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Tracking particle displacements in unbound aggregate layers of roadways
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ABSTRACT

Accelerated pavement tests were conducted on reduced-scale pavement sections under controlled
environmental conditions using the model Mobile Load Simulator (MLS11). A unique monitoring
system was developed as part of this study to evaluate the response of the pavement sections under
rolling wheel loads. The performance of the sections with an increasing number of wheel passes was
evaluated by measuring the surface rutting as well as the subsurface displacement of particles within
the base layer. The sections were built in modular frames constructed above grade to facilitate access
to the particles within the base layer from the sides of the frame. Surface rutting was measured
intermittently using an in-house developed laser profilometer. A unique, cost-effective assembly of 30
linear position transducers was designed to continuously track the displacements of artificial particles
within the base layer. The displacements, measured with the new system, were found to be
particularly suitable to generate horizontal permanent displacement fields and strain fields. Overall,
the new developments allowed comprehensive monitoring of the internal response of pavements
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subjected to wheel loading.

1. Introduction

Pavement performance is quantified by the period of time over
which a given volume of traffic can be provided with an accep-
table level of service by the road. The concept of acceptable
levels of serviceability can be traced back to AASHO (Ameri-
can Association of State Highway Officials) road tests con-
ducted in the 1960s. The Present Serviceability Rating (PSR),
developed during these road tests, is a direct, subjective
measure of the level of service offered by a road at any given
time. Since then, the evaluation of serviceability has moved
from subjective measures (such as PSR) to more quantifiable
objective measures such as the Pavement Serviceability Index
(PSI), which is a function of measurable quantities including
slope variance, length of cracking and surface rutting. PSI
has been widely adopted as the measure of pavement perform-
ance since its inclusion in the AASHTO (American Associ-
ation of State Highway and Transportation Officials) 1993
Pavement Design Method. Today, the Mechanistic-Empirical
Pavement Design Guide (NCHRP 2004), developed by
AASHTO, involves designing pavements using limits on the
various parameters that govern PSI, namely rutting and
cracking.

The aforementioned methods evaluate changes in service-
ability as a function of surface conditions. However, distress
at the pavement surface is merely a symptom of the overall
response within the pavement structure. As an example,
while rutting is measured at the pavement surface, the total
deformation at the surface is the cumulative sum of the change
in thickness due to compression and lateral movements of the
various underlying pavement layers. Similarly, while fatigue
cracking is observed at the surface, the development of such

cracks is directly related to the elastic tensile strains induced
due to vehicular traffic load at critical locations within the
asphalt layers. Thus, to improve pavement performance, the
internal response of the pavement structure to external influ-
ences, such as environmental conditions and traffic loads,
must be quantified and linked to the as-built characteristics
of the pavement such as the modulus and thickness of its var-
ious layers. For instance, it can be hypothesised that restricting
the internal movement of particles would also restrict the com-
pression and lateral movement of internal layers, thereby redu-
cing surface rutting. Accordingly, restricting internal
movements to control surface rutting would require knowl-
edge of the location, magnitude, and direction of such move-
ments. Furthermore, monitoring the internal movement of
particles could provide insight into the internal mechanisms
that the road undergoes under external loads.

Although modern design methods and pavement evalu-
ations consider internal stresses, strains and displacements in
their methodologies, these internal parameters have been
assessed primarily by predicting them through analytical
(layered elastic analysis) or numerical (finite element or
finite differences methods) means. While localised measure-
ments of stresses and strains have been collected in some pave-
ment studies via earth pressure cells and strain gauges, they
employed expensive, single-use sensors that precluded obtain-
ing comprehensive internal stress—strain distribution profiles.
This is especially true when measuring strains/displacements
within a pavement system, as continuous profiling may require
anetwork of daisy-chained strain gauges that are not only cost-
prohibitive but also intrusive, therefore possibly interfering
with the pavement response being quantified.
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This paper describes the pilot study of a broader research
program aimed at understanding the internal mechanisms
associated with stabilisation of unbound aggregate bases by
geogrids. In flexible pavements, one of the primary mechan-
isms hypothesised to be associated with geogrid stabilisation
is ‘lateral restraint’ whereby the geogrid restrains the horizon-
tal movement of the aggregate particles in the immediate vicin-
ity of the geogrid (Sun and Han 2019). The objective of the
pilot study is to develop a cost-effective, novel method that
can quantify the lateral restraint provided by a geogrid through
the measurement of internal horizontal particle movements
within the unbound aggregate layers of a pavement structure.
The method discussed herein combines mechanical extens-
ometers used to monitor displacements in structures such as
slopes and earth-retaining structures in the field (e.g. Zornberg
et al. 1995) with low-cost external linear position transducers
that accurately record the position of tell-tales. Further, the
outcome of the pilot study is used to determine the feasibility
of using tell-tales to measure lateral restraint and to assess their
viability for use with full-scale pavement sections in the field.
The externalisation of the sensors, when used in field pave-
ments sections, should facilitate their recovery and reuse
after the completion of the project. Only the tell-tales, them-
selves, are lost to the structure of the test sections, and these
can be economically replaced. In addition to the particle track-
ing system, the pavement structure tested in this study was
monitored using a 2D laser profilometer, also developed as
part of this study to measure surface rutting as well as earth
pressure cells to measure the stress distribution within the
pavement structure.

2. Materials and methods
2.1. Pavement layers

The reduced-scale pavement structure constructed for this
study consisted of a 150-mm sand subgrade layer, 125-mm
gravel base layer and 25-mm Hot Mix Asphalt (HMA) ride
surface. The entire structure was built above grade in two
modular frames, each measuring 150 mm in height, to facili-
tate access to the sensors from the sides of the frame. The pave-
ment structure was 1800 mm in length, 1200 mm in width and

had a total depth of 300 mm, as shown in Figure 1. The length
of the pavement structure was chosen to accommodate the
trafficking equipment which has a trafficking length of 1100
mm with a buffer of 350 mm on each end. For the test
width, the internal particle displacements on a wider test sec-
tion (1800 mm) were measured and the distance from the
wheel path at which particle displacements became zero was
used (with a buffer of 150 mm) to determine the required
test width to mitigate the effect of boundary conditions. A
lightweight non-woven geotextile with very low tensile
strength was used for separation between the base and sub-
grade. A clean, uniformly graded sand with a Dsy of 0.5 mm
and specific gravity of 2.655, commercialised as Monterey 0/
30 sand, was used as the subgrade. It classified as a poorly
graded sand (SP) with a Coefficient of Uniformity (CU) of
1.8 and a Coefficient of Curvature (CC) of 1.0. The subgrade
was placed in three lifts of 50 mm each, reaching a total thick-
ness of 150 mm. This thickness is determined to be adequate
for distributing the applied vertical stress to less than 5% at
the bottom of the subgrade. The subgrade lifts were compacted
via hand tampers to a dry unit weight of 15.4 kN/m?, corre-
sponding to a relative density of 67%. The base layer consisted
of a clean, uniformly graded, river-washed gravel with a D5, of
7 mm and a specific gravity of 2.650. The base material con-
formed to AASHTO #8 gradation and classified as a poorly
graded gravel (GP), with a CU of 1.6 and CC of 1.0. The
base was placed in four 25-mm lifts and two 12.5-mm lifts,
reaching a total thickness of 125 mm. The lifts were compacted
via hand tampers to a dry unit weight of 17.1 kN/m? corre-
sponding to a relative density of 85%. The pilot study
described in this paper is used to establish a baseline (control)
against which other identical pavement sections differing only
in the type of geogrid can be compared. In order to improve
repeatability and consistency across all the pavement sections,
a uniformly graded base and subgrade without fines is used.
This mitigates the variation in in-situ density and modulus
of the pavement layers by removing the effect of moisture con-
tent (no fines) and compaction effort (uniform gradation). The
asphalt mixture used for the surface layer was a Thin Overlay
Mix (TOM) (class A), which conformed to TxDOT Special
Specification 3239 (TxDOT SS3239 2004) and had a binder
content of 6.5%. The thickness of the base and asphalt surface

(b)

Driving Drum
Electric Motor

Guide Wheels
Guide Rails

l Mobile Load
| Simulator 11

1800 mm

Loading Tire
(®300 mm x 75 mm)
Loading Springs
(for constant load)

HMA
Base

Subgrade

1200 mm

Figure 1. Schematic of pavement cross-section with MLS11: (a) longitudinal; and (b) transverse.



layers are chosen to represent a typical flexible pavement
configuration with a thickness ratio of 5:1 used for rural
highways.

2.2, Trafficking equipment

A model Mobile Load Simulator [MLS11, previously referred
to as MMLS (Kim et al. 1998, J. Lee et al. 2006)] was used to
traffic the pavement sections. It consists of four loading tires
connected to a chain of guide wheels that are guided along
rails in a vertical obround path. The chain of guide wheels is
propelled by a driving drum connected to an electric motor.
This system allows repeated, unidirectional, rolling wheel
loads of 2.1 kN at tire pressures of 620 kPa to be applied to
the pavement surface over a track length of 1.1 m. The
MLSI11 is lowered onto the pavement surface using four posi-
tioning screws at the ends while a loading spring and hinge
mechanism attached to each loading tire ensures the applied
load remains constant with surface deformations (up to 12
mm). Table 1 provides further technical specifications of the
loading equipment.

The MLS11 was originally developed in a pilot study, as a
reduced-scale model of the full-scale accelerated pavement
testing devices such as the MLS30 and MLS66 (van de Ven
and Smit 2000). Because of its reduced-scale, the MLS11 has
a smaller tire footprint (contact area) compared to the full-
scale load simulators and hence a reduced depth of influence
of the applied load. Therefore, the MLS11 was predominantly
used to evaluate the surface layer of full-scale flexible pave-
ments in the field and for comparisons against full-scale vehi-
cular load simulators (Walubita 2000, Walubita et al. 2000,
Epps et al. 2001, Martin et al. 2003, Smit et al. 2003, 1999,
Gehrig et al. 2010). These field sections were predominantly
non-instrumented, and their performances were primarily
evaluated through the surface distress development such as
rutting. In the laboratory, the MLS11 has been used to deter-
mine and validate the performance of bituminous mixtures
through the construction and trafficking of asphalt concrete
slabs over an elastic medium such as polymeric foams or neo-
prene rubber (Lee and Kim, 2004, S. J. Lee et al., 2006, Bhatta-
charjee and Mallick 2012). The asphalt slabs in these studies
were typically instrumented with strip-type strain gauges to
measure the elastic and plastic tensile strain development
under the wheel path. This information was used to evaluate
the rutting and fatigue characteristics of the various HMA
mixtures used in these studies. Kim et al. (2009) used the

Table 1. Relevant technical specifications of MLS11 equipment used in this study.

Property Specification
No. of loading tires 4
Wheel diameter 300 mm
Tire width 80 mm
Total track width 80 mm
Total track length 1100 mm
Load per wheel 2.1 kN
Tire contact pressure 620 kPa
Tire footprint area 34 ¢cm?
Loading rate 120 passes per minute
Wheel velocity 25 m/s
Lateral wander Disabled
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MLSI11 to run accelerated pavement tests on asphalt slabs
reinforced with carbon FRP (Fiber Reinforced Plastic) sup-
ported on cellular rubber pads. The asphalt slabs were instru-
mented with strain gauges which showed a 10-15% reduction
in tensile strains in the transverse and longitudinal directions
in the slabs reinforced with carbon-FRP. Lee et al. (2015) eval-
uated the performance of geosynthetic-reinforced asphalt slabs
supported on top of a rigid steel plate. The mechanisms of
shear flow associated with lateral movement of the pavement
layers were observed under the MLS11 loading demonstrating
the ability of the MLS11 loading to capture mechanisms
associated with pavement surface deformations. Limited
research is available on the use of MLSI11 to evaluate the per-
formance of the base and subgrade layers of reduced-scale
pavement structures. Tang et al. (2008) performed accelerated
pavement tests on reduced-scale pavement sections consisting
of the subgrade, base and HMA surface layers. The perform-
ance of the various sections was evaluated through surface
profiling in order to determine pavement ruts with increasing
traffic cycles. Reduced-scale pavement sections (with subgrade,
base and HMA layers) with instrumentation to measure the
elastic subgrade deformations under the rolling wheel load
and the cumulative subgrade rutting were studied by Tang
et al. (2014). The instrumented setup consisted of an LVDT
to measure the subgrade deformation and foil-type strain
gauges to measure strains in the stabilising geogrid. A rigid
pavement structure consisting of disjointed concrete slabs,
on top of a silty aggregate sub-base and a non-plastic silty sub-
grade was trafficked using the MLS11 by Kermani et al. (2018)
in order to study the fines migration and pumping commonly
observed in full-scale rigid pavements. The pavement
response, in terms of internal stress distribution at the Sub-
base:Subgrade interface, and the pore water pressure within
the subgrade were monitored using earth pressure cells and
piezometers, respectively. A review of the available literature
showed no studies that report the instrumented response of
the aggregate base in reduced-scale pavement sections under
accelerated pavement testing under MLS11.

2.3. Instrumentation

The instrumentation used to monitor the performance of the
pavement sections included a 2D surface profilometer to
measure the surface rutting of the pavement structure, earth
pressure cells to measure the vertical stress under the wheel
load at specific locations within the pavement structure, and
artificial particles to facilitate tracking the horizontal move-
ment of particles within the base layer.

2.3.1. Profilometer

An industrial 2D laser from Micro-epsilon (model LLT2500-
100) was used to develop a profiling system suitable to capture
surface deformations. This laser is capable of scanning up to
300 profiles per second, with each profile consisting of roughly
640 points distributed over a width of 100 mm (roughly one
sample point for every 150 microns). This laser was mounted
on a glide cart that glides back and forth along a linear belt-dri-
ven actuator (Macron Dynamics Part: MSA-PSC-O-GB-AM3-
2000). The actuator consists of a 2.4-m-long extruded
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aluminum section, with a maximum travel length of 2.06 m,
driven by an integrated stepSERVO"" motor (Applied Motion
Products TSM23Q-2RG) capable of displacing the profiling
laser at variable speeds of 1 to 1200 mm/s. Two inductive
proximity sensors are used as hardware end limit switches
on either ends of the actuator resulting in 2 m of usable travel.
These limits may be further adjusted based on the width of the
test sections by either physically moving the end limit switches
or setting up software end limits through the stepSERVO™
Quick Tuner software. For the purposes of this study, the
actuator operated at 25 mm/s with the laser scanning 25
profiles per second, resulting in a sampling frequency of one
profile per mm of pavement section.

Pavement surface profiling was completed pre-trafficking
before testing commenced, at pre-determined intervals during
trafficking, and post-trafficking after pavement failure. To
determine the progression of the surface rut with an increasing
number of wheel passes, trafficking was interrupted at pre-
determined intervals (after 100, 1000, 3000, 10,000 and
20,000 passes from the start of testing), the MLS11 was
removed from the pavement section, and the pavement surface
was profiled along four different locations as depicted in
Figure 2. Thus, a complete pavement profile consisted of one
longitudinal profile (labelled ‘Long’ in Figure 2) along the
path of trafficking, and three transverse profiles (labelled
‘Begin’, ‘Center’ and ‘End’ in Figure 2) perpendicular to the
direction of trafficking, each spaced 250 mm apart.

2.3.2. Earth pressure cells

The earth pressure cells selected for this study were KDC and
KDE sensors from Tokyo Measuring Instruments Lab (TML),
rated for 500 and 200 kPa vertical compressive stress. These
sensors are 350 Q) full-bridge strain-gauge-based pressure
cells that were designed to be embedded within the soil.
Eight sensors were used within the pavement section to cap-
ture the vertical stress distribution. The three larger KDC sen-
sors were placed near the mid-depth of the base layer. Three of
the five smaller KDE sensors were placed at the base-subgrade
interface beneath the non-woven geotextile while the

End Limit

Figure 2. Assembled laser profilometer.

remaining two were placed at the bottom of the subgrade.
Figure 3 displays the layout of all eight earth pressure cells
within the pavement structure. The sensors were staggered
to avoid being installed atop one another to prevent local stiff-
ening given the pavement layer thicknesses and profile of the
sensors. Figure 4 shows the KDE pressure cells installed on
top of the subgrade with a biaxial level to ensure that the sen-
sors are vertical.

2.3.3. Particle tracking sensors

Pavement surface rutting may result from the movement of par-
ticles within the various pavement layers. This mechanism has
been recognised in modern mechanistic design methods wherein
the surface rut is computed as the arithmetic sum of the rutting
contributions by the individual pavement layers (NCHRP 2004).
From the mechanistic point of view, the component of the rut
attributed to the unbound aggregate base can be classified into
two types: (1) one-dimensional densification of the unbound
pavement layer under wheel loads, and (2) lateral flow due to
incremental shear of the pavement layers with repeated traffic
passes. For an adequately compacted unbound aggregate layer,
the component of rutting due to densification can be considered
negligible. Thus, for well-compacted unbound aggregate layers,
any vertical settlement under wheel loads attributed to the base
layer must be accompanied by a corresponding lateral flow or
horizontal displacement of the aggregate particles. Observing
the lateral displacement of particles under trafficking is expected
to provide significant insight into the development and pro-
gression of rutting in unbound aggregate layers.

In this study, the lateral movements of aggregate particles
induced by wheel passes were monitored using a unique
setup that combined mechanical extensometers, typically
used in field embankments to monitor soil movement, with
linear displacement sensors. This setup consists of artificial
particles embedded within the soil matrix and tied to tell-
tale wires spanning the pavement structure, the other ends
of which are connected to linear position transducers mounted
outside the pavement structure. As a result, any particle move-
ment within the base is transferred through the tell-tale wires
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Figure 3. Pressure cell layout: (a) longitudinal cross-section; and (b) transverse cross-section.

to the position sensors on the sides of the pavement structure.
An alternative method to track the particle movement in
unbound aggregate layers would be the use of SmartRock sen-
sors (Liu et al. 2015). However, at the time of this research
SmartRock sensors were not commercially available, specifi-
cally at the particle size of the aggregates in the base layer
used in this study.

The artificial particles were fabricated using a 9-mm-long,
6.5-mm-wide stainless-steel hex bolt (8-32 thread) and a 6.5-
mm-wide, 2.5-mm-thick hex nut. The final profile of a fully
assembled artificial particle comprises a 6.5-mm-wide, 5-
mm-tall hex-head with a 4-mm-wide, 4-mm-tall threaded
base (Figure 5a). The following steps were taken to improve
the interaction between the artificial particles and the sur-
rounding aggregate particles: (1) the final profile of the artifi-
cial particles was selected to correspond closely to the D5, of
the base material (7 mm); (2) the hex nuts and bolts were cho-
sen due to their shape with sharp edges and threaded base; (3)
the polished surfaces of the hex nuts and bolts were sanded
with a coarse-grit sandpaper; and (4) the particles were
installed with the axis of the bolt-nut assembly perpendicular
to the direction of the tell-tale.

A total of 30 artificial particles were installed within the
base, forming a dense array of trackable particles as displayed
in Figure 6. They were installed in six layers at a vertical spa-
cing of 25 mm, with five sensors per layer located 75, 150, 225,
300, and 450 mm laterally away from the location of the wheel

Figure 4. KDE pressure cells installed on top of subgrade.

path. Since each artificial particle was connected to a linear
potentiometer outside the pavement structure, the five sensors
installed at the same depth in each layer were staggered 50 mm
from each other longitudinally.

Spring-back 316 stainless steel wire 0.5 mm in diameter was
utilised for the tell-tale wires. These wires were looped between
the nut and bolt of the artificial particles and held in place by
20-24 AWG wire ferrules crimped next to the bolt thread. The
nut and bolt assemblies were also fastened to prevent any play
between the tell-tale wires and artificial particles. The tell-tale
wires were routed from the artificial particles located within
the base to the displacement sensors located outside the pave-
ment structure, at the sides of the modular frames. Excluding
the first 40 mm from the particle, the entire length of the tell-
tale wires was protected against possible damage using high-
performance bicycle brake housing as a sleeve (Figure 5b).
The first 40 mm remained exposed to allow for particle move-
ments toward the edge of the pavement structure.

The unique construction of the particle tracking system is
aimed at mitigating the influence of the sleeves/wires on the
measured strains. The wires and sleeves were chosen to have
a minimum radius of curvature that accommodated the verti-
cal deformation of the unbound aggregate layer without offer-
ing resistance. The housing sleeve contains a Teflon-lubricated
inner liner tube to reduce any friction against the sliding of the
tell-tale wires to facilitate an accurate no-ply transfer of par-
ticle movement to the outside of the pavement. The liner
tube is encased within the walls of the middle coiled high-car-
bon steel, which protects the tell-tale wires against pinching,
bending and other damage from the surrounding aggregate
particles. The coiled steel is covered in a polymeric outer
layer to mitigate the resistance to horizontal particle flow
near the housing.

The free ends of the tell-tale wires were connected to an eye
fitting on the linear position transducers mounted outside the
pavement structure, which measure the lateral movement of
the artificial particles (Figure 5¢). The linear position transdu-
cers from Unimeasure (LX-PA Series) are ratiometric sensors
that output a fraction of the input excitation voltage according
to the position of the potentiometer using a voltage divider cir-
cuit. These analog sensors divide a 1000 ) potentiometric cir-
cuit over a range of + 25 mm with a high degree of linearity
(1% full-scale). In theory, the analog nature of these sensors
allows for infinite resolution in the measured position, how-
ever in practice the resolution is limited by the noise level
associated with the data acquisition system. For the system



6 e S. SUBRAMANIAN AND J. G. ZORNBERG

Particle

_ Tell-tale
Wire

4 Housing
" Sleeve

Transducers

(c)

Figure 5. Particle tracking assembly (a) artificial particle connected to tell-tales; (b) housing sleeves run from artificial particles to outside of box; and (c) linear position

transducers mounted onto overhanging frame.

used in this study (National Instruments USB-6255), the
resolution in displacement measurement is estimated to be 2
microns with an absolute accuracy of 14 microns at the full-
scale. Since the minimum horizontal spacing between any
two sensors is 75 mm, the smallest change in strain detectable
by the system is 26.7 micro-strains with a relative accuracy of
0.2% which is sufficient to measure the permanent strain
changes expected in a typical flexible pavement. Figure 5c¢
shows the frame, designed to hold over 30 sensors in a tight
matrix over the edge of the pavement, to which these sensors
were mounted.

3. Results and discussion

This section details the response of the pavement test section
to trafficking by the MLS11 with no lateral wander. The pave-
ment section was subjected to 20,000-wheel passes while the
vertical stress distribution within the pavement structure and
horizontal particle movements in the base layer were continu-
ously measured. Trafficking was briefly interrupted after 100-,
1000-, 3000-, and 10,000-wheel passes to measure surface
deformations using the profilometer. The initial and final sur-
face profiles were also determined before and after the end of
the trafficking cycles.

3.1. Surface rutting

Figure 7 shows the centre rut profile of the pavement section
after 10,000 passes, determined by subtracting the initial

(a)

i
50 mm
Spacing

centre-transverse profile from that obtained after 10,000 passes.
Figure 7a shows the profile measured by the laser profilometer
as a 2D contour plot. The x-axis corresponds to the transverse
distance from the centre of the wheel path of the laser as it
was guided across the pavement section when measuring the
surface profile. The y-axis provides the lateral distance from
the centre of the laser perpendicular to the direction of motion.
The darker centre region (in blue), around 0 mm in the trans-
verse direction, represents the area that is deeper than in the
initial profile, which corresponds to the wheel path. The adja-
cent darker regions (in red), around +200 mm, represent the
areas that are shallower than in the initial profile, which corre-
spond to the heave on either side of the wheel path. The lighter
region between the darker red and darker blue regions shows the
location of zero vertical deformation, or pivot point, around
which the pavement surface deforms. The development of rut
from a depression along the wheel path accompanied by shear
upheavals on either side of the wheel path is known to be associ-
ated with the lateral flow of materials in the pavement layers
(NCHRP 2004).

The measured profile contains high-frequency noise due to
laser reflections from the sharp edges of the particles in the
HMA surface. To remove this noise, the measured profile was
filtered using a low-pass, 5th order Butterworth filter with a
cut-off frequency of 0.035 samples/mm along both axes. Figure
7b shows the filtered surface profile. The filtering attenuated
the noise by 99% or more for particle sizes up to 10 mm,
which is the maximum aggregate size used in the TOM-A mix
of the HMA layer.

(b)

150 mm
Spacing

75 mm
Spacing

Figure 6. Layout of trackable artificial particles: (a) longitudinal cross-section; and (b) transverse cross-section.
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Figure 7. Transverse profile after 10,000-wheel passes: (a) raw 2D contour; (b) filtered 2D contour; and (c) 1D profile.

In addition to these reflection artifacts, the overall surface
texture of the HMA surface also introduces some particle
shape noise into the profiles. To remove the noise due to indi-
vidual particles, the average transverse profile for the 100-mm
lateral distance scanned by the laser was determined as indi-
cated by the solid orange line in Figure 7c. This is the same
data shown in Figure 7b but averaged along the lateral direc-
tion (y-axis). The dashed blue line in Figure 7c corresponds
to the transverse profile measured at the centre of the laser
(0 mm lateral distance) before filtering. The process of aver-
aging removed the noise due to individual particle shapes
and also allowed for small errors in the lateral placement of
the profilometer during profiling after various numbers of
wheel passes, resulting in a clean rut profile.

Figure 8 shows the average profiles obtained at the trans-
verse profile location ‘Center’ at increasing number of wheel
passes. The rut progression is primarily driven by the lateral
flow of base material through shearing as evidenced by: (1)
the increase in heave next to the wheel path proportionate to
an increase in the depression along the wheel path; and (2)
the location of the transition from depression to heave remain-
ing at a constant distance (around +80 mm) from the centre of
the wheel path. From the average profiles, the total rut at the
centre of the pavement section is determined as the sum of
the vertical depression depth (d) under the wheel path and
corresponding heave (h) adjacent to the wheel path, as
shown in Figure 9.

The ruts are also measured at two other transverse profile
locations, ‘Begin’ and ‘End’, which are 250 mm on either

side of the ‘Center’ location. The rut measured at all three
locations and their average are given in Figure 10. The rut
measured at the centre of the trafficked length is very close
to the average of all three locations. In contrast, the ruts
measured at ‘End’ are higher than the average and those
measured at ‘Begin’ are lower than the average by less than
15%, which is considered acceptable for the purposes of this
study.

3.2. Subsurface displacements

As previously described, the particle tracking sensor is a
flexible, protected tell-tale wire connected to an artificial par-
ticle within the pavement structure on one end and to a linear
position transducer on the other end. The flexible nature of the
system accommodates possible vertical movements of the
pavement layers without significantly affecting the measure-
ment of horizontal displacements. An upper bound on the
measurement error due to potential vertical movements of
the pavement layer can be obtained by considering the vertical
movements as measured by the profilometer at the surface. It is
assumed that the vertical movement of pavement layers
beneath the surface results in a final subsurface profile with a
larger radius of curvature (i.e. is straighter) than the surface
profile. Figure 11 illustrates the case of a particle located on
the surface at the centre of the wheel path (dashed square).
Theoretically, this particle will undergo a maximum vertical
displacement with zero horizontal displacement to reach its
final position (solid square). As a result, a tell-tale wire running
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from this particle to the edge of the pavement would measure
only the error due to the vertical displacement. Since the par-
ticle does not undergo any horizontal displacements, the ver-
tical displacement of the pavement layer would result in an
increased wire length within the pavement. Thus, the overhan-
ging portion of the wire outside the pavement is reduced in
length by AL, which equals the difference in the length of
the surface deformation profile before and after the vertical
displacement. Therefore, the error due to vertical displace-
ments is always registered by the linear position sensor as if
the particle moved toward the centre of the wheel path (nega-
tive displacement by convention).

By calculating the length of the vertical displacement curve
(i.e. surface profile) from the centre of the wheel path to the
edge of the pavement, and comparing it to the original length
before trafficking, the maximum error in horizontal displace-
ment measurements due to vertical displacements can be
determined. Table 2 summarises the maximum error in hori-
zontal displacement measurements at increasing number of
passes. As can be seen in the table, the maximum error calcu-
lated at the end of the test (after 20,000-wheel passes) is less
than 1.5 mm, which is about 10% of the vertical displacement
under the wheel path. This is the maximum possible error in
the horizontal displacement measurement for a particle on

N

25
) —{1Total Rut, r
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5
E 10
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2
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0 5000
Number of Passes, N

10000 15000 20000

Figure 9. Rut, heave, and depression depth as a function of number of passes, N.

the surface of the pavement located at the centre of the
wheel path. For particles within the pavement and away
from the wheel path as shown in Figure 6, the error in horizon-
tal displacement measurement is expected to be significantly
smaller.

Considering that the subsurface profiles have a larger radius
of curvature than the surface profile, a lower bound for the
minimum radius of curvature of the layers within the base
can be determined. The radius of curvature along the surface
profile is determined from the first and second derivatives of
the profile. From the surface profile obtained after 20,000
passes, the minimum radius of curvature was found to be 70
mm at the centre of the wheel path. The tell-tale wires and
housing sleeve were chosen such that their minimum radii
(25 and 50 mm, respectively) were smaller than the minimum
radius of curvature required (70 mm), allowing them to be
flexible enough to accommodate the subsurface profile
movements.

Figure 12 shows the cumulative displacements after 10,000
passes measured by the particle tracking sensors at six different
depths within the base and five different transverse distances
from the wheel path. The transverse horizontal displacement
under the wheel path is zero due to the symmetry of displace-
ments across the wheel path. At 600 mm from the wheel path,

25
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Figure 10. Rut vs. number of passes along pavement section.
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the transverse horizontal displacement is also zero since this is
the edge of the pavement section bounded by steel channels.

To interpolate the horizontal displacement data along the
transverse direction from the wheel path, the five measured
transverse displacements at any particular depth and two
transverse displacements determined from the boundary con-
ditions were fitted with a function, as indicated by the solid
lines in Figure 12. The best-fit function representing the cumu-
lative horizontal displacements must have properties that cap-
ture the behaviour of the particles in the base under trafficking.
Therefore, the function chosen to fit the transverse displace-
ment data should:

(1) beequal to zero at the origin (wheel path), where the hori-
zontal displacement is zero due to symmetry.

be an ‘odd’ function, i.e. symmetric about the origin
(wheel path), so that the transverse horizontal particle dis-
placements are symmetric about the wheel path but
reversed in direction on either side of the wheel path.
monotonically increase to a maximum at a given distance
from the wheel path (region of tensile strains around the
wheel path) and then asymptotically decreases to zero at
infinity (region of compressive strains away from the
wheel path).

()

3)

Among the several functions considered for fitting the
transverse displacement data, the following function satisfies
the above characteristics and best fit the measured data:

u= Axe ® (1)

Table 2. Maximum error in horizontal displacements due to vertical settlement.

Surface Vertical Percentage of
Number of profile Maximum depression vertical
passes length error depth displacement
N 2L (mm) AL (mm) d (mm) AL/d (%)
0 1200.00 0.00 0.0 0.0%
100 1200.05 —0.03 0.4 7.8%
1000 1200.11 —0.05 1.1 4.8%
3000 1200.16 —0.08 24 3.4%
10,000 1200.83 —0.42 6.2 6.7%
20,000 1202.82 -1.41 123 11.4%

where u is the transverse horizontal displacement away from
the wheel path; x is the transverse distance from the wheel
path; and A & B are fitting parameters greater than zero.

Particle displacements at six different depths within the
base layer were fitted with the function in Equation (1). The
best-fit parameters, A and B, after 10,000 passes for each
depth, z, are shown in Figure 13. The parameter A decreases
approximately linearly with increasing depth, while the par-
ameter B increases in a log-linear fashion with increasing
depth. The linear and log-linear functions that correspond to
the best fit displacement data are shown in the figure. The
transverse horizontal strains are obtained as the derivative of
Equation (1), as follows:

d 2
& = a_ A(1 — 2Bx?)e™B*
dx

2)
where ¢, is the transverse horizontal strain (tension is positive).

Setting Equation (2) equal to zero, the location of peak
displacement can be obtained as a function of parameter B
as follows:

1
Xpeak = * \/—2_B (3)

where x,cq is the location of the peak horizontal displacement
from the centre of the wheel path. The magnitude of peak dis-
placement is obtained by substituting Equation (3) into
Equation (1):

A

u =
peak /—2 Be

where up.q is the magnitude of the peak horizontal displace-
ment. Figure 14 shows the location and magnitude of the
peak horizontal displacements at various depths within the
base layer after 10,000 passes. As expected, the peak displace-
ment occurred in the layers closest to the surface and
decreased with increasing depth. Interestingly, the location
of the peak displacement approaches the centre of the wheel
path with increasing depth. From Equations (3) and (4), the
fitting parameters A and B can be expressed in terms of the
location and magnitude of the peak horizontal displacement

(4)
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for a given depth within the base as follows.

u
A= (50)
X peak
1
= (5b)
zxAzpeak

From Equation (2), it can be inferred that the fitting parameter
A corresponds to the maximum tensile strain under the wheel
path (when x =0). Thus, Equation (1) for the horizontal dis-
placement [and (2) for tensile strain] can be redefined using
the location and magnitude of the peak horizontal displace-
ment [Equation (5)] as follows.

)e% [1 - (x,::ak>z:| ©)

1

2
X
)
&x = &0, peak | 1 — < ) e X peak (7)
X peak

where &, ycqx = A is the peak tensile strain under the centre of
the wheel path.

From Figure 13, the fitting parameters A and B for the hori-
zontal displacement function are determined for any depth
within the base layer. Consequently, Equations (1) and (2),
using the fitting parameters for a given depth, can be used to
predict the horizontal particle displacements and tensile
strains at any point within the base layer. This information
was used to generate the horizontal displacement fields and
tensile strain fields within the base layer with increasing num-
ber of wheel passes. Figure 15 presents the development of
horizontal displacements with increasing number of wheel
passes as contour plots. The x-axis of the contour plots corre-
sponds to the distance from the wheel path in the transverse
direction, with 0 mm at the centre of the wheel path and 600
mm at the edge of the pavement. The y-axis corresponds to
the depth from the surface of the completed pavement section,
with the HMA-base layer interface at 25 mm and the base-sub-
grade interface at 150 mm. The contours represent the hori-
zontal displacements, with the darker regions corresponding
to higher displacements. The displacement contours progress
from near the HMA-base interface to the bottom of the base
layer with increasing surface rut due to trafficking. Peak displa-
cements occurred between 100 and 200 mm from the wheel
path near the HMA-base interface. As surface rut increased,
the contour level (shade of red) representing the highest dis-
placement near the HMA-base interface became darker indi-
cating an increase in displacement at this location. This
resulted in a downward and outward movement of the pre-
existing contours away from the HMA-base interface. The
top-down progression of the horizontal displacement contours
observed in this pavement implied that the displacement
measured are always higher closer to the surface and decreases
with increase in depth. Thus, an increase in surface rut is
accommodated by the lateral flow of material in the base
layer, leading to the transfer of shear from the sub-layer near

X
U = Upegk
X peak

INTERNATIONAL JOURNAL OF PAVEMENT ENGINEERING . 1

the top of the base to the sub-layer below, and from that
sub-layer to the next, and so on, resulting in decreased displa-
cements with increasing depth within the pavement structure.
The data provides direct evidence of rutting caused by the lat-
eral flow mechanism, as further substantiated by: (1) the
accompanying heave adjacent to the wheel path in the surface
deformation profiles (Figure 8); and (2) the essentially linear
progression of rut and heave with increasing number of
wheel passes (Figure 9), corresponding to the secondary
phase of rutting with little to no volume changes (NCHRP
2004).

Figure 16 shows the vertical gradient of horizontal displace-
ments as contour plots with increasing trafficking cycles. The
vertical gradient is a measure of one of the two components
of the shear strain within the base and represents the efficiency
of the shear transfer from one sub-layer of the base to the adja-
cent sub-layers. Light contour levels represent regions with a
comparatively low vertical gradient in horizontal displace-
ments, ie. movement of any particle in this region is
accompanied by a movement of the same degree of the verti-
cally adjacent particles (high shear transfer efficiency). Darker
contour levels represent regions with a comparatively high ver-
tical gradient in horizontal displacements, which implies a
region with low shear transfer efficiency, i.e. movement of a
particle in this region does not significantly affect the vertically
adjacent particles. In the initial phases of trafficking, no signifi-
cant vertical gradients were observed within the base layer,
which corresponds to the initial phase of rutting with minimal
shear development. The results indicate that increasing surface
rut resulted in an overall increase in the vertical gradient of
horizontal displacements. This effect was more prominent
near the HMA-base interface at the location of the heave in
the surface deformation profiles (Figure 8). The base aggre-
gates closer to the HMA-base interface experienced larger lat-
eral flow relative to the aggregates deeper within the base due
to loss of confinement from the heave on the surface, resulting
in reduced shear strength closer to the surface than deeper
within the base. As the base aggregates towards the surface dis-
placed laterally, the aggregates deeper within the base devel-
oped lateral displacements through the transfer of shear, the
efficiency of which increased with depth. Thus, the difference
in horizontal displacements between base aggregates with
change in depth was more likely to be smaller at deeper depths
than at shallower depths, as seen in Figure 12 (the difference in
displacements between sensors at depths of 38 and 64 mm is
greater than that between 114 and 140 mm).

The horizontal tensile strains within the base with increas-
ing trafficking are presented as contour plots in Figure 17. The
red contours correspond to regions of tensile strains (positive)
while the blue contour levels represent regions of compressive
strains (negative), with darker shades representing higher
strain levels (tensile or compressive depending on the colour).
In order to visualise the progression of horizontal normal
strains through the unbound aggregate layer, a common
scale is adopted for the sequential plots depicting the strain
state with increasing number of passes. The discrete contour
interval is chosen to be 2%. Tensile and compressive zones
within the strain field are clearly demarcated by the white
(lightest) contour level (denoting near 0% strain). The tensile
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zone occurs in the vicinity of the wheel path, with the maxi-
mum tensile strain occurring near the surface (y = 38 mm)
at the centre of the wheel path (x =0 mm). Cumulative com-
pressive strains developed away from the wheel path, after a
zone of zero strain (white contour level), corresponding to
the location of maximum displacement. Maximum compres-
sive strains developed away from the wheel path, between
150 and 250 mm, near the location of the heave in the surface
deformation profiles (Figure 8). The compressive zone is fol-
lowed by a zone of undisturbed base with zero strains.

At the end of testing, after 20,000-wheel passes, the pave-
ment section was trenched to determine the change in thick-
ness of the HMA, base and subgrade layers. Measurements
of the HMA layer thickness under the wheel path and away
from the wheel path showed no significant difference, indicat-
ing that changes to the HMA layer thickness under the wheel
path were negligible. Similarly, the subgrade layer thickness
was measured at various locations from the centre of the
wheel path using a steel ruler, revealing no significant changes
in thickness before and after testing. Only the base layer
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contributed significantly to the overall surface deformation as
measured by the surface profilometer. Thus, it can be con-
sidered that the deflection profile at the HMA surface equals
the change in thickness of the base layer across the pavement
section. Using the initial thickness of the base (as constructed)
and surface deformation profile (change in base thickness), the
average vertical normal strain throughout the thickness of the
base can be calculated. Figure 18 compares the average vertical
normal strain against the average horizontal normal strain
(Figure 17) over the thickness of the base in Figure 18. The

x-axis in the figure corresponds to the transverse distance
from the centre of the wheel path, while the y-axis corresponds
to the average normal strains (%) in the vertical direction (left
axis) and horizontal direction (right axis - inverted). Tensile
strains are shown as positive normal strains and compressive
strains are shown as negative normal strains. The vertical
and horizontal normal strains show good agreement,
especially at distances greater than 200 mm from the wheel
path, i.e. in the compressive zone of horizontal normal strains.
In the tensile zone, the horizontal tensile strains were greater in



14 e S. SUBRAMANIAN AND J. G. ZORNBERG

[
N

14

(@) 12

(Tension) (Compression)

(b)

(Tension) (Compression)

=
Tensile Strain (%)

(©

Distance from the surface, z (mm)

(Tension) (Compression)

(@)

&

(Compression)

(Tension)

(e)

0 100 200 300

400 500 600

Transverse Distance from Wheel Path, x (mm)

Figure 17. Cumulative horizontal normal strain (%) after: (a) 100; (b) 1000; (c) 3000; (d) 10,000; and (e) 20,000 passes.

magnitude for a given vertical compressive strain, indicating
the base is dilatant under those conditions.

Assuming plane strain conditions, the volumetric strains
can be calculated as the sum of the vertical and horizontal nor-
mal strains. A positive volumetric strain indicates that the base
is dilatant since tension is assumed positive for normal strains.
Figure 19 shows the average volumetric strain within the base
along the distance from the wheel path for increasing number
of wheel passes. The base is dilatant in the tensile zone under
and in the immediate vicinity of the wheel path, with dilation
peaking to a maximum value of 6% between 50 and 75 mm

immediately beyond the contact pressure radius (35 mm) at
the end of testing (20,000 passes). A peak dilation of 6% is
deemed reasonable given that the base was placed at a com-
paratively high relative density (85%). The base under the
wheel path experienced higher confinement levels from the
applied wheel load due to the load distribution from the
HMA surface layer. This resulted in a lower critical void
ratio and, consequently, in a reduced dilation under the
wheel path than at locations adjacent to the wheel path that
were not subjected to the same level of confinement. In the
compressive zones away from the wheel path, although the



INTERNATIONAL JOURNAL OF PAVEMENT ENGINEERING . 15

0.40 —— -0.40
0.20 g ey L N @t 020
0.00 S g e e 1 S M o mm = = = £ 0.00
-0.20 | . Ok 1020
040 L~ - 0.40
-0.60 0.60
1'00 ---------- _1 '00
......_;..;'; - _--g----.:.;...g"‘.. (b)
0.00 Y- Tt et 0.00
7
4
7
-1.00 5 - 1.00
-2.00 2.00
2.00 200 &
3 T —— o] £
g 0.00 S-at T et 000 E
< ’ B
= 4 72}
wn s i
= -2.00 P 200
S -4.00 4.00 E
8.00 -8.00
Ll e Sl e =t T ol @1 400
0.00 , A N e —— e s el () (00
-4.00 et - 4.00
-8.00 £= 8.00
10.00 -10.00
5.00 e NS g - © | 500
0.00 7= T o e L (.00
4
-5.00 7 , ' - 5.00
D T Vertical Strain (%)
-10.00 PY : , - 10.00
- -~ = = Horizontal Strain (%)
'1 500 T T L} T T T T T T T T 15.00
0 50 100 150 200 250 300 350 400 450 500 550 600

Transverse Distance from Wheel Path, X (mm)
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confining pressure due to the load distribution of the HMA
layer was lower, the horizontal compressive strains were also
lower in magnitude, resulting in negligible dilation.

3.3. Vertical stress distribution

Earth pressure cells installed within the pavement (Figure 3)
were used to continuously measure the stress response within
the base and subgrade layers under trafficking loads. Figure 20

displays the dynamic stress response of the earth pressure cell
located at the base-subgrade interface at the centre of the wheel
path. The x-axis shows the time in number of passes (1 pass =
0.5 s) while the y-axis shows the vertical stress as measured by
the sensors. The measured stress increased from approxi-
mately zero to a maximum value when the wheel load passed
over the location of the sensor. The increase in stress under the
wheel load for each pass is determined as the vertical stress
under trafficking as seen in Figure 20. The vertical stress
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under trafficking at the centre of the wheel path for various
depths within the pavement with an increasing number of
passes is presented in Figure 21. The vertical stress remained
approximately constant, with a slight increase toward the
end of the test. The solid, dotted, and dashed lines represent
the average vertical stress at the middle of the base, base-sub-
grade interface, and bottom of the subgrade, respectively, for
the duration of testing. The earth pressure cell at the depth clo-
sest to the surface (middle of the base) registered the highest
vertical stress, while the sensor farthest from the surface
recorded the lowest vertical stress, capturing the dissipation
of vertical stress with increasing depth within the pavement.

The vertical stress distribution after 10,000-wheel passes at
various depths within the pavement is shown in Figure 22. The
y-axis shows the vertical stress measured under trafficking at
various depths from the surface while the x-axis shows the
transverse distance from the sensor locations to the centre of
the wheel path (at x=0 mm). While the earth pressure cells
were located on either side of the wheel path, a symmetric
stress distribution was assumed, showing data points on
both sides of the wheel path as measured data. The vertical
stress distribution data are fitted with a parameterised form
[Equation (7)] of Boussinesq’s solution (Nwoji et al. 2017)
for a vertical stress distribution under a point load.

(8)

where P is the applied wheel load (=2.1 kN); B is the fitting
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parameter (mm); and x is the transverse distance from the
centre of the wheel path (mm).

Fitting using Equation (8) implies that the applied load (P)
is consistent with the stress distribution. As previously dis-
cussed, the vertical stress under the wheel path decreases
with increasing depth. However, this trend is reversed away
from the wheel path, with vertical stress increasing with
depth at distances of 200 mm from the wheel path, i.e. the
stress distribution curves widened at locations deeper within
the pavement due to the distribution of the load from the
wheel over a larger area. The vertical stress distributions within
the base (square markers and solid line in Figure 22) are clearly
compatible with the horizontal normal strain distributions
previously discussed in Figure 17. The region of horizontal
tensile strains ranging from x=0 to 125 mm is roughly the
same distance over which the vertical compressive stress
went from a maximum of around 60 kPa to less than 5 kPa.
While the magnitude of horizontal strains increased with
traffic, the compressive and tensile zones in the horizontal nor-
mal strain contours remained constant and consistent with the
vertical stress distribution, which also remained fairly constant
throughout testing.

4. Conclusions

An accelerated pavement testing facility was developed to
assess the performance of reduced-scale pavement sections
under controlled environmental conditions in a laboratory set-
ting. The facility allowed quantification of the pavement per-
formance through determination of surface deflections,
internal particle movements and stress distributions within
the pavement structure. To measure surface deformations
under repeated rolling wheel loads, an in-house developed
profilometer with a 2D laser distance metre was used to cap-
ture surface profiles with increasing trafficking cycles. Post-
processing techniques involving the filtering of noise from
reflections at sharp particle edges and rough pavement surfaces
were developed to process the raw surface profile data into rut-
ting profiles. The profilometer facilitated mapping of the
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pavement surface with a resolution of 1 mm x 1 mm. A unique
particle tracking technique was developed to measure subsur-
face particle movements due to surface deformations. The par-
ticle tracking sensors were made of a flexible system of tell-tale
wires that offered the least impedance to the response of the
pavement layers to external wheel loads. During trafficking,
these sensors continuously measured transverse particle displa-
cements perpendicular to the direction of trafficking. A dense
array of 30 trackable particles, at a vertical spacing of 25 mm
and transverse spacing of 75 mm, was used to measure particle
displacements at various depths within the base. The measured
data was combined with expected boundary conditions and
fitted with a function that closely captured the physical charac-
teristics of the horizontal displacement data. The vertical stress
distribution within the pavement under trafficking was
measured using earth pressure cells installed at various depths
and various transverse distances from the wheel path. The
measured surface deformation profiles, subsurface particle dis-
placements and vertical stress distribution within the pavement
structure were in agreement and were useful in understanding
the mechanism of surface deformation development and the
response of the pavement structure to repeated wheel loading.

e The linear progression of the rut with increasing number of
wheel passes, and the proportionate increase in heave with
the vertical depression under the wheel path indicated that
the dominant mechanism of rut development in the test
section was lateral flow.

e The top-down progression of the displacement contours
with increase in trafficking cycle demonstrated the lateral
flow of base aggregates. This was confirmed from the
shear transfer efficiency contours obtained from the partial
derivative of the displacement contours with respect to the
‘Z’-axis, which showed a reduction in shear transfer
efficiency near the HMA-base interface with increasing
number of wheel passes.

¢ The horizontal normal strain contours, obtained as the par-
tial derivative of the displacement field in the transverse
direction, showed a region of tensile strain under the

wheel path due to vertical deformations, and regions of
compressive strain on either side of the region of tensile
strains. It is found that during lateral flow the regions of
tension and compression remained more or less a constant
with increasing wheel passes, with only the magnitude of
the strains increasing.

o The average of the horizontal normal strains, over the thick-
ness of the base, was found to be compatible with the average
vertical strain due to surface deformations. The maximum
volumetric dilation of the base was estimated at 6% at the
end of testing indicating a predominantly steady-state con-
dition within the base layer during rut development.

e The stress distribution within the base layer decreased from
its maximum under the wheel path to near zero at about 125
mm from the centre of the wheel path. This was roughly the
same distance over which the horizontal normal strain
changed from tension to compression indicating compat-
ibility between the stress and strain distributions.
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