffic loading.

Test Section Station Depth! DCPI? CBR** Su>*®
1 S11 0~24 8 31 251
24~28 4 68 262
28~32 20 11 220
S12 0~17 12 19 270
17~32 6 43 327
S13 0~33 11 21 244
S14 0~16 12 19 240
16~30 6 41 256
2 S21 0~6 5 53 341
6~12 13 18 178
12~31 37 6 74
S22 0~6 4 69 344
6~10 12 21 189
10~29 32 7 87
S23 0~10 5 47 340
10~28 36 6 77
28~31 14 17 171
S24 0~7 5 53 340
7~23 25 9 110
23~29 13 19 180
3 S31 0~3 5 53 341
3~31 34 6 80
S32 0~7 5 51 341
7~21 34 6 81
S33 0~9 4 74 345
9~16 20 12 135
S34 0~5 4 66 343
5~31 30 7 92
nches
’mm/blow

34Eq. (2-2) for subgrade, Eq. (2-3) for ABC
>SEq. (2-4) for subgrade, Eq. (2-6) for ABC and select material, kPa
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4.3.3 LWD tests measurements

Light weight deflectometer (LWD) tests were carried out at the different points in time, in order
to monitor the variation of the subgrade and ABC modulus during the project duration. The
LWD tests were performed at four locations in each test section, two on each wheel path, as
shown in the Figure 4-11. The Prima 100 LWD device was used in this study. Since the effective
zone of the LWD measurement has been estimated to be approximately 1~1.5D, where D= the
diameter of LWD plate (Mooney and Miller, 2007), in order to minimize the effect of the
stiffness of the underlying layers on the measured ELwp, a plate diameter of 20 cm (8 inches)

similar to the thickness of the ABC layer was used. EvLwp values were calculated by using Eq. 2-

6 with a Poisson’s ratio of 0.35 and shape factor of % was selected for the MH soil, and 2 for the

ML, SM, and CL soil, (Mooney and Miller, 2007; White et al., 2007). LWD tests were
performed at four stages of the project, before and after the excavation, and prior to and after

traffic loading. The results of the LWD tests are presented in the Tables 4-11 to 14.

¥ LWD test Location

L4 L4 L3 L3 L2 L1
O W W S

F l‘ F DWP —r‘ 2 L 4-_'}5“

16 Section 4 Section 3 Section 2 Section 1 6.5"
7 7 T— [wp — 7 7 7

f ! | f f 4}5“

;
L44—! L43—’ L34— 33— 24— |_23—I cm—I L13—

Figure 4-11. LWD test locations.
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Table 4-11. LWD measurements prior to excavation.

Test Section Station ELwp (MPa) Std. (MPa) C.V. %
1 L11 55 2.25 2.04
L12 71 9.37 6.56
L13
L14 56 3.08 2.76
2 L21 38 1.03 1.35
L22 16 1.79 5.42
L23 43 2.80 3.24
L.24 25 2.08 4.20
3 L31 31 2.95 4.70
L32 40 3.03 3.79
L33 64 11.12 8.67
.34 25 4.56 9.23
4 L41 32 5.32 8.38
L42
L43 38 3.05 4.00
L44

Table 4-12. LWD measurements after excavation.

Test Section Station ELwp (MPa) Std. (MPa) C.V. %
1 L11 117 8.92 3.80
L12 155 4.32 1.39
L13 190 14.09 3.71
L14 67 7.08 5.28
2 L21 33 2.40 3.65
L22 32 2.93 4.58
L23 71 3.38 2.38
L.24 28 1.72 3.08
3 L31 37 6.79 9.08
L32 27 1.86 3.49
L33 18 3.31 9.24
L34 12 0.51 2.09
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Table 4-13. LWD measurements prior to traffic loading.

Test Section Station ELwp (MPa) Std. (MPa) C.V. %
1 L11 54 1.79 1.83
L12 59 3.73 3.45
L13 66 2.75 2.27
L14 64 3.27 2.80
2 L21 178 7.52 2.31
L22 115 4.97 2.35
L23 80 9.96 6.79
L.24 176 4.46 1.38
3 L31 149 9.88 3.63
L32 135 10.40 4.22
L33 145 13.11 4.93
1.34 110 10.12 5.08

Table 4-14. LWD measurements after traffic loading.

Test Section Station ELwp (MPa) Std. (MPa) C.V. %
1 L11 28 9.16 17.61
L12 51 3.86 4.21
L13 34 13.57 22.08
L14 41 7.13 9.54
2 L21 60 20.15 18.50
L22 105 14.27 7.48
L23 63 14.90 13.10
L.24 53 17.68 18.38
3 L31 48 12.66 14.65
L32 57 17.27 16.79
L33 58 24.10 23.03
L34 71 29.52 23.02
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4.4 Summary

In summary, a series of the laboratory tests including basic index property, monotonic triaxial
axial compression, and resilient modulus were performed on the undisturbed specimens, along
in-situ tests included SPT, DCP, and LWD. Based on the basic index property tests results, the
top 32 inches subgrade soil was determined as A-4 (SM, ML, CL); which is lied on the top of the
natural Piedmont residual soil A-7-5 (MH). The monotonic triaxial axial compression CU tests
were performed on the subgrade specimens. The resilient modulus tests were carried on sixteen
undistributed specimens on their natural water content state. SPT test results confirmed the soil
classification from index property tests, which indicated top 32 inches soft compacted fill soil.

The in-situ DCP and LWD data before/after excavation and traffic loading were also presented.
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CHAPTER S: PROPOSED MODELS FOR PREDICTING
RESILIENT MODULUS

As previously mentioned a series of the resilient modulus, DCP and LWD tests were performed
in this project. The performance of the existing empirical models; which predict the resilient
modulus from in-situ DCP and LWD data were examined by applying measured DCP, LWD and
resilient modulus test data. In this chapter, two proposed models are presented that are capable of
calculating the resilient modulus of subgrade soil by estimating the coefficients of MEPDG
model (ki, ka2, and k3) from in-situ DCP and LWD data.

5.1 Proposed LWD Model

As stated before, subgrade modulus values were measured at the test site by Prima 100 LWD

device (with 20 cm plate) following the ASTM E2583-07. The ELwp was calculated using Eq. 2-

6 and assuming a Poisson’s ratio of 0.35. A shape factor of % was selected for the MH soil, and

2 for the ML, SM, and CL soil, (Mooney and Miller 2007, White et al. 2007). The LWD tests

were located about 2 m apart on the both sides of the boreholes, from which samples for resilient
modulus testing were collected. Hence for comparison sake, the average of two £, values was

used to estimate the Mr from LWD. The calculated Mr value was compared to the laboratory-
evaluated resilient modulus for samples retrieved from the corresponding borehole within the

LWD effective zone, as summarized in Table 5-1.

As previously mentioned, the assumption of Poisson’s ratio and shape factor can lead to various

estimates of ELwp. In order to overcome the ambiguities with which values to use, the ratio of the

applied stress to surface deflection, % , from LWD direct measurements; which is representative

of soil layer elasticity, is directly used herein in the proposed model development, instead of
computing the ELwp by Eq. 2-6. The applied stress to surface deformation ratios from the LWD
measurements are summarized in Table 5-1 and are shown associated with the Sample Number

upon which the subsequent resilient modulus tests were performed.
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Table 5-1. Summary of LWD Measurements and Mr Model Parameters

; Std. 0 b
Classsiglczlation SE}E’;I?IG Eu” MPa o % kl = ko R
MH (A-7-5) HI-1 154 892 38 0.87 1310 0.230 -1.04 0.96
H2-2 111 432 14  0.63 1440 0.329 -2.44 0.99
SM (A-4a) H6-1 32 303 38 0.18 567 0.808 -2.11 0.96
H3-1 41 1.03 13 023 513 0970  -3.08 0.96
H2-1 64 307 27 036 634 0.882  -2.50 0.94
ML(A-4a) H5-1 48 294 47  0.27 680 0.910 -2.82 0.96
H4-1 21 207 42 0.12 666 0.879  -328 0.94
HS8-1 35 305 4.0 0.20 555 0.925 -2.82 0.96
H4-2 30 .72 3.08 0.17 646 0.896 -2.44 097
H6-2 20 0.51 2.1 0.11 717 0.673  -439 0.86
H3-2 56 240 3.6 032 593 0.874  -3.09 0.95
CL(A-4a) H5-2 20 331 92  0.11 897 0.897 426 092
* Eyp(MPa)
b o(kPa)
© 6(um)

5.1.1 Evaluating existing LWD models

There are few empirical correlations to approximate the Mr of subgrade soil from LWD

measurements. Although a main advantage of these models is that they can capture actual

moisture and density conditions of the soil layer, they are mostly limited to one specific stress

state. As mentioned in chapter 2, White et al. (2007) and Mohammad et al (2008) proposed the

empirical models, to predict resilient modulus of subgrade soil from ELwb.

The performance of the White et al. (2007) and Mohammad et al. (2010) correlations in

estimating laboratory-measured M: values are both shown in Figure 5-1. It can be seen that both

correlations have generally overpredicted the measured values; however the Mohammad et al.

correlation underestimates the Mr of the more highly plastic soils.
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Figure 5-1, Laboratory-measured vs predicted Mr from existing models

5.1.2 Development of LWD correlation

As previously noted, the existing models for subgrade Mr determination from LWD data are
limited to a specific stress level. A change in pavement structure layer thickness, axial load and
tire pressure can lead to changes in stresses within the layers. In order to overcome this
restriction and eliminate uncertainties associated with selecting appropriate Poison’s ratio and
shape factor values, the ratio of applied stress to surface deflection as measured during LWD
testing was used. The coefficients of the MEPDG model are functionally related to the elastic
modulus (k1), stiffness hardening (k2) and strain softening (k3) behavior of the soil (Yau and
Quintus, 2002). Accordingly, the proposed model was developed to correlate k1, k2 and k3 to
the ratio of obtained from LWD measurements, with the advantage of having the ability to
estimate Mr. at other stress levels once these parameters are defined. The new model was
developed from regression analyses on the laboratory and field measurement data from the

cohesive (A-7-5) and cohesionless (A-4a) soils
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Multilinear regression analyses was performed on three quarters of the data set to develop a
model to indirectly calculate resilient modulus at any stress level from LWD data through
estimating the MEPDG formula coefficients. The proposed correlation is presented in Eq. 5-1,
with the definition of constants presented in Table 5-2. The analyses results illustrated in Figure

5-2 show that the proposed model is able to compute the laboratory-measured Mr with a

coefficient of determination (R? )= 0.83.

o
k. =C+C, (5) Eq. (5-2)
1:1,2,3

Table 5-2. Constant Coefficients of Developed Model

Ci C2
ki 480 1040
k2 1.0 -0.9
k3 -3.7 2.8

160

Computed Mr (MPa)

Laboratory-Measured Mr(MPa)

Figure 5-2, Laboratory-measured vs computed Mr prediction
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5.1.3 Model validation

Figure 5-3 shows laboratory-measured vs model-computed resilient modulus values using the
remaining quarter of the data set which was not used in the initial statistical correlations. The
best-fit line for the data plotted shows that the proposed model slightly underestimates resilient
modulus by 7% with a coefficient of determination of 0.83. The performance of the proposed
model was also evaluated by utilizing data available from two other studies by White et al.
(2007) and Mohammad et al. (2008). Data from White et al. (2007) included LWD
measurements as well as laboratory-measured Mr data for A-6 (CL), sandy lean clay; and A-1-b
(SP) soil, poorly graded sand with silt and gravel. Mohammad et al. (2007) presented LWD and
Mr measurements for A-4(CL-ML) and A-6 (CL-ML) soils. In order to be able to utilize this
data from the literature, the ratio of values were back calculated using Equation 3. The
parameters utilized in the back calculation were Poisson’s ratio of 0.35 and 0.4, for White et al.
(2007) and Mohammad et al. (2008), respectively, and shape factors of for cohesive soils and 2
for cohesionless soils, as originally reported by the authors. As shown in Figure 10, the proposed

model underestimates laboratory-measured Mr by 11% with a coefficient of determination of

120 g:
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§ : ) % : : :
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Figure 5-3, Laboratory-measured vs predicted Mr for one quarter of data set.
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Figure 5-4, Laboratory-measured vs predicted Mr from other studies.

5.2 Proposed DCP Model

The DCP tests were performed at the four locations on the centerline of each test section, as
shown in Fig. 4-1. The DCPI values, corresponding to the location of resilient modulus
specimens and the MEPDG coefficients (ki, k2, and k3), calculated from Mr. laboratory results,

are summarized in Table 5-3.
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Table 5-3. DCP measurement and resilient modulus model parameters

Classification Sample DCPT* ki ka ks R?
Number

SM H2-1 52 634 0.882 2.50 0.94
A-4a

H3-1 46 513 0.970 -3.08 0.96

H3-3 57 488 0.897 425 0.86

H4-3 55 803 0.698 -3.86 0.96

Hé6-1 39 567 0.808 2.11 0.96

H6-3 30 812 0.679 4.58 0.95

ML H3-2 57 593 0.874 3.09 0.95
(A-4a)

H4-1 82 666 0.879 3.28 0.94

H4-2 55 646 0.895 2.44 0.97

H5-1 44 680 0.910 2.82 0.96

H6-2 49 717 0.673 4.39 0.86

HS8-1 46 554 0.924 2.82 0.96

& mm/blow

5.2.1 Applicability of previous DCP models

The laboratory-measured M: and DCP data were implemented in the existing models, presented
in chapter 2, Table 2-1, to evaluate their performance in resilient modulus prediction from in-situ
DCP measurements. As shown in Figure 5-5, existing models have generally over-predicted the
resilient modulus, except Mohammad et al.’s correlation which underestimates the resilient
modulus. The inconsistency in predicting the measured Mr values might be attributed to the fact
that these correlations are empirical in nature, and they are most applicable to soil types similar

to those for which the models were developed.
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Figure 5-5. Laboratory-measured vs predicted vs Mr from existing direct DCP
models.

5.2.2 Proposed of DCP correlation

Extensive statistical analyses were performed to develop an approach in the resilient modulus
prediction from in situ testing DCP data. As noted above, in the MEPDG model, Mr is linearly
influenced by k1, while the exponents k2 and k3 define the rate of increase and decrease,
respectively, of stiffness hardening and soil softening (Yau and Quintus, 2002) with respect to

the confining and deviatoric stresses

Multilinear statistical analyses were performed to develop an approach to calculate the resilient
modulus by predicting k1, k2, and k3 from the insitu DCP test data. The multilinear regression
analyses were performed on three quarters of the data set to develop a model that indirectly

computes the resilient modulus at any desired stress state.
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The proposed model is presented in Eq. 5-3, with the model constants presented in Table 5-4. As
shown in Figure 5-6, the calculated Mr values by the proposed model and laboratory-measured

resilient modulus are correlated with a coefficient of determination, R2, equal to 0.70.
k,=C,+C,Ln(DCPI), i:1,2,3 Eq. (5-3)

Table 5-4, model coefficients.

Coefficients Ci C2
ki 2310 (911)" -377
ko -0.3(0.7)" 03
ks -10 (4.5 1.7
! English Unit

SI Unit: DCPI: mm/blow,
English Unit: DCPI: in/blow,

\O
(e}

~
V)]

D
()

[98)
(e
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Figure 5-6. Laboratory-measured vs calculated Mr by the proposed model.
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5.2.3 Proposed model validation

The validity of the proposed model was examined using the quarter of the data set which was not
used in the statistical analyses and was selected arbitrarily, as well as additional data from the
literature. The performance of the proposed model in predicting the resilient modulus of the
quarter of the data is shown in Figure 5-7. The line of equality is added for clarity. It can be seen
that the proposed model slightly underestimate the resilient modulus by 4% and the data are
correlated with an R2 = 0.73.
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Figure 5-7. Laboratory-measured vs predicted M: by the proposed model for the
quarter of the data set.

The data set from Cowell et al. (2012) was also used to test the proposed model. The subgrade
soil for this project consisted of low plasticity SM and SC (A-4). The data set by Cowell et al.
(2012) included Mr values from tests on undisturbed specimens collected from the Coastal Plain
of North Carolina, and insitu DCP measurements, summarized in Table 5-5. As shown in Fig. 5-
8, the predicted Mr by the proposed model show reasonably good agreement with the laboratory-

measured Mr values.
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The performance of the proposed model was also investigated through the use of data presented
by Mohammad et al. (2007, 2008). The reported data include laboratory and field DCP
measurements, summarized in Table 5-5, and laboratory Mr test data on the low plasticity soil

specimens tested at a confining pressure of 13.8 kPa (2 psi) and deviatoric stress of 41.4 kPa (6
psi).

The data plotted in Fig. 5-8 shows that the proposed model underestimates Mr of this data set by
8% with an R? of 0.53. By comparing the performance of the proposed model to that of existing
Mr predicting correlations, Figure 5-5, it can be seen that the proposed model provides
significantly improved predictive capability, with values slightly less than laboratory-measured

values and with a higher coefficient of determination.

Table 5-5. DCP data in the literature with corresponding predicted coefficients by
proposed model

Authors Sample ID DCPI(mm/blow) ki k2 k3
Cowell et al. ST7 24 933 0.682 -4.62
(2012) ST6 17 1063 0.578 -5.20
ST5 36 780 0.804 -3.94

ST4 77 494 0.995 -2.66

ST3 37 770 0.813 -3.89

ST2 65 558 0.983 -2.94

Mohammad  Clayey silt-1 26.1 902 0.707 -4.48
et al. (2007) Clayey silt-2 18.8 1025 0.609 -5.04
Clayey silt-3 27 889 0.718 -4.42

Clayey silt (ALF) 29 862 0.739 -4.30

LA-182 36 780 0.804 -3.94

LA-334C(2) 18.2 1037 0.599 -5.09

LA-334C(5) 19.3 1015 0.616 -4.99

LA-334C(8) 18.6 1029 0.605 -5.05
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Figure 5-8. Laboratory-measured vs predicted Mr by the proposed model for data
presented in the literature.

5.3 Summary

In summary, Good agreement was obtained between calculated Mr values from the proposed
models and the laboratory-measured resilient modulus data. Examination of the performance of
the proposed model with a quarter of the data set which was not included in the statistical
analyses, indicated that, on average, the proposed model slightly underestimated the Mr.
Predicted Mr values by the proposed model were seen to be in reasonably good agreement with
the laboratory-measured Mr presented in the literature, however with a rather lower coefficient
of determination. The evaluation of existing models which directly estimate the Mr of soils from
the DCP and LWD measurements showed that they overestimated measured Mr values. In
addition, the validity of these models only at one determined stress level limits their applicability
to one particular pavement structure. The assessment of existing empirical models that predict
the universal constitutive model fitting coefficients from basic physical properties of soils,

yielded poor predictions of Mr for the soils tested in this study. The proposed model is capable of
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predicting the resilient modulus of low plasticity soils SM, ML, and SC (A-4a and A-4), with
PI<5, and 40%<P200<55%; at any stress state.
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CHAPTER 6: ASSESSMENT OF UNDERCUT CRITERIA

As previously stated, investigating the performance of the NCDOT undercut criteria and that
proposed by Borden et al. (2010) is one of the major objectives of this study. The applicability of
the undercut criteria by Borden et al. (2010) was examined by applying the measured DCP data
presented in Chapter 4 to estimate the subgrade properties before and after stabilization. The
performance of the subgrade under the traffic loading is then used to demonstrate the

applicability of the undercut criteria.

6.1 NCDOT Undercut Criteria

Prior to field construction, a series of DCP tests was carried out to assess the need for site
improvement. Obtained DCP data were plotted as cumulative penetration resistance as a function
of number of blows, as shown in Figures 6-1, 6-2 and 6-3, and compared to the NCDOT’s cut-
off value of 38 mm/blow, indicating the need for undercutting the weak subgrade soil and
replacement with select fill. The NCDOT undercut criteria is specified by the shaded triangle
shown in each of the three figures. The data indicated that sections 1, 2, and 3 needed

improvement to a varying degree to different depths.
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Figure 6-1. NCDOT’s undercut criteria on section 1
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Figure 6-3. NCDOT’s undercut criteria on section 3
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6.2 Undercut Criteria by Borden et al. (2010)

Borden et al. (2010) proposed criteria indicating the need for undercut based on the results of
prototype laboratory scale testing and extensive numerical analyses. Plain strain and
axisymmetric numerical models were used to evaluate effect of the stiffness of a deep layer on
pumping and the shear strength properties of shallow layers on surface rutting. The undercut
criteria proposed by Borden et al. (2010) was based on the acceptable rut of less than 1 and
acceptable performance capacity ratio equal to 1.5, where the performance capacity ratio was

defined as:

_ Performance Capacity

s 70 psi

The performance capacity was defined as the pressure corresponding to the asymptotic value of
the pressure-deformation curve under wheel loading. Two undercut criteria charts were
proposed, one for axisymmetric loading and the second for the plane strain condition, simulating
the conditions of local bearing capacity failure, and deep layer pumping, respectively. The
normalized settlement at the center of the loaded area is estimated by Eq. 6-1 for axisymmetric

loading condition. More details can be found in the final report by Borden et al. (2010).

(%) 2.13x1070 +3.61(E0) 11+ (0,085 +1 32670259 Ly 1 (022775600 g

a Pa Pa
1)

6.2.1 Evaluation of undercut criteria

The proposed undercut criteria was utilized to assess the need for site improvement, as well as
performance of the stabilized materials. To do so, the laboratory and in-situ measured shear
strength and stiffness parameters of subgrade and stabilized materials are imposed to the

proposed undercut criteria.
6.2.1.1 Undercut criteria results - subgrade

Laboratory resilient modulus results and measured DCP data were utilized to determine subgrade
soil stiffness and shear strength properties. As previously mentioned, the resilient modulus value

depends on both confining and deviatoric stress. Hence the resilient modulus value at the
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confining pressure of 2 psi and deviatoric stress of 6 psi was selected as a representative Mr
value for the subgrade (Mohammad et al., 2008; Rahim, 2004; Asphalt Institute, 1989). The
undrained shear strength of subgrade was calculated by using Danistan and Vipulanandan (2009)

and Coonse’s proposed equations, as expressed in Egs. 6-2 and 6-3 and presented in Table 6-1:
S, (kPa) = 0.282x CBR*+14.97x CBR Eq. (6-2)
Log(CBR)=2.53—-1.14xlog(DCPI) Eq. (6-3)

The subgrade soil undrained shear strength (su) and Modulus values, presented in Table 6-1,
were used as inputs to Eq. 6-1 assuming the friction angle as zero. The resulting values of o/B
are presented in Table 6-1 and plotted in Figure 6-4. Based on the acceptance line in the chart (&
=1.5), the unstabilized subgrade soils were identified as unstable. In this case, the proposed
criteria by Borden et al. (2010) is in a good agreement with the NCDOT’s criteria of the need for

undercut for cases with DCPI > 38 mm/blow.

Table 6-1. Subgrade soil properties

Avg. DCPI Undrained Shear Resilient Modulus 9
Section Station Strength B
| Mr?
mm/blow su' (kPa) su/Pa (MPa) Mr/Pa

1 S14 21 123.9 1.24 103 1034 0.004
S13 48 57.4 0.57 103 1034 0.092
S12 38 71.9 0.72 34 336 0.061
S11 60 44.7 0.45 34 336 1.793
2 S24 57 47.4 0.47 22 224 1.738
S23 46 59.4 0.59 22 224 0.331

S22 91 28.6 0.29 28 279 63
S21 46 59.6 0.60 28 279 0.256
3 S34 39 70.0 0.70 32 321 0.075
S33 24 114.3 1.14 32 321 0.013
S32 56 48.3 0.48 31 311 1.091
S31 35 78.2 0.78 31 311 0.040

! From Eq. (6-2)
2 Mr. value at confining stress 2 psi (13.8 kPa) and deviatoric stress 6 psi (41.4 kPa)
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Figure 6-4. Application of undercut criteria (Borden et al. 2010) for the subgrade

6.2.1.2 Undercut criteria results - stabilized materials

In order to select appropriate select fill and ABC properties, the laboratory resilient modulus test
results presented by Cowell et al. (2012) were utilized in this study. Figure 6-5 shows the select
fill material grain size distribution used in this study and Cowell et al. (2012). The select fill
material in both studies are Class II based on NCDOT specification and classified as A-2-4
(SM). According to the resilient modulus test results presented by Cowell et al. (2012), the

resilient modulus of select fill material is determined by Eq. 6-4:

Mr =1.73589%67* Eq. (6-4)

Where, Mr. is in ksi, and &in psi.
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Cowell et al. also presented the laboratory resilient modulus test results performed on the ABC
Class IV. The resilient modulus tests were performed on ABC specimens at their 95% and 98%
relative compaction. Figure 6-6, shows the grain size distribution of the ABC materials used in
this study and by Cowell et al. (2012). The ABC materials is classified as A-1-a (GW). Based on

the resilient modulus test results, the Mr value of the ABC at 95% relative compaction is

determined

Mr =4.104

|
—&— This Study g
--@- Cowell et al. (2012)
\
\
]
\‘.------—k.\.
10 1 0.1 0.01
Particle Size (mm)
. 6-5. Grain size distribution of select fill material used in this study vs

Cowell et al. (2012)

by Eq. 6-5, where Mr is in ksi, and fin psi:

600.6085
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Figure 6-6. Grain size distribution of ABC used in this study vs Cowell et al. (2012)

Based on the presented equations, the resilient modulus of select fill materials and ABC are a
function of the bulk stress. A deviatoric stress of 15 psi (103.35 kPa) and a confining pressure of
5 psi (34.45 kPa) were selected (NCHRP, Project 1-28 A; Mohammad et al., 2008) as the field
representative stress state to interpolate the corresponding Mr value of the select fill and ABC

materials from the resilient modulus test results.

The undrained shear strength value of the select fill and ABC materials were calculated by

Ayers’s equation, as expressed in Eq. 6-6, as a function of DCPI and maximum aggregate size:

Sy = %(37.0—9.0><DCP]+7.8MAS} Eq. (6-6)

Where,

DCPI : Penetration rate (in/blow)
MAS : Maximum aggregate size (in)
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The calculated resilient modulus and undrained shear strength values of select fill and ABC
materials are presented in Table 6-2. These calculated parameters were implemented in Eq. 6-1
proposed by Borden et al. (2010) by assuming a friction angle of zero. The results are
summarized in Table 6-2 and plotted in Figure 6-7. It can be seen that the all data points plot

within the stable zone of the chart.

This is consistent with field observations to be discussed later. In this case, after 1000 traffic
passes, the maximum rut depth in the three stabilized section were less than the failure criterion
(75mm). Hence, it can be concluded that the charts accurately gauge the effectiveness of the

stabilization measure when subjected to less than 1000 truck passes.

Table 6-2. Base layer properties

N aeen Ugmeter g2
Section  Station ; M
mm/blow  su” (kPa) su/Pa (MPa) Mr/Pa

1 S14 S.F.! 13 240 2.40 117 1170 0.003
S13 S.F. 13 240 2.40 117 1170 0.003
S12 S.F. 14 237 2.37 117 1170 0.003
S11 S.F. 13 238 2.38 117 1170 0.003

2 S24  ABC? 6 338 3.38 224 2240 0.002
S23 ABC 5 341 3.41 224 2240 0.002
S22 ABC 5 340 3.40 224 2240 0.002
S21 ABC 5 341 3.41 224 2240 0.002

3 S34  ABC 5 340 3.40 224 2240 0.002
S33 ABC 5 340 3.40 224 2240 0.002
S32  ABC 6 337 3.37 224 2240 0.002
S31 ABC 6 389 3.89 224 2240 0.002

!'Select fill material type II,

2 Aggregate base course type IV

3From Eq. (6-6)

4 Mr. value at confining stress 5 psi (34.5 kPa) and deviatoric stress 15 psi (103.5 kPa)
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Figure 6-7. Application of undercut criteria (Borden et al. 2010) to the stabilized
materials

6.3 Summary

This chapter investigated the ability of the NCDOT criterion and that proposed by the NC State
research team reported in Borden et al. (2010) to predict the need for undercut at the research
project test site. In summary, the applicability of the undercut criteria for the Piedmont residual
subgrade soils was validated using soil properties estimated from test data that included triaxial
and resilient modulus and/or DCP testing. The proposed undercut criteria based on deformation
performance of the subgrade soil after traffic loading indicated the adequacy of the stabilized
subgrade layer to support the road section when geosynthetic reinforcement was used in

conjunction with ABC or when the excavated material was replaced with select fill.
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CHAPTER 7: DEFORMATION AND STRESS UNDER TRAFFIC
LOADING

The deformation and stress results from traversing the test pads with the proof roll truck are
presented herein. As previously mentioned, four earth pressure cells were installed in each
stabilized section to monitor and record the applied pressure near the top of the subgrade. Two
moisture and one suction sensors, embedded at the middle of each test section, were used to
record the variation of moisture and matric suction of the subgrade soil during the full scale
testing. Lidar scans were frequently conducted, with the survey data imported into Matlab and

analyzed, to assess surface plastic deformation as a function of the number of load applications.
7.1 Equivalent Single Axle Load (ESAL)

ESAL is used to convert the loading from various axle configurations and load magnitudes into
an equivalent number of standard single axle 18 kips loads for pavement design. The ESAL for
each test section was calculated by following the AASHTO 1993 procedure, assuming a terminal
serviceability index of 2.5. The ESAL value was calculated for each test section based on the
load distribution on each truck axle, and calculated structure number (SN) of each test section. A
summary of the ESAL calculation for each test section is provided below, where a1 and D1 are

the layer coefficient, and thickness of layer (inches), respectively:
Front axle load: 16,500 lbs

Combined rear axles load: 38,500 Ibs

Section 1:

a, =1, D, =32"

M, : Engineered fill = 0.1
SN =3.2

ESAL =0.73+1.78=2.51
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Sections 2 and 3:

a, =1, D =9"
M, : ABC =0.13
SN =1.17

ESAL=0.7+1.86=2.56

7.2 Speed of Truck

The influence of the speed of truck for each pass on the measured stress was explored based on
the time interval between the recorded first and second pressure peak (which were associated
with the front and back axle load, and the distance between the front and second rear axle). As
shown in Figure 7-1, the speed of truck was also categorized based on the drivers. It was
observed that driver No.1, who started the traffic, drove between 9-13 mph at the beginning until
he reduced the speed down to 6-9 mph after about 300 passes. Driver No.2 drove at speeds
ranging from 8-12 mph. Driver No.3 drove at slightly higher speed compared with driver No. 1
final speed, about 8-9 mph. It was concluded that the average speed of the truck was about 8§ mph

during the test.
20
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— Ae ¢ Driver 3
el .
g
<
&
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6
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Figure 7-1. Truck speed

7.3 Field Observations

The deformation performance of the test sections was investigated under channelized traffic
loading. The traffic loading was induced by a fully loaded dump truck, as explain in Chapter 3.
The 1000 truck passes were started on June 11% 2014 and completed by July 1%. In order to
guide the drivers to drive over the pressure cells (EPCs) and channelize the traffic, traffic cones
were placed along the sides of the test pad, as shown in Figure 7-2. At different times during the
testing, Lidar scan surveys were carried out to monitor and record the permanent deformation of
each section. This section presents visual observations that were noted while conducting the full-

scale load test.

Figure 7-2. Traffic cones for channelizing the traffic.
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7.3.1 Select fill test section

As previously described, section 1 was stabilized by replacing the soft subgrade with select fill
material type II. Figure 7-3 shows test section 1 after 100 passes. It can be seen that no
significant rut depth was yet developed, however select material started to displace laterally and
accumulate on the outer and inner edges of each wheel path. Figure 7-4 shows section 1 after 300
traffic passes where signs of rutting can be seen more clearly. The condition of the test section 1
after 1000 passes is shown in Figure 7-5. Although the cumulative rut depth in section 1 at the
end of traffic loading was greater than the geosynthetics-reinforced sections, it was still

serviceable and the rutting was less than the NCDOT acceptance criteria of 75 mm.

Figure 7-3. Test section 1, after 100 traffic passes.
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Figure 7-4. Test section 1, after 300 traffic passes.

Figure 7-5. Test section 1, after 1000 traffic passes.
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7.3.2 Geosynthetics-reinforced sections

Sections 2 and 3 were reinforced by geogrid and geotextile, respectively. Both geosynthetic-
reinforced sections showed similar performance under traffic load. The observed cumulative rut
depths in these sections was significantly less than section 1. Figures 7-6 and 7-7 show sections 2
and 3 after 1000 traffic passes, respectively. It can be seen that the cumulative rut depth in both
sections 2 and 3 were less than 1 inch. Neither geosynthetic-reinforced section required

maintenance or repair. It is worth noting that no tension cracks were observed in the reinforced

sections.

Figure 7-6. Test section 2, Geogrid reinforced, after 1000 traffic passes.
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Figure 7-7. Test section 3, Geotextile reinforced, after 1000 traffic passes.

7.2.3 Lime stabilized section

Section 4 was treated by lime stabilization. A significant amount of cumulative rut depth was
noticed in the outer wheel path after only a few truck passes, as shown in Figure 7-8. With
continued traffic, the cumulative lateral and vertical deformation in section 4 increased, until 100
after passes the under carriage of the test vehicle had begun scrubbing the mound of heaved soil
that ran in between the outer and inner wheel path, as shown in Figure 7-9. At this point the test
was paused for few weeks, to evaluate possible alternatives. After consulting with the NCDOT
and contractor, it was decided to abandon section 4 and the field test continued with the three
other sections. The NCDOT investigation identified that contractor had incorrectly used
agriculture lime with low calcium carbonate content, which was not suitable for subgrade

treatment.
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Figure 7-8. Test section 4, lime stabilized, after 10 traffic passes.

Figure 7-9. Test section 4, lime stabilized, after 100 traffic passes.
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7.4 LiDAR Data Analysis

Lidar scan data were transferred into MicroStation® software for further processing and deleting
extra points and then they were exported into the *.DXF format file. Figure 7-10 shows an
example of scanned points. In order to call and open these data in Matlab, the free version of
DXF2XYZ software was used to convert *.DXF file into *. TXT format. A Matlab code was
developed to call the *.TXT files and open them in Matlab. Since the spacing resolution of
scanned points was 0.5, grids in both vertical and horizontal direction were generated in Matlab,
with 1” node spacing by using the coordinates of corners of the test pads, as shown in Figure 7-
11. By generating these grids, measured elevations of the nearest scanned point to the
intersection of horizontal and vertical grid lines was assigned to the intersection point. By using
the code and calling scanned data, the changes in elevation were calculated for each time step,

corresponding to a number of truck load cycles.

Figure 7-10. Example of Lidar scanned points.
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S~_EPC

Figure 7-11. Generated grids in Matlab.

7.4.1 Excavation and backfill depth

GPS coordinates of the Earth Pressure Cell (EPC) locations were documented at their
installation. These coordinates were used to calculate depth of excavation and backfill at the
location of each pressure cell to determine thickness of the select fill material and ABC layer. As
mentioned in a previous section, the diameter of each EPC was 9”. Hence for better estimation of

the depth of excavation and backfill, instead of using elevation change of only one point, an
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average of elevation change of all points located above the top of each pressure cell was
computed. The depth of the excavation and backfill, corresponding to each EPC, is summarized
in Tables 7-1 and 7-2, respectively. It can be seen that because of the ground slope to the side,
the excavation depth at one side, C31 and C32 at the OWP, was higher that the required
excavation at the other side, C33 and C34 at the IWP.

It can be seen that section 1 was excavated between 29” to 317 and backfilled with 29 to 33” of
fill material class II. However, the excavation/backfill depth was 31" in first place. Based on the
Lidar scan data analysis, it was realized that sections 2 and 3 were excavated between 6”-8” and
57-9”, respectively. After installing geogrid in section 2 and geotextile in section 3, aggregate
base course with 7.4”-12” and 107-11.6” thickness was compacted in sections 2, and 3,
respectively. These variations in the thickness of ABC layer are utilized later during the

discussion on deformation behavior and measured pressures.

Table 7-1. Excavation depth
Section No. Section 1: Select Fill  |Section 2: 9" ABC over GG{Section 3: 9" ABC over GT|

EPC No. Cl1 |C12 | C13 | C14 | C21 | C22 | C23 | C24 | C31 | C32 | C33 | C34

Excavation Depth (in) 29.5 | 31.2 | 28.7 | 30.2 | 7.14 | 590 | 6.96 | 839 | 8.6 | 89 | 53 | 7.6

Table 7-2. Backfill depth
Section No. Section 1: Select Fill  [Section 2: 9" ABC over GG[Section 3: 9" ABC over GT

EPC No. Cll1 |CI2 | C13 | Cl14 | C21 | C22 | C23 | C24 | C31 | C32 | C33 | C34

Backfill Depth (in) | 29.1 | 32.0 | 31.4 | 32.8 | 7.41 | 821 | 9.82 | 11.2 | 11.6 | 9.8 | 11.5 | 11.6
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7.4.2 Rut depth test results

As noted, a virtual horizontal and vertical grid system was generated over the three test sections
and the coordinates of each scanned point were assigned to the nearest grid point. The elevation
change for different time steps was calculated with respect to the initial elevation before
subjected to the traffic load, and plotted for the entire test site. These data were used to discern
the location of the wheel paths. As shown in Figure 7-12, cold colors indicate settlement and

wheel paths and hot colors indicate pumping (elevation rise) after 1000 track passes.

1.5

Inner wheel path

Inner wheel path

Figure 7-12. Pumping and rutting over test section 1, after 1000 passes (legend in
inches)
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The results of these analyses indicated a 46-inch width of wheel path, based on the area of the
cold colors, shown in Figure 7-12. The area of outer and inner wheel path was extracted for
clarity of presentation. Figures 7-13 to 7-18 show the contours of elevation change under inner
and outer wheel paths in sections 1, 2 and 3, respectively. It can be seen that the location of the
pressure cells were on the center line of each wheel path. The significant rut depth at the
interface of sections 3 and 4 can clearly be seen in Figures 7-17 and 7-18, however as it did not

reach to the EPC 34 location, it did not have any effect on the deformation analysis.
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Figure 7-13. Elevation change contours after 1000 passes, inner wheel path section 1(legend in inches)
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Figure 7-14. Elevation change contours after 1000 passes, outer wheel path section 1(legend in inches)
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Figure 7-15. Elevation change contours after 1000 passes, inner wheel path section 2(legend in inches)
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Figure 7-16. Elevation change contours after 1000 passes, outer wheel path section 2(legend in inches)
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Figure 7-17. Elevation change contours after 1000 passes, inner wheel path section 3(legend in inches)
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Figure 7-18. Elevation change contours after 1000 passes, outer wheel path section 3(legend in inches)
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Since the overlapping test sections would not accurately represent their respective stabilization
measure (Cowell et al. 2012), the portion of wheel path within each test section that ran outside

the two EPCs was excluded from further deformation analysis.

As shown in Figures 7-13 to 7-18, the maximum cumulative rut depth did not occurred right on
the centerline of each wheel path. Therefore, and to be able to capture the maximum elevation
change at each cross section, the grid lines in Figure 7-19 are used. The maximum rut depth on
each horizontal grid was found and used to develop the longitudinal surface deformation of each
wheel path. Maximum elevation change along inner and outer wheel paths between two pressure
cells after 1, 10, 100, 500 and 1000 passes, were plotted for sections 1, 2 and 3 and are shown in
Figures 3-20 to 3-22. The north edge of section 1 is considered as the starting point.

A 1"

Traffic direction
—

Figure 7-19. Demonstrating capturing maximum elevation change
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Figure 7-20. Longitudinal profile of inner (top) and outer (bottom) wheel path in section 1
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Figure 7-21. Longitudinal profile of inner (top) and outer (bottom) wheel path in section 2
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Figure 7-22. Longitudinal profile of inner (top) and outer (bottom) wheel path in section 3
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To track the trend of permanent deformation development under the applied truck load, the
deformation calculations under the wheel paths in each test section were focused on two zones;
north and south. The north-west (called north) and south-east (called south) zones are 6 ft long
and cover the area 3 ft north-west and 3 ft south-east of each pressure cell, as shown in Figure 7-
23. The average elevation change along the longitudinal direction in each of the zones were
calculated after 1, 10, 50, 100, 200, 300, 500, 700, 800, 900 and 1000 truck passes for the both

inner and outer wheel paths in each test section.

Figures 7-24 and 7-25 show the cumulative deformation of section 1, stabilized by select fill
materials. It can be seen that the rut depth reached a relatively constant value after 700 and 500
passes in the north and south sections, respectively. As shown in Figures 7-26 to 7-29, for
sections with geotextile and geogrid reinforcement, the cumulative rut depth is significantly less
than the permanent deformation in section 1, and reached a relatively constant value after 500
traffic passes. It can be seen in Figures 7-26 to 7-29 that the cumulative vertical deformation
reduced slightly at pass No. 700 where the drivers switched. As explained later in this chapter,
by switching the driver at this pass number, the wheel paths moved slightly (because of the
driver’s habit), thus the induced lateral displacement produced by the new established wheel
path, the cumulative vertical deformation under the wheel paths, located directly over the EPC,

reduced.

North Sec.

EPC

South Sec.

Figure 7-23. Considered area for surface deformation analysis
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Figure 7-24. Cumulative permanent deformation for test section 1, North sections
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Figure 7-25. Cumulative permanent deformation for test section 1, South sections
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Figure 7-26. Cumulative permanent deformation for test section 2, North sections
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Figure 7-27. Cumulative permanent deformation for test section 2, South sections
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Figure 7-28. Cumulative permanent deformation for test section 3, North sections
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Figure 7-29. Cumulative permanent deformation for test section 3, South sections
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7.5 Stress Distribution

Four Earth Pressure Cells (EPCs) were installed 3 inches below the interface of the subgrade and
treated zone, in each test section (two in each wheel path). For each traffic pass, measured
pressures by EPCs were saved into one TXT file with 12 columns with each column
corresponding to one EPC. A Matlab code was developed to call all *. TXT files, one by one, and
finds the peak value recorded by each pressure cell, during each traffic pass, as shown in Figure

7-30.

Pressure (psi)
>

N A U AV A\

time (s)

Figure 7-30. Example of recorded pressure by EPC.

Figures 7-31 to 7-33 show the measured pressure by EPCs in sections 1, 2 and 3, respectively.
The analysis indicates a range of measured pressure values, which could be caused by direction
of traffic and drivers habits. To illustrate effect of traffic direction, the recorded data were
separated into two categories, South to North and North to South directions. It was seen that for
each pressure cell, the range of pressure measured narrowed significantly. As shown in Figure 7-
34(a-c), the variation of applied stress reduced from 2 psi to 1 psi, 10 psi to 5 psi and 8 psi to 4
psi for EPCs 11, 21 and 32, respectively, after separating the recorded applied stress by travel

direction. The separated measured stresses for all pressure cell are presented in Appendix E.
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Figure. 7-31. Measured pressure in section 1
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Figure 7-32. Measured pressured in Section 2
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Figure 7-33. Measured pressure in section 3
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Drivers’ preference can be another reason for induced variability in data. Therefore, the recorded
data were broken into three portions as shown in Figure 7-35, with each data set corresponding
to a particular driver. It was concluded that, the second driver frequently missed the EPCs’

locations (green dots).
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Figure 7-35. Distinguished measured pressure by drivers

Figures 7-36 and 7-37 show the surface deformation contours under the outer wheel path in
section 2 that occurred during passes number 500 to 700 that were produced by driver No. 1 and
passes number 700 to 800 that were produced by driver No.2, respectively. It can be seen that
during passes 500 to 700, the earth pressure cells C21 and C22 were located right beneath the
wheel path, and driver 1 was driving over the location of the EPC as intended. However, as
shown in Figure 7-37, driver 2 was driving the truck in such a way that the location of outer
wheel path was somewhat moved to the right and EPC C21 and C22 were located at the edge of
the wheel path.
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Figure 7-36. Surface deformation contours of OWP between passes No. 500-700, section 2-Driver 1
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Figure 7-37. Surface deformation contours of OWP between passes No. 700-800, section 2-Driver 2
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As shown in Figure 7-37, the truck wheels did not pass consistently over the location of the
EPCs. Schematic diagrams in Figure 7-38 conceptualize different scenarios of EPC locations
with respect to the truck configuration, and tire location. This is based on a tire contact area that
is rectangular in shape and has dimension of 8” x 54”. Figure 7-38(a) shows that if a driver tries
to hit the EPC location on his side, the other EPCs would be off by 2” to 5 from the center of
the tire contact area. Figure 7-38(b) indicates that the EPCs could be between 3 to 10 inches off
of the loaded area if a driver completely misses the EPC on his side. Figure 7-38(c) demonstrates
that if one of the EPCs is located exactly beneath center of the dual tires, the EPC on the other
side would be under the outer wheel of the dual tires. This also may explain the difference of
recorded pressure for the two traffic directions, north to south and south to north. Figure 7-38(d)
shows a worst case scenario where the dual tires were at the edge of one EPC, (15 offset) and

the EPC located on the other side is off by 9”.

Ahlvin and Ulery (1962) presented a detailed tabulation for calculation of vertical stress below a
uniformly loaded flexible area at any desired point. The vertical stress at any point located at

depth z and distance r from the center of loaded area can be calculated by Eq. 7-1:
Ao_.=q(A'+B") Eq. (7-1)
Where A’ and B’ are functions of z/a and r/a (and a= radius of loaded area)

Stress distribution with depth under a loaded area for the stated scenarios were calculated for a
given rear axle load and tire pressure of 85 psi. As shown in Figure 7-39, the applied pressure
with depth changes when the location of the loaded area moves laterally only a few inches. This
is more pronounced for the shallow depths. It can be seen that for sections 2 and 3, where the
EPC were located at 3” below the subgrade (~11” below the ground surface) the pressure has the
potential to vary between 2 and 20 psi; and in section 1, with the EPC located 35” below the
ground surface, the measured pressure might vary by 2 to 5 psi, which is consistent with

measured values.

It is worth noting, that although the Ahlvin and Ulery (1962) table is for calculating stress
distribution with depth in single layer elastic subgrade under static loading, it still presented
results useful to explain the effect of the lateral-wheel wander on the measured pressure near the

interface of the subgrade and stabilized layer.
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Figure 7-38. Tire locations relative to the EPCs used to perform stress analysis
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Figure 7-39. Estimate of the stress distribution at the EPC for different tire

7.6 Moisture and Suction Measurements

The moisture and suction of the subgrade layers were monitored and recorded by 10HS
Decagon® moisture sensors and MPS-2 Decagon® suction sensors, respectively. As shown in
Figure 7-40(a), in all test sections the volumetric moisture content changed by 1-2% during
testing. It can be seen from Figure 7-40(b) that the matric suction was decreasing during the first
week after installation, and started to increase slightly during the duration of the full scale

testing.
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Figure 7-40. a) Recorded volumetric water content (top) b) matric suction (bottom)

7.7 Summary

In summary, the measured vertical stress near the interface of the subgrade for the geosynthetics-
reinforced sections was decreased with the number of truck loading from 20 psi to 10 on section
2, and from 16 psi to 8 psi on section 3. This is attributed to the densification of the aggregate
base course as well as the increasing the matric suction level of the base layer, from 25 kPa to 35

kPa, as a result of the hot weather during the summer. The geosynthetics-reinforced sections
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experienced 0.5 and 0.7” of surface deformation for the geogrid- and geotextile-reinforced
sections, respectively, while the select fill-stabilized section showed a 1.2 vertical deformation
after 1000 traffic passes. The rut depth increased with traffic passes and reached a relatively
constant value within the 1000 truck passes. In this case, in both geotextile and geogrid sections,
the rut depth increased until 500 truck passes while in section 1, the rut depth reached its limit

after 700 passes.
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CHAPTER 8: NUMERICAL ANALYSIS

An extensive set of finite element analyses have been performed in PLAXIS 2D and 3D to
simulate behavior of the field test sections under construction loading. The deformation behavior
of the subgrade soil and aggregate base course layer was investigated in the context of Mohr-
Coulomb, Hardening Soil (HS), and Hardening Soil Small Strain (HS small) constitutive models.
A summary of the FEM analyses is presented in this chapter.

8.1. Model Parameters

As previously described, the constitutive models require as an input stiffness and shear strength
parameters. In order to assign appropriate parameters to the subgrade and ABC layers, the results
from the laboratory tests on the undisturbed specimens were used. The parameters utilized herein

are from the resilient modulus, monotonic triaxial compression and bender element tests.

8.1.1 Aggregate base course
As stated in Chapter 3, aggregate base course class IV was used in test sections 2 and 3, which
were reinforced with geogrids and geotextiles, respectively. The grain size distribution of the

ABC used in this study is presented in Figure 8-1. In order to select appropriate stiffness
parameters (Eso, Eoed, Eur, Go and 7, ) for the analyses, reported results from the literature on the
ABC material were used. Cowell et al. (2012) performed a series of resilient modulus tests on the

ABC class IV used in their study. They found the resilient modulus of the ABC with relative
compaction of 95%, can be described by Eq. 8-1 (M: expressed as a function of the bulk stress):

M, =4.10460"" Eq. (8-1)

As shown in Figure 8-1, the grain size distribution of the ABC used in Cowell et al. (2012) study
is comparable to the ABC used in this study; hence their results are utilized herein. In order to
select the appropriate bulk stress level, a series of trials were performed in PLAXIS, by changing
the resilient modulus and evaluating the resulting vertical and lateral pressures. The Eso and Eoed

are selected as equal to 1/3 of Eur.
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Figure 8-1. Grain size distributions of ABC
Janoo et al. (2004) reported the results of laboratory monotonic triaxial compression tests on
ABC materials with grain size distributions shown is Figure 8-1. Since the grain size distribution
of the ABC material used in this study falls toward the finer range of their study materials, their
results are used to estimate a friction angle of 43degrees and cohesion of 8 psi. these are used as

input parameters for the numerical analyses performed herein..

Ayithi and Hiltunen (2013) performed fixed-free resonant column testing on compacted ABC
specimens to investigate the effect of the matric suction, confining pressure and void ratio on the
small strain shear modulus (Go). As shown in Figure 8-2, the grain size distribution of the
Georgia Granit ABC used in their study is comparable to the ABC used in this study, and both
material are classified as GW-GM, according to the USCS System. The reported Gmax results by

Ayithi and Hiltunen (2013), at the reference pressure, is used herein for numerical analyses.
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Figure 8-2. Grain size distribution curves of ABC from this study and that
tested by Ayithi and Hiltunen (2013)

The stiffness and shear strength properties of the ABC material used for the numerical analyses

are summarized in Table 8-1.

Table 8-1. ABC material properties used in numerical analyses.

M 60 . oe.d ur. m ur .
(in) (pcf) (ksi) (ksi) (ksi) (ksi) (%)
HS Small Strain 8 144 04 24 24 48 0.64 02 35 0005 43 8 0.9

HS & 144 04 24 24 48 0.64 02 NA NA 43 8 0.9
MC 8 144 04 NA NA 35 NA 02 NA NA 43 8 NA

ref ref ref 2 ref
H Vo Egy E E v G, Yo

cM! @' ¢’ (psi) Rr

! Constitutive model

’E@o, =347 and o, =27.2 psi, for MC model
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8.1.2 Subgrade soils

Based on the index properties and construction history at the test site, it was concluded that the
upper 32 inches of the site soil was a compacted fill classified as A-4 (SM); underlain by a
natural high plasticity Silt, A-7-5 (MH ). A series of laboratory tests, including the resilient

modulus, monotonic triaxial compression, and bender element tests were carried out in order to

obtain parameters for the numerical analyses constitutive model. The E./ values were computed

from monotonic triaxial test performed at the reference confining pressure (14.5 psi). The E'¢

values were obtained by extrapolating the resilient modulus test results to obtain the M at the

reference confining pressure and vertical stress of 8 psi. The E’? was directly obtained from the

ur

resilient modulus test, ato, =2 and o, =8 psi. The G,? was measured by bender element test at

the reference confining pressure. The y,,was selected from reported Resonant Column test

results by Borden et al. (1996) on the Piedmont soils. For the A-7-5 (MH ) subgrade soil, the
undrained shear strength parameters were computed from the in situ field testing. These

parameters are summarized in Table 8-2 and 8-3 for the A-4 and the A-7-5 soils, respetively.

Table 8-2. A-4 soils properties used in numerical analyses.

ref ref ref 2 ref
H }/moist e ESO E E % GO 7/0.7

. oed ur m ”
(in) (pcf) °(mo(mn(mn (ksi) (%)
HS Small Strain 24 123 0.57 3 3 145 05 02 21 001 25 2 1

HS 24 123 057 3 3 145 05 02 NA NA 25 2 1
MC 24 123 057 NA NA 5 NA 02 NA NA 25 2 NA

1

cMm! @' c(psi) Rr

I Constitutive model
’E@o, =2and o, =8 psi, for MC model

Table 8-3. A-7-5 soils properties used in numerical analyses.

H 7 moist €0 E 5r (e)f E ::Z E:ref m % G(;ef 7 0.7
(in) (pch) (ksi) (ksi) (ksi) " (ksi) (%)

HS Small Strain 148 120 0.84 7 35 21 1 02 80 0.0038 20 1

CM Su (psi) Rr

HS 148 120 084 7 35 21 I 02 NA NA 20 1
MC 148 120 0.84 NA NA 15 NA 02 NA NA 20 NA
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8.1.3 SWCC and matric suction state
The soil water characteristic curves for the ABC, A-4, and A-7-5 soils were developed from the
data collected in this study as well as proposed correlations in the literature. These were also

verified by laboratory-measured suctions using a miniature tensiometer.
8.1.3.1 ABC SWCC

The SWCC of ABC materials was estimated from the data presented by Ba et al. (2013). Figure
8-3, shows grain size distribution for the Bakel Black Quartzite ABC. This grain size distribution
is the closest to the ABC material used in this study that the authors can find in literature.
Therefore, the reported SWCC parameters for Bakel Black Quartzite ABC are used for

numerical analysis.
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Figure 8-3. Bakel Black Quartzite ABC grain size distribution, Ba et al. 2013
Figure 8-4 shows the developed ABC SWCC curve based on the Fredlund and Xing (1994)

model. The SWCC parameters are presented in Table 8-4 for the two subgrade soil types and the
ABC layer.
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Figure 8-4. Aggregate base course SWCC, Ba et al. (2013).

Table 8-4. Fredlund and Xing (1994) SWCC model parameters.

6, 0, a n M
A-4 (SM) 0.36 0.09 0.13 2.6 0.6154
A-7-5 (MH) 0.54 0.03 0.1365 1.1487 0.1295
ABC 0.1923 0.00001 0.20 1.6577 0.3967

8.1.3.2 A-4 (SM) soil SWCC

The SWCC for the A-4 soil was developed based on the proposed model by Zapata et al. (2000)
for soil with PI=0. Figure 8-5 shows the developed SWCC and laboratory measured suction
values obtained within the Shelby tube samples. It can be seen that the laboratory-measured

suction values are in good agreement with the SWCC estimated from the soil-properties.
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Figure 8-5. Developed A-4 (SM) soil SWCC, from Zapata et al (2000)

8.1.3.3 A-7-5 (MH) soil SWCC

Wang (2014) performed extensive laboratory SWCC testing on Piedmont residual soils from
Greensboro, North Carolina. The tested materials included a wide range of the low to high
plasticity soils. The grain size distribution and laboratory measured suction values of the A-7-5
soil specimens were compared to those tested by Wang (2014). Figure 8-6 shows the developed
SWCC for the A-7-5 soil by Wang (2014), as well as tensiometer-measured suctions from
Shelby tubes samples obtained in this study. It can be seen that developed SWCC by Wang
(2014) is compatible with the laboratory-measured suction levels in this study. The SWCC
properties of the A-7-5 soil are presented in Table 8-4.
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Figure 8-6. Developed SWCC for A-7-5 soil, Wang (2014)

8.1.4 Geosynthetics and Interface
The geosynthetic reinforcement was modeled in FEA analyses as a linear elastic material. The
only needed parameter for geosynthetic materials is an elastic normal stiffness, EA, which is

given by Eq. 8-2:

T,

EA=-92% Eq. (8-2)
&
Where T, ., is the axial strength at a given magnitude of strain, &%. The EA values of 16200,

and 48000 (Ib/ft) were calculated for the geogrid and geotextile used in the full scale testing,
respectively, at a strain level of 5%. The interface layers are defined on both side of the geogrid.
A reduction factor of 1 (meaning no reduction in the interface strength, or 100% efficiency of the
geosynthetic materials) was assigned to the interface of geogrid and ABC, and geogrid and

subgrade soil.
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8.2 Selection of Appropriate Constitutive Model

A series of 2D axisymmetric Finite Element Analyses (FEA) were performed in PLAXIS. The
geogrid-reinforced test section (section 2) was modeled by assigning the stiffness and shear
strength properties, as described in the previous section, to the base and subgrade layers. The
deformation behavior of the test section was investigated under cyclic loading within the context

of the three soil constitutive models.

8.2.1 Model geometry

The geometry of the geogrid reinforced section was evaluated under cyclic traffic loading. From
Lidar Scan data, the initial thickness of ABC is esimtated as 8 inches. From the Shelby tube, the
initial thickness of the A-4 soil was estimated as 32 inches. This soil was underlain by the stiff
A-7-5 soil. Therefore, in the numerical analyses, 8 inches of ABC is considered overlying 24
inches of soft A-4 soil, which is underlain by a stiff A-7-5 soil. The geometry was modeled in
axisymmetric mode, with 15-node triangle elements in a 180 by 120 inches domain (after
Howard and Warren, 2009), as shown in Figure 8-7. The generated mesh is very fine under the

loaded area, and slightly coarsened with distance away from the center of the loaded area.

0,00 50,00 100.00

Figure 8-7. FEM domain
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8.2.2 Cyclic loading

Analyses were performed to investigate the deformation behavior of unreinforced section under
cyclic loading. The shape of the cyclic load was captured from the EPC recorded data, as shown
in Figure 8-8. As previously described, a tire pressure of 85 psi was measured in the field and a
rear axle load of 9000 Ibs was estimated from the measured truck weight. Therefore, the radius
of the loaded area was computed as 5.8 inches. Absorbent boundaries were assigned into the

model to absorb stress waves without rebounding into the loaded area.
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Figure 8-8. One applied load cycle.

8.2.3 Appropriate constitutive model

Figure 8-9 shows the vertical deformation of the unreinforced section under cyclic loading with
the use of the Mohr-Coulomb constitutive model. It can be seen that after 20 load cycles, the
cumulative deformation approaches a constant value and does not change thereafter. As shown in
Figure 8-10, the computed applied stress at the top of the subgrade also does not change after 20

load cycles; which is not in agreement with the field observation.
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Figure 8-10. Vertical stress at the top of the subgrade (MC)




The computed surface vertical deformation from the HS model, under cyclic load, is shown in
Figure 8-9. In contrast to the MC model, it can be seen that the cumulative vertical deformation
increases until load cycles No. 60, and it is significantly greater than the values obtained from the
MC analyses. Figure 8-11 shows the computed vertical stress at the top of the subgrade, which
is seen to increase slightly with number of load cycles unit it reaches a constant value at load
cycle No. 60. Compared to the results from MC model, the computed vertical stress from HS

model is greater by a factor of three.

Number of load cycles
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Figure 8-11. Vertical stress at the top of the subgrade (HS)

The third soil model investigated is the HS Small Strain, with the computed vertical deformation
under cyclic loading plotted in Figure 8-9. For this case, it can be seen that the cumulative
vertical deformation is still increasing after 90 load cycles, which is consistent with field
observations. From these results, it is concluded that the HS Small Strain model is the more
suitable soil constitutive model, as it is capable of capturing the incremental cumulative
deformation of base/subgrade layers under cyclic loading. In contrast to the HS model, the HS

Small Strain model will show hysteretic behavior of soils under cyclic loading, as shown in
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Figure 8-12. After load reversal is detected, the stiffness is reset at Go, and reduces again during
unloading until the next load reversal. Therefore HS small model “memorizes” strain history and
uses a generalized shear strain parameter to determine corresponding shear modulus. The strain
history used in HS small model is given by Eq. 8-3 (Equations to follow are from PLAXIS
Manual):

|H Ae|
|aé]|

7hist = \/g

Eq. (8-3)

Where H is a symmetric tensor that represents the deviatoric strain history of the material, while

Aeis the actual deviatoric strain increment. Once the direction of the strain is reversed, the
tensor A is partially or fully reset and then the actual deviatoric strain tensor is applied into the

equation. In order to take the strain history into account, Eq. 2-18 is modified in HS small model
to Eq. 8-4:

G 1

— Eq. (8-4)

G ‘
0 140,385 us
Yo7

Figure 8-12. Hysteretic behavior in HS small

133



Although both HS and HS small models take into account the softening and hardening behavior
of soils with increasing confining pressure and strain levels, the HS model does not account for
higher soil stiffness values related to very small strain levels (i.e. € =107-10"*), hence as shown in
the Figure 8-9, the computed vertical deformations from HS model are greater than those from

HS Small model, for the first 30 load cycles.

8.2.4 Reinforced behavior: the issue with PLAXIS 2D

Permanent deformation behavior of the reinforced section was simulated in the axisymmetric
mode in PLAXIS 2D. Interface layers were used between the geogrid reinforcement and the
ABC layer as well as between the geogrid and subgrade. After comprehensive analyses it was
realized that the PLAXIS 2D axisymmetric mode is not able to capture the deformation behavior
of the geosynthetic reinforced sections using interface layers. As shown in Figures 8-13(a-b), a

significant gap develops between the geogrid and the soil mass underneath.

It was realized under cyclic load, the gap starts to occur during the unloading phase and it is
scaled by the number of load cycles. After communicating with PLAXIS engineers, their
response was that “The gap observed is due to low stiffness of the structure part connected at the
left boundary, the scientific background is as mentioned earlier that, in axisymmetry mode,
material stiffness is calculated based on how far away the stress point is from the axis-of-
symmetry, therefore when you connect interface/ geogrid to the axis, you have ultra-low material

’

stiffness for the stress point lying in the axis, that triggers the phenomenon”.

Therefore, it was decided to use PLAXIS 3D in order to model the reinforced sections with

interface under cyclic load.
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Figure 8-13. a) The generated gap under cyclic load (zoomed interested area),
b) deformation contours

8.3 Unsaturated Subgrade under Cyclic Loading: 3D Model

From the 2D analyses of unreinforced section behavior under cyclic load, it was concluded that
in order to capture realistic deformation behavior of base and subgrade layers, the stiffness
reduction by number of load cycles, needs to be modeled. Hence the Small Strain Hardening Soil

constitutive model was implemented in this analysis.

8.3.1 Model geometry specifications

The performance of the geogrid reinforced section was investigated under cyclic load, by
modeling a quarter of the loaded area in PLAXIS 3D, as shown in Figure 8-14. As previously
stated, the radius of loaded area was calculated as 5.8 inches. The model domain extended 120
inches in both X and Y direction and 180 inches in Z direction, in order to minimize boundary
effects and rebounding of the reflected wave into the loaded zone of interest. The absorbent
boundaries were also considered for Xmax, Ymax, and Zmin plane. A set of the general fixities were

imposed to the boundaries of the geometry model, as summarized in Table 8-5:
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Table 8-5. Geometry boundary conditions.

Plane Deformation fixities = Deformation
X min Normally fixed Ux=0

X max Normally fixed Ux=0

Y min Normally fixed Uy=0

Y max Normally fixed Uy=0

Z min (bottom) Fully fixed Ux=Uy=Uz=0
Z max (surface) Free free

180~

Figure 8-14. Model geometry.

8.3.2 Mesh sensitivity

In order to eliminate the effect of the size of the generated mesh on the results, the ABC and soft
A-4 subgrade soil were divided into 3 volumes, as shown in Figure 8-15. Different combinations
of coarseness factors were assigned to the soil volumes, until no change in surface deformation
under static load was obtained. Figure 8-16 shows the number of elements in ABC and A-4
subgrade soil volumes 1 and 2 vs vertical deformation. It can be seen that adding more elements

beyond 1000 does not further change the calculated deformation.
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Figure 8-16. Mesh sensitivity results.
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8.3.3 Model calibration

Figure 8-17 shows the vertical deformation contours after 100 load cycles. It was observed that
no gap was generated at the interface of the geogrid and base/subgrade layers. Accordingly the

analyses are robust, and the results seem to conform to logic.

=102 in]
-100.00
-125.00
-150.00
-175.00
-200,00

-225.00

-250.00

-275.00

-300.00

-325.00

-350.00

-375.00

—400.00

—425.00

-450.00

-475.00

-500.00

-525.00

-550.00

-575.00

-500.00

Figure 8-17. Deformation contour after 100 load cycles.

Figure 8-18 shows the calculated permanent deformation under cyclic loading. It can be seen that
the computed vertical deformation was significantly higher than the measured permanent

deformation in the field at the southern part of the outer wheel path in section 2.
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Figure 8-18. Computed vs measured vertical deformation

As stated in the previous section, primary deformation analysis indicated significant difference
between measured surface deformation in the field and numerical analysis results, hence the
stiffness properties of A-4 materials, E50 and Eode, were modified to calibrate the numerical
result with field measurements. Final properties of the soil layers, as well as assigned matric

suction values for each layer are summarized in Table 8-6.

Table 8-6. Modified soils properties used in numerical analyses.

_ ref rf  pref 2 ref /4

SOll H ymozst €0 ESO' E(;efl ur. m VW GO. 7/().7 w' C’/Su(pSi) Rf (pSl)
(in) (peh) (ksi) (ksi) (ksi) (ksi) (%)

ABC 8 144 034 24 24 48 0.64 0.2 35 0.005 43 8 09 6

A-4 24 123 0.57 45 45 145 05 02 21 001 25 2 09 6

A-7-5 148 120 084 7 35 21 1 02 80 0.03 NA 28 09 6
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Figure 8-19, shows the surface deformation of the reinforced section, under 300 load cycles. It
can be seen that the results obtained from PLAXIS 3D provide a closer match with the measured
field surface deformation when the input parameters are calibrated. It can be seen that after 200
load cycles the rate of cumulative deformation is decreasing as well, following the trend of the

measured data.

N: Number of load cycles
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Figure 8-19. Surface deformation under cyclic loading, after adjusting parameters.

8.3.5 Stress distribution analysis

Field-measured pressures from EPC C22 and the average of the computed stresses of two stress
points from PLAXIS 3D at a depth of 3 inches below the interface of the subgrade and ABC
layer (depth of the installed pressure cells in the field) vs number of load cycles are plotted in
Figure 8-20. It is observed that both measured and computed pressures follow a similar trend,
and the measured pressure at the top of the subgrade is seen to increase gradually for the first 60
cycles and then decrease as the number of load cycle increase beyond 60. The same trend was
reported by Quin et al. (2013), Tingle et al. (2009) and Thakur et al. (2012). This reduction in

stress at the top of the subgrade can be explained by mobilization of the tensile strength of the
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geogrid (as nearly 0.25 inch of vertical deformation occurred after 60 load cycles), which
produces up-lift attenuate the applied stresses transferred into the subgrade layer (Quin et al.,

2013).
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Figure 8-20. Applied pressure at the top of the subgrade

In addition to the geogrid mobilization, the ratio of the ABC modulus to the subgrade modulus
also influences the magnitude of the stress transferred into the subgrade layer. An increase in
modulus ratio leads to a reduction in transferred stress, as was observed by Leng and Gabr
(2002). Figure 8-21 shows the ratio of the secant modulus of the ABC to subgrade layer,
computed from PLAXIS model results. It can be seen that the secant modulus ratio decreases
during initial cycles of loading, therefore more stress is transferred into the subgrade; however,
as the modulus ratio starts increasing after about 70 load cycles, a reduction in applied pressure
on the top of the subgrade soil layer is computed. Such a reduction is estimated as long as the

ratio of the ABC modulus to the subgrade modulus continues to increase.
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Figure 8-21. Secant modulus ratio, (Easc/Esub)

From these results, it was concluded that the transferred pressure onto the subgrade layer is a
function of both mobilization of the tensile strength reinforced layer, and modulus ratio of the
ABC to subgrade soil layers (bearing in mind that the modulus value is also a function of the
matric suction level). Figure 8-21 shows the computed stress at the top of the subgrade as a
function of distance from the centerline of the loaded area, for load cycles 30, 150 and 300. It
can be seen that with increasing cycles of loading, not only the magnitude of the transferred
stress decreases, but also the applied pressure distributes more uniformly over the subgrade, and

the stress transferred onto the subgrade beyond the loaded area (x> 5.8”) increases.
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Figure 8-21. Distribution of the applied pressure at the top of the subgrade.

8.3.6 Matric suction effect

The effect of the matric suction state of the aggregate base course layer on the deformation
behavior of the reinforced section was investigated using PLAXIS 3D. The surface deformation
under 200 load cycles was computed using ABC matric suctions of 6, 11.6, and 17.5 psi (40, 80
and 120 kPa), with the results plotted in Figure 8-23. It is seen that an increase in ABC matric
suction can slightly reduce the cumulative deformation, with such an effect becoming more
pronounced with increasing number of load cycles. As discussed previously, the HS Small strain
constitutive model records and keeps a strain history tensor, which is used to calculate the
tangent shear modulus and strain values for the current step. Therefore the effect of the matric
suction on reducing the deformation is accumulating under cyclic loading and becomes more

conspicuous with increasing number of load cycles.
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Figure 8-23. Effect of the ABC matric suction state on cumulative deformation.

8.4 Modeling Proof Rolling Test

Proof roll testing is performed to evaluate subgrade stability. A proof roller is a loaded single
axle, four wheels trailer, as shown in Figure 8-24. Based on the NCDOT specification (NCDOT,
2012, section 260), the maximum center-to-center spacing between adjacent wheels is 32 inches,
with tire pressures between 68 and 72 psi. The load capacity of the trailer is from 48 to 50 tons.
For the numerical analysis, the gross weight of the trailer was assumed to be 50 ton, equally
distributed between four wheels with a tire pressure of 70 psi and center-to center-spacing
between adjacent wheels of 32 inches. Therefore, the radius of the contact area is calculated to be
10.6 inches. Figure 8-25 shows the configuration of the proof roll trailer. The deformation
behavior of the subgrade soils under 2 passes of the proof roll trailer load was investigated by
modeling the loaded area ain the Plane Strain mode in PLAXIS 2D, and as four circular loaded

areas, as shown in Figure 8-25, in PLAXIS 3D.
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Figure 8-24. Proof roll trailer (courtesy M. Valiquette, NCDOT, Borden et al.,

2010)
32" | B B
:10@_“, L L
: 117.2

Figure 8-25. 50 ton proof roll trailer configuration, (tire pressure 70 psi).
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8.4.1 Materials properties

The deformation behavior of the subgrade soil in test section 2 was evaluated both before and
after stabilization by geogrid reinforcement and ABC layer. The validated properties, in PLAXIS
3D model, of the subgrade soils, ABC from previous section (summarized in Table 8-7) were

used. The same matric suction state was considered as used in the previous analyses.

In order to extend the numerical analyses results for practical use, the deformation performance
of the saturated subgrade before and after stabilization with ABC Class IV, with the properties
developed in this study, was investigated under proof roller load in Plane strain and PLAXIS 3D

models.

As previously stated, the ABC material properties were assumed to be similar to the ABC class
IV, as presented in Table 8-7, without considering matric suction. The analyses were performed
for a saturated subgrade layer assumed to have a DCPI between 10 and 100, the range of DCPI
values which were measured during this study. The following equations are used to find the

properties for the analyses:
Coonse’s model (residual soil):
Log(CBR) =2.53—1.14x1og(DCPI) Eq. (8-5)

Undrained shear strength
Danistan and Vipulanandan (2009)

Su ~0.282x(CBR)’ +14.97x (CBR) Eq. (8-6)

subgrade soil =

Stiffness properties of the subgrade soils were estimated by using the DCPI values in conjunction

with the proposed resilient modulus prediction model from DCPI presented in Chapter 5. The

Eur is assumed equal to Mr, and Eso= Eode= Euw/3.

The maximum shear modulus is calculated using Eq. 8-7 (NCHRP 2008), and assuming v of 0.2

under cyclic loading.

C— Y, Eq. (8-7)
2(1+v)

Estimated subgrade properties for these analyses are summarized in Table 8-8.
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Table 8-8

. Estimated subgrade properties.

DCPI (mm/blow) 100 90 60 50 40 30 20 10
CBR 2 2 3 4 5 7 11 25
su (psi) 3.7 4.2 6.5 7.9 99 132 19.1 287
Mr (psi) 4605 4798 5425 5652 5889 6134 6377 6568
Eso 1439 1499 1695 1766 1840 1917 1993 2052
Eode 1439 1499 1695 1766 1840 1917 1993 2052
Gmax 1919 1999 2260 2355 2454 2556 2657 2736

8.4.2 Cyclic loading

A tire pressure of 70 psi is assumed for cyclic loading analysis. The two load cycles, which

represent two proof roller passes are considered as shown in Figure 8-26.
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Figure 8-26. Proof roller load cycles.




8.4.3 Plane strain geometry

The deformation performance of the subgrade soils under cyclic proof roller loading was
evaluated in Plane Strain mode in PLAXIS 2D (in addition to the PLAXIS 3D analyses), by
implementing 15 node elements. The geometry of the model domain is shown in Figure 8-27.
The boundaries are located at 300 inches both side of the centerline, and 200 inches in Z
direction. The finest mesh was imposed for the zone close to the loaded area, which gradually
become coarser with distance from loaded region. Absorbent boundaries were also implemented

in order to prevent wave reflection into the soil body.
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Figure 8-27. Plane strain geometry and mesh distribution.

8.4.4 PLAXIS 3D geometry

The surface deformation after two proof roller passes was also computed for subgrade with DCPI
ranging between 10 and 100 in PLAXIS 3D using 10-node tetrahedral elements. Four wheel
loads were considered, as shown in Figure 8-28, with a radius of 10.6 inches and center to center
spacing of 32 inches. The boundaries were extended 220 inches in the X direction, 240” in both

Y directions and 180 inches in the Z direction. Absorbent boundaries were also imposed on the
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Xmax, Ymax, Ymin, and Zmin planes. The ground water table was assumed to be on the top of

the subgrade.

Figure 8-28. Proof roller test model geometry. PLAXIS 3D

8.4.5 Numerical analysis: Proof rolling

The deformation performance of the test site two subgrade soil layers system, 32 inches
compacted A-4 soil on the top of the natural A-7-5 residual soil, with their calibrated in situ
parameters, as presented in Table 8-7, and geogrid reinforcement under the proof roller test
loading was investigated in PLAXIS 3D. Table 8-9 shows the computed maximum deformation.
It can be seen that even without any stabilization, the subgrade soil would pass the deformation

criterion of the proof roller test (less than 1 inch), which is consistent with both the NCDOT and
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Borden et al. (2010) undercut criteria results. In the field, the subgrade was judged to have

performed acceptably in some stations prior to stabilization.

Table 8-9. Computed deformation before and after stabilization under proof roller

Site condition Maximum deformation (in)
Natural unsaturated subgrade soil 0.40
GG reinforced subgrade+ 8” ABC 0.22

Figure 8-29 shows the cumulative surface deformation of the subgrade after two proof roller
passes from plane strain analysis and from half of the domain analysis in PLAXIS 3D. It can be
seen that the plane strain deformations are significantly greater than those from the 3D analysis,
and provide an unrealistic evaluation of the subgrade stability. As shown in Figure 8-29, 3D
analyses for DCPI greater than 48 mm/blow show a computed deformation greater than 1 inch,
which is outside the indicated green area, suggesting soil stabilization would be required. This
result is occurring at a modestly higher DCPI than the NCDOT undercut criteria of 38 mm/blow
(which shows % inch corresponding computed deformation). Since the judgment of the adequacy
of the proof rolling test results is subjective, and it is perhaps difficult to discern % of an inch
versus 1 inch, it is proposed that the NCDOT criterion of 38 mm/blow is still reasonable for the

Piedmont soil at the test site.

150



0.0

0.5

1.0

0z (in)
o

2.0

2.5

3.0

DCPI (mm/blow)
10 20 30 40 50 60 70 80 90 100

| —e— Plaxis 3D |
--l--Plane Strain \\ -

- \\\

\
\ -

\
1 . 1
1 2 3 4
DCPI (in/blow)

Figure 8-29. Surface deformation after two proof roller passes.
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Figures 8-30 and 8-31 show the PLAXIS 3D-computed surface deformation of the aggregate

base layer surface after two proof roller passes. As shown in Figure 8-30, the effect of the

subgrade strength and stiffness properties on the surface deformation decreases with increasing

thickness of the aggregate base layer. In addition, it can be seen that the effect of the ABC layer

in reducing the surface deformation becomes more pronounced with increasing DCPI value. It is

however the case that a minimum of 4-6 inches of ABC thickness should be used for

constructability and in order to minimize damage to the geosynthetic reinforcement during

construction.
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Figure 8-30. Computed Surface deformation for different thickness of ABC
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From extensive numerical analyses of unreinforced unsaturated subgrades under repeated cyclic

loading in PLAXIS 2D and 3D, the following conclusions can be advanced:

e A design chart was developed from numerical analysis performed in PLAXIS 3D to

enable the selection of an appropriate thickness of ABC based on measured DCPI

subgrade soil values.

e The matric suction state of the ABC layer has a notable effect on the surface deformation

of a reinforced subgrade under cyclic loading. An increase of matric suction in the ABC

layer is associated with a decrease in the surface deformation of the reinforced subgrade

under cyclic loading.
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Based on numerical analyses of the subgrade soil under simulated proof roller loading,
the computed deformation from a plane strain mode is shown to be significantly higher
than that computed under four loaded areas in PLAXIS 3D.

Analyses demonstrate that an appropriate constitutive model should be utilized in order to
accurately model the deformation behavior of the base and subgrade layers under cyclic
loading. For this purpose, the constitutive model which is capable of modeling soil
stiffness reduction with increasing the strain level needs to be used. Hence the HS small
constitutive model was utilized in this study.

The effect of the subgrade strength and stiffness on surface deformation decreases with
increasing thickness of aggregate base layer.

The effect of the ABC layer in reducing the surface deformation become more

pronounced with increasing DCPI value.
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CHAPTER 9: SUMMARY AND CONCLUSIONS

The overarching objective of this research project was to evaluate the applicability of the
undercut criteria, previousely developed in an earlier research phase, at a test site within the
Piedmont geologic area of North Carolina. The site is located at the intersection of NC 65 East
and U.S. Route 220 South, approximately 20 miles NNW of Greensboro (coordinates: 36.268082
-79.93053.) The results presented herein included collection of data from Light Weight
Deflectometer (LWD) and Dynamic Cone Penetrometer (DCP) to assess subgrade properties.
Three test pads were constructed on comparable subgrade conditions with different stabilization
measures, and subjected to 1000 passes of a loaded construction truck. Four Earth Pressure Cells
(EPC) were embedded within the wheel path (two in each wheel path) for each test section to
monitor stress variations with traffic loading. A surface profiler (Lidar-based surveying) was
used at periodic intervals to monitor plastic deformation and wheel path rutting with loading
cycles. Moisture and suction sensors were embedded in the subgrade to monitor moisture and
suction variation. The results from the field testing were used to assess the extent to which the
use of each stabilization measure is effective in rendering the soft soil layer as meeting the

criteria for a stable subgrade.

The collected field data, including LIDAR measured surface displacements (plastic
deformation), laboratory and field measured shear strength and modulus properties, were
implemented into the proposed undercut criteria from the Phase I study, which is documented in
Borden et al. (2010). Numerical analyses were performed using Plaxis 2D and 3D software, in
order to study the deformation performance and stress distribution in reinforced unsaturated
subgrade soil under cyclic traffic loading. The deformation performance of the subgrade soils
under proof roller loading was studied in plain strain 2D and Plaxis 3D models. Guidelines
regarding thickness of ABC under various subgrade strength values were proposed based on the
results of the numerical analyses. Based on the work conducted in this study, the following

observations and conclusions are advanced:
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Full scale testing

The measured vertical stress near the interface of the subgrade for the geosynthetics-
reinforced sections was seen to decrease with increasing number of truck passes from 20
psi to 10 psi in section 2, and from 16 psi to 8 psi in section 3, while the recorded
pressure in section 1 was almost constant, 4+/-2 during traffic. This decrease of
measured stress in geosynthetics reinforced sections is attributed to progressive
densification of the aggregate base course, mobilization of reinforced layer tensile
strength as well as increasing matric suction in the subgrade layer, from 25 kPa to 35 kPa,
as a result of the “hot” summer weather during which the project was conducted.

Since each driver intended to drive over the EPCs on his side, the EPCs on the other side
were off between 5 to 15 inches of the truck tires (loaded area). It was observed that
lateral wander of the truck tires has a more significant effect on the measured stress in the
shallow depth in subgrade layer (section 2 and 3). Hence monitored pressure was
categorized by traffic direction, north to south and south to north. The variation of
recorded pressure was reduced from 2 psi to 1 psi, 10 psi to 5 psi and 8 psi to 4 psi in
section 1, 2, and 3, respectively. It was observed that the

The geosynthetics-reinforced sections experienced 0.5” and 0.7” of surface deformation
for the geogrid- and geotextile-reinforced sections, respectively. The select fill-stabilized
section showed a 1.2” of deformation after 1000 truck passes.

The rut depth (defined as vertical displacement from the original ground surface)
increased with truck passes until reaching a relatively constant value within the 1000
truck passes. In this study, the rut depth increased until 500 truck passes in both
geotextile and geogrid sections. In section 1 (select fill section), the rut depth reached a

limiting value after 700 passes.

156



Undercut criteria evaluation

The applicability of the previously developed and reported undercut criteria using soil
properties estimated from laboratory testing (i.e. triaxial and resilient modulus) and/or
DCP testing was validated for the Piedmont residual subgrade soils at the test site.

It was demonstrated that the proposed undercut criteria can be used to assess deformation
response under traffic loading on the basis of I-inch limit, and performance capacity
factor of 1.5 or higher for stabilized section. The 1-inch limit addresses issues related to
deep layers “pumping” while the performance capacity factor addresses issues related to

localized bearing failure.

Resilient modulus prediction models

The evaluation of models reported in literature which directly estimate the Mr of soils
from the DCP and LWD measurements showed that they overestimated measured Mr
values. In addition, these models are only valid at one stress level which limits their
applicability to one particular configuration of pavement section layers.

Good agreement was obtained between calculated Mr values from proposed DCP-Mr and
LWD-Mr models and the laboratory-measured resilient modulus data.

Examination of the performance of the proposed LWD and DCP-Mr models with a
quarter of the data set, which was not included in the statistical analyses, indicated that on
average the proposed LWD and DCP models underestimated the Mr by 7 and 4%,
respectively.

Predicted Mr values by the proposed LWD and DCP models were seen to be in
reasonably good agreement with the laboratory-measured Mr presented in the literature.
The results indicated generally 11 and 8% underestimation, with coefficients of
determination of 0.96 and 0.53, respectively.

The proposed LWD and DCP models are capable of predicting the resilient modulus of
low plasticity soils SM, ML, and SC (A-4a and A-4), with PI<5, and 40%<P200<55%; at
any stress state. Such values can be used along with the subgrade’s shear strength to
discern the need for undercutting during the design phase based on the criteria presented

in Borden et al 2010.
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Numerical analyses

The matric suction state of the ABC layer was shown to have a notable effect on the
surface deformation of a reinforced subgrade under cyclic loading. An 80 kPa increase in
matric suction in the ABC layer (from 40 kPa to 120 kPa) was associated with a 25 %
decrease in the surface deformation (from 0.40” to 0.30”) of the reinforced subgrade
under cyclic loading.

Based on numerical analyses of the subgrade soil under simulated proof roller loading,
the computed deformation from a plain strain mode is shown to be significantly higher
than that computed under four loaded areas in Plaxis 3D. This is a limitation of using
plain strain model approach in characterizing behavior during the design phase. In
addition, analyses demonstrate that an appropriate constitutive model should be utilized
in order to accurately model the deformation behavior of the base and subgrade layers
under cyclic loading. For this purpose, the constitutive model which is capable of
modeling degradation of soil stiffness with increasing the strain level needs to be used.
The effect of the subgrade strength and stiffness on surface deformation decreases with
increasing thickness of aggregate base layer. This is due to the larger attenuation of the
applied stress increase with the increasing thickness of the ABC layer.

A design chart was developed from numerical analysis performed in Plaxis 3D to enable
the selection of an appropriate thickness of ABC based on the measured DCPI of the
subgrade soil. The proposed recommendations were based on limiting the surface

deformation to a prescribed value as a function of number of EASLs.

The results presented herein are intended to assist NCDOT and their contractors with a tool for

decision making to systematically determine whether undercutting and stabilization measures are

needed. It was demonstrated that the proposed undercut criteria can be used to assess the

adequacy of the subgrade soils to support traffic loading on the criteria basis of 1-inch

deformation limit, and performance capacity factor of 1.5 or higher. In this case, the 1-inch limit

addresses issues related to deep layers “pumping” while the performance capacity factor

addresses issues related to localized bearing failure. Implementation of the research project is

recommended along the following tracks:
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ii.

iil.

1v.

Use of the data and approach presented in this report to discern whether
undercutting of the perceived soft soils is necessary for the construction of the
roadway. The results from field testing indicated that the criteria proposed by
Borden et al 2010 in terms of the strength and stiffness of the subgrade soils is
valid for defining situations in which undercut is needed based on quantifiable
criteria presented.

Use the recommended approach utilizing data from DCP, LWD, resilient
modulus testing, and conventional geotechnical testing to make a determination
regarding the need for undercut during the design phase. In addition, the results
indicated that the NCDOT criterion using the DCP Index of 38mm/blow is
valid and can be used if expedient determination is needed during the
construction phase.

Estimate the depth of undercut and the corresponding thickness of the select fill
or ABC layer, depending on the stabilization measure to be implemented. It
should be mentioned that these layers (select fill or ABC) are a part of the
subgrade stabilization measure and should not be included during the design as
a part of the pavement section layers (base, subbase, and asphalt)

Provide information on the stabilized section properties that will inform the
design process of the pavement section.

Determining the depth of undercut required in the case where no other
additional means of stabilization is to be used. The depth of undercut should be
established based on strength and modulus properties as assessed from the DCP
data or conventional engineering properties of soils determined from laboratory

testing.
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Appendix A: MPS-2 Suction sensor Calibration
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Figure A-1. MPS-2 Suction sensor Calibration
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Appendix B: EPC Calibration

The first attempt to calibrate the Geokon pressure cells involved the use of an MTS hydraulic
press at the Constructed Facilities Laboratory at NCSU. Two rubber plates were created to
transfer the applied load from the MTS hydraulic press to the pressure cells, as illustrated in

Figure 1, below.

Figure B-1. MTS hydraulic press applying load to Geokon Pressure Cell

The MTS hydraulic press was set to the displacement mode setting and was allowed to slowly
increase from zero loading to the desired maximum load for each test. The applied pressure was
calculated as the applied load divided by the area of the circular rubber plate that was contacting
the pressure cell. The desired maximum applied pressure was decided to be 50 kPa lower than
the pressure rating of each respective pressure cell. For a set number of load magnitudes, the
corresponding readout (in mA) from the pressure cell was recorded by way of the Vishay system
and Micromeasurements Strainsmart software, described in section x.x of this report.. After
completing the calibration of the pressure cells using the MTS hydraulic press, the mA readouts
from the pressure cell were converted to kPa readouts using the data reduction method listed in
section x.x of this report. It was determined that the pressures reported by pressure cells were not

consistent with the loading applied by the MTS hydraulic press. It was then decided that the use
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of the MTS hydraulic press was not appropriate in our case due to the non-uniform distribution
of stress which is a function of the aspect ratio of the pressure cell, the stiffness of the pressure

cell, and the size of the rubber contact plates.

In order to more accurately calibrate the pressure cells, a Hydrostatic testing chamber was
constructed which would allow the pressure plate to rest inside a rigid tank that would then be
pressurized with air. The hydrostatic chamber, which was constructed by the staff at the

Constructed Facilities Laboratory at NCSU, is shown in Figure 2, below.

Figure B-2. Hydrostatic Testing Chamber

In this method, the user was able to manually add or reduce air pressure inside the tank (using
the CFL air compressor) to obtain the desired pressure magnitude. The known, or applied,
pressure was determined by reading the external pressure gauge. Two pressure gauges with
different ranges of pressure readout were used to minimize human error. Simultaneously, the
user recorded the pressure cell readout (in mA) by way of the Vishay software. After collecting
the data pairs described above, over the range of 0 psi to the maximum desired pressure for each
pressure cell, the known pressure was converted from psi to kPa and the pressure cell readout
was converted from the mA reading to kPa reading according to the provided Geokon calibration
data for each pressure cell. The results of the hydrostatic chamber tests are included in section

x.x of this report.
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Appendix C: CU Triaxial test results
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Figure C-7. Stress-strain curve of A-4 soil, specimen H63, ¢’c: 4.5(psi)
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Appendix D: Resilient modulus laboratory tests
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Figure D-3. Laboratory resilient modulus test results, specimens from section 3

184



Sec.4, Hole 8, Depth: 3"-9"

K1=554.6
K2=0.9243
10000 4| K3=-2.815
_ R2=0.96
D
e
2
Q
@
-
1000 .
1000 10000

MEPDG-Mr(psi)

Figure D-4. Laboratory resilient modulus test results, specimens from section 4
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Appendix E: Earth Pressure Cells measurement
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Figure E-1. Measured pressure by EPC C11
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Figure E-2. Measured pressure by EPC C12
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Figure E-3. Measured pressure by EPC C13
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Figure E-4. Measured pressure by EPC C14
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Figure E-5. Measured pressure by EPC C21
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Figure E-6. Measured pressure by EPC C22
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Figure E-7. Measured pressure by EPC C23
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Figure E-8. Measured pressure by EPC C24
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Figure E-9. Measured pressure by EPC C31
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Figure E-10. Measured pressure by EPC C32
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Figure E-11. Measured pressure by EPC C33
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Figure E-12. Measured pressure by EPC C34
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