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EXECUTIVE SUMMARY

In order to estimate the damage caused by heavy vehicles on flexible pavement structures, a
newly constructed pavement was instrumented with strain gauges retrofitted at the bottom of
an asphalt concrete pavement base layer. The instrumented section is located on highway US-
287, to the South of Mansfield, TX and it represents a flexible pavement structure typically
used for medium- and high-volume roads in the South-Central region of the United States. The
strain gauges were used to measure longitudinal and transverse strains under several passes of
a test vehicle having a steering axle with single tires and a rear tandem axle with dual tires.
The speed and the lateral position of the vehicle were recorded for each pass. Sufficient
quantities of the top two layers of asphalt concrete were obtained during construction to
manufacture cores in the laboratory and obtain their dynamic modulus. The general-purpose
finite element program Abaqus was used to model this instrumented pavement section and to
compute the longitudinal and transverse strains. In the analysis, the asphalt concrete layers
were modeled as visco-elastic materials with the parameters derived from the results of the
dynamic modulus tests.

The field experiments and the finite element analysis showed that the strains under the passing
of the steering axle were of similar magnitude as the strains under the passing of each of the
rear drive axles. The measured transverse strains were mostly slightly higher than the
corresponding longitudinal strains. This can be attributed to the accumulation of strain from
the front axle and the rear axle that takes place only in the transverse direction. However, the
finite element model computed higher strains in the longitudinal direction than in the transverse
direction. The measured and computed strains were always lower than 25 microstrain, which
is significantly lower than 70 microstrain considered as the endurance limit for hot mix asphalt.

This research study recommends the inclusion of the damage induced by steering axles and the
computation of the transverse strains in addition to that of longitudinal strains for the
estimation of fatigue damage at the bottom of the asphalt layers. The measured and computed
strains were always lower than 25 microstrain, lower than 70 microstrain considered as the
endurance limit for hot mix asphalt. Therefore, it is recommended that the use of a thick asphalt
concrete layer and a lime-stabilized subgrade soil layer as a mean of prolonging pavement
fatigue life.



IMPLEMENTATION STATEMENT

The results of this research project will be disseminated to the pavement design groups within
the State Departments of Transportation (DOTS) in Region 6. The dissemination will focus on
state level agencies since only state DOTs are implementing Mechanistic-Empirical (M-E)
design methods (e.g., AASHTOWare Pavement ME, TXME) for flexible pavement structures.
Once state DOTs complete the implementation of the findings of this research study, it is
expected that other local agencies will follow their lead and will use the improved M-E design
methods.

Furthermore, an educational module on pavement response measurements and on theoretical
computation of stresses and strains and truck damage will be developed and implemented in
the Pavement Design course at the University of Texas at Arlington and the University of
Texas at San Antonio. Finally, the knowledge acquired in this investigation will be shared at
national and international conferences such as the TRB Annual Meeting, the 2019 Tran-SET
Conference, the annual AAPT conference, and the World Transport Convention (WTC).
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1. INTRODUCTION

Heavy vehicle axle loads induce pavement strains that drive pavement damage accumulation
which untimely leads to pavement distress. Fatigue cracking is one of the dominant pavement
distress mechanisms in flexible pavements. Traditional fatigue cracking in asphalt pavements
is governed by the tensile strains, longitudinal and transverse, at the bottom of the asphalt
concrete layer. These strains generate tension fatigue cracks that originate at the bottom and
propagate to the top of the asphalt concrete layer. Multiple axle configurations, such as
tandems and triples, generate strain responses that overlap; that is the strain from the lead axle
does not quite recover before the strain from the following axle begins to build up. This results
in multi-hump strain responses under closely-spaced adjacent truck axles. Accounting for the
damaging effect of these multiple strain cycles is essential in evaluating the damaging effects
of multiple truck axle configurations. While this issue has been thoroughly researched, it
remains unclear whether pavement strains from unconnected axles could overlap as well, under
certain circumstances. For example, is there an overlap between the strains from steering axles
and those from the following tandem drive axles of a Class 9 semi-trailer truck? Some studies
suggest that for thick asphalt concrete layers and high vehicle speeds this may be possible. If
S0, the way pavement fatigue damage from heavy trucks needs to be reevaluated to account for
the effect of strain overlap from successive truck axles.

The objective of this study is to develop a strain measurement dataset that will allow revisiting
pavement strain response under in-service traffic for the purpose of quantifying pavement
damage under consecutive axle load configurations. In addition, the pavement layer properties
from the instrumented pavement site will allow comparing the measured versus estimated
strains using conventional layer visco-elastic analysis techniques.

A literature search was undertaken to gather detailed information on previous and on-going
studies dealing with flexible pavement response predictions and measurements under multiple
truck axles, and their effect on pavement fatigue damage. The Transportation Research
Information Database (TRID) database was used for this purpose. The literature search focused
on:

e Asphalt concrete fatigue cracking damage models,

e Pavement instrumentation focusing on asphalt concrete strain measurements, and

e Evaluation of the impact of various truck configurations considering the effect of
overlapping strain cycles from consecutive axles groups.

1.1 Asphalt Concrete Fatigue Damage Models

Pavement fatigue damage that results in bottom-up fatigue cracking failure has been associated
with tensile strain since the early 1960s. Experimental work by Finn (1) established that the
relationship between tensile strain and the number of cycles to fatigue failure Ns is highly non-
linear (Equation 1).

M= k()" (1



Subsequent fatigue damage work recognized the importance of the modulus E of the asphalt
concrete layer in pavement damage accumulation. The following damage relationship was
adopted by the mechanistic design approach developed by the Asphalt Institute (2):

1 1
Nf — 0007566 (8_)3.9492 (E)LZSl [2]
t

A modified version of this relationship was adopted for the Mechanistic-Empirical Pavement
Design Guide (ME-PDG) (3) to account for the thickness of the asphalt concrete layer and the
volumetric properties of the mix:

1 1
Ny = 0.007566 B; Cy € (2)>*4 Fra () 2% Fr2 [3]
t

where:

&; = the tensile strain in the asphalt concrete layer,

E = its dynamic modulus (Ibs/in?), and

Br1, Br2, and B3 = calibration constants with default values of 1.0.

The coefficient C is a volumetric correction and Ch is a thickness correction. C is given by:

c=10M [4]

with:

Vbe
) — 0.69 [5]

M = 4.84(
sz be

where:
Vpe = the effective volume of binder, and
Va = the volume of the mix as a percentage of the total mix volume.

The correction C is a function of the thickness of the asphalt concrete layer hac (inches). For
conventional bottom-up fatigue cracking is given by:

1

CH =
0.003602 L6]
0.000398 + 1 T o11.02-3490g,

Fatigue damage FD (percent) is accumulated according to Miner’s hypothesis (4) expressed
as:

N jklm

FD =X 100 [7]

i,j,klm

where:
Nijk... = applied number of load applications at condition i, j, k, I, m, n,
Nijk.. =number of axle load applications to cracking failure under conditions i, j, k, I, m,



i = month, which accounts for monthly changes in the moduli of base and subgrade due to
moisture variations and asphalt concrete due to temperature variations,

J = time of the day, which accounts for hourly changes in the modulus of the asphalt concrete,
k = axle type, (i.e., single, tandem, triple and quad),

| = load level for each axle type, and

m = traffic path, assuming a normally distributed lateral wheel wander.

The bottom-up fatigue cracking area FChpottom (i.€., alligator cracking in % of total lane area) is
computed as:

Cy
FCyottom = 601 + (C1C1+C2C5108(FDportom100)) 8]

where:

FDy,:com = the bottom-up fatigue damage (percent) computed from Equations 6 and 7, and
C;, C,, and C, are transfer function regression constants with values of 1.0, 1.0 and 6000,
respectively.

The remaining coefficients are as follows:

C; =—2C; []
C; = —2.40874 — 39.748(1 + h,,) 2856 [10]

Typically, the criterion used for bottom-up fatigue failure is defined as 50% of the wheel area
cracked.

In summary, flexible pavement fatigue damage and the associated cracking depend on traffic-
induced strains, as well as the dynamic modulus of the asphalt concrete layer, its thickness and
volumetric properties. Hence, Equation 3 can be used to estimate the fatigue damage
accumulated from successive truck axles, by adding the damage resulting from the magnitude
of the tensile strain cycles generated by individual axles. Furthermore, Equations 7 suggests
that 1 load cycle generating a tensile strain of magnitude &, causes fatigue damage amounting
to 1/Nt. These are the two basic equations that will be used in evaluating the damaging effect
of multiple truck axles of various configurations.

1.2 Pavement Modeling and Instrumentation

The technology for obtaining in-situ measurements of pavement response has grown from the
need to validate layer elastic analysis techniques which evolved along with digital computing.
There is a multitude of layer elastic analysis continuum models and software including:

e The Waterways Experimental Station’s WESLEA,

e Shell’s BISAR,

e ELSYMD5 developed for the Federal Highway Administration (FHWA),
e Huang’s KENLAYER, and

e Uzan’s JULEA, which was incorporated into the M-E PDG software.



Their common features include, axial symmetry (i.e., two-dimensional displacement field),
circular tire imprints, homogeneous and isotropic linear elastic layer properties and bottom
layer of infinite depth. In addition, there is a variety of finite element (FE) models, both 2-D
and 3-D that can handle the analysis of more complex layered systems including viscoelastic
layer properties, non-linear (i.e., stress-dependent) granular layer properties, actual tread-
shaped contact stresses and moving dynamic loads. Commercial software packages, such as
Abaqus and ANSYS, have been used extensively for this purpose. In addition, a number of
custom pavement analysis FE models have been developed, such as MICHPAYV and CAPA3D.

Pavement instrumentation has evolved with the need to verify pavement response prediction
models, such as the ones outlined above. Amongst the earlier efforts in pavement
instrumentation were in the 1960s and 1970s.

More recent pavement instrumentation installations include pavement test road sites, such as
MnROAD, Virginia Tech's Smart Road, NCAT’s instrumented pavement site and U.
Waterloo’s CPATT site. In addition to test track installations, pavement instrumentation has
been used extensively under accelerated pavement loading through various Accelerated
Pavement Test (APT) facilities. Examples abound:

e FHWA’s Heavy Vehicle Simulator,

e California’s Accelerated Pavement Testing Facility,

e U. of lllinois’s Advanced Transportation Loading Assembly (ATLAS),
e Louisiana State University’s Accelerated Load Facility,

e Ohio’s Accelerated Pavement Testing Facility,

e CREEL’s Heavy Vehicle Simulator, and

e Florida DOT’s Accelerated Pavement Testing facility.

The following sections focus on instrumentation installations on major test roads, as they are
most relevant to the study at hand.

1.2.1 Instrumentation at the MNROAD Test Site

The MnROAD test site (5, 6) that involved a multitude of strain gauges, pressure cells, LVDT
deflection transducers, as well as temperature and moisture gauges. Strain gauges were
installed parallel and perpendicular to the direction of travel, approximately 1 inch above the
bottom of the AC layer. Two types of strain gauges were installed, namely H-shaped Dynatest
PAST-1I gauges embedded in a strip of glass-fibre reinforced epoxy, and Tokyo-Sokki PML-
60 gauges consisting of a single folded wire hermetically sealed in a resin casing. One of the
main applications of the MNnROAD strain measurement data was to develop mechanistic Load
Equivalence Factors (LEFs) in terms of pavement fatigue damage. Several fatigue damage
relationships were used for this purpose. The factorial experiment involved a multitude of axle
configurations, speeds, tire inflation pressures and pavement temperatures. An example of the
transverse strain readings caused by the passage of a 5-axle semitrailer is shown in Figure 1.
It is evident that the strain between the drive and trailer axles does not fully recover (i.e., return
to zero) and as a result there is overlap in the strain responses of these two axles.
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Figure 1. Transverse strain signal from MnROAD test (5).

1.2.2 Instrumentation at Virginia Tech’s Smart Road

The Virginia Tech’s Smart Road incorporated 12 heavily instrumented pavement sections that
were equipped with Dynatest Past-11AC and Kyowa KM-120 strain gauges, as well as pressure
cells and environmental monitoring sensors (7). Both gauge types were H-shaped, but the
Dynatest gauges were proven more reliable than those made by Kyowa. These strain gauges
were installed both longitudinally and transversely at the bottom of the asphalt concrete layer
of each test section. The survivability of these strain gauges was about 95% immediately after
construction and about 75% 5 years later. In addition, vibrating wire strain gauges were
installed at the bottom of the granular base layer for measuring static tensile strain. Loading
involved a 6-axle semi-trailer truck (i.e., steering and tandem in the tractor and tridem axle in
the trailer). Examples of transverse and longitudinal strain measurements under this truck are
shown in Figures 2 and 3. The significant drop in strain measurements under the tridem axle
was explained by axle off-tracking. These figures suggest transverse strains, rather than
longitudinal strains, not recovering between the steering and tandem tractor axles.
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Figure 1. Transverse strain measurements at VA Tech’s Smart Road (8).
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Figure 3. Longitudinal strains measurements at VA Tech’s Smart Road (8).

1.2.3 Instrumentation at NCAT’s Test Track

The NCAT instrumented pavement site utilised a multitude of sensors, strain gauges, pressure
cells of different sizes, subgrade compression gauges as well as temperature and moisture (i.e.,
time-domain reflectometry) gauges (8). The strain gauges used were manufactured by
Construction Technologies Laboratory (CTL). These are H-shaped with an active gauge length
of 2 inches. The strain gauges, both longitudinal and transverse were installed 3 side-to-side
along three alignments, one at the edge of the outer wheel path and the two others 2 feet on
either side of the edge of the outer wheel path (Figure 4). Both longitudinal and transverse
strain gauges were installed at the Sets of these gauges were installed at the bottom of the
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asphalt concrete layer that is at depths of 5 or 7 inches depending on the layer thickness at the
test location. The advantages of this arrangement were reported as redundancy (i.e., same
gauge installation on the same alignment provides measurement replication) as well as indirect
estimation of axle lateral placement (i.e., the higher the strains at a particular station, the closer
the tires are to this location). Lateral vehicle placement was established using a vertical-facing
digital video camera and reflective tape on the pavement.

e An example of longitudinal strain measurements under a triple trailer truck are shown
in Figure 5. In this case, no residual strain seems to exit between successive axle
groups. Some of the findings from the NCAT instrumented site most relevant to the
study at hand are:

e The variability between strain gauges under the same axle load is likely due to vehicle
wander.

e Longitudinal gauges exhibited lower variability than transverse gauges, likely due to
their lower vehicle wander sensitivity.

e Pavement cracking affected strain measurements. The 80" percentile of crack-free
sections generated absolute variation between strain gauges lower than 30 .

e The 90" percentile of crack-free sections generate absolute variation within strain
gauges lower than 6 pe.
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Figure 4. NCAT strain gauge installation (8).
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Figure 2. Example of longitudinal strain measurement from NCAT site (8).

1.2.4 Kansas Perpetual Pavement Test Site

Kansas State University (KSU) has developed an instrumented pavement site to study
perpetual pavements. A layout of the instrumentation installation is shown in Figure 6. The
strain gauges and pressure cells were arranged along two alignments, 36 inches and 30 inches
from the edge of the driving lane. The strain gauges were H-shaped Tokyo-Sokki and were
arranged longitudinally and transversely to the direction of travel at the bottom of a 10-inch
thick asphalt concrete layer (10). An example of the strain measurements obtained is shown in
Figure 7. As seen by the blue line, there is no full recovery of the longitudinal strain generated
by the steering axle of the Class 8 vehicle before strains begin to build up from its tandem drive
axles.

1.2.5 University of Waterloo CPATT Test Site

An instrumented pavement site was developed in the vicinity of the U. of Waterloo Campus in
Ontario Canada (11). Itis equipped with a multitude of pavement sensors (i.e., asphalt concrete
strain gauges base layer load cells and environmental sensors) as well as deep-seated sensors
for measuring embankment displacement and strain (Figure 8). The asphalt concrete strain
gauges were installed at the bottom of layers 10 inches and 7 inches thick. An example of the
longitudinal strains measured in the 10-inch asphalt concrete layer at 15 mph is shown in
Figure 9. This is another example of the steering axle strain axle not fully recovering before
the onset of the drive axle strain cycle.
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Road Centerline

West Pavemnent Edge j East Pavement Edge
] ———————
At M A1 1 a1 300mm
ﬂ TDR 2 I “ | P2 n
350mm
BN EN
19 | 2.0 AEEN 750mm
> > |e >
WL i EL i 200mm SDR-17 DIPS HDPE
Test Section 1 [ 15 Test Section 2 Test Section 3
1.0 2.0 2.3 1.5 2.3 4.0
~13.1m |

D Linear displacement transducers @ Strain gauges

Figure 8. Strain gauge installation at the U. of Waterloo (11).

1200 ~
Compression
£ 1100 ,‘ A
5 -—-____.—_—"’J e ———
v 1000
A
<
£ 900
s
a
E 800
'-g Tensioh
‘© 700
g - N
Steering [axle 4
600 Drive axle
+«— | Trailer axle
500 1
0 0.5 1 1.5 2 2i5 3 3.5 4 4.5
Time(sec)

Figure 9. Longitudinal strain measurements at U. of Waterloo’s CPATT Test Site (11).

1.3 Heavy Truck Impact on Fatigue Damage

Fatigue damage accumulation from complex strain histories follows the rain-flow counting
technique described by ASTM Standard 1049-85(2017) (13). This technique is explained
through Figure 10. The complex strain history shown in Figure 9, is split into complete sub-
cycles, such for example the first cycle from A to B and from B to the same level of strain as
A along the path B, the second cycle from E to F and from F to the same level as E along the
FG path, and so on for the remaining cycles. The technique resembles the filling with water
of the strain history turned upside down, which give this technique its name. The magnitude
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of the strain cycles established in this fashion gives defines the damage accumulated by this
complex strain history. For these 4 cycles and given Miner’s hypothesis (Equation 7), the
damage F accumulated is given by:

1 1 1 1

F=—+—"——F—+— [11]
Nf1 Nfz Nfs Nf4

where:
Ny, = the number of cycles to fatigue failure from strain cycle i.

For flexible pavement fatigue analysis, the number of cycles to failure is given by Equation 3
described earlier. A study by Papagiannakis et al. (14) gives an example of applying this
technique in estimating mechanistic load equivalence factors for flexible pavement pavements.

Load Units:

Load Units

o] (d)
55 Range Cytle
E {units) Counts Events
10 0
£ 9 0
=
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3 7 0
& 1 H-1
5 0
=3 4 1 EF
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Figure 10. Example of cycle counting in fatigue analysis (14).
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2. OBJECTIVE

The objective of this project is to develop a strain measurement dataset that will allow
revisiting pavement response under in-service traffic for the purpose of comparing longitudinal
and transverse strains under the front and rear axle of heavy vehicles. An additional objective
is to compare the measured strains with the strains estimated using conventional layer visco-
elastic techniques. The outcome of the project will help the south-central state DOTs and local
agency officials make more informed decisions about the effect of truck axle loads and
configurations on pavement response and damage. It will allow a proper estimation of
pavement structural response, which will lead to improved flexible pavement design. It will
also help with the refinement of the AASHTOWare Pavement ME and TXME software.
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3. SCOPE

The scope of this project is to develop a strain measurement dataset and compare longitudinal
and transverse strains under the front and rear axle of heavy vehicles for pavement structures
with thick asphalt pavement built on top of thick layers of lime-treated embankment clay soils.
This structural configuration is used vastly by state DOTs and local agencies for medium to
heavy truck traffic corridors in Region 6. In the region, clay soils are the most common and
lime-treated embankment layers are an extensively used solution for addressing the variability
of subgrade soil properties along road construction projects, reducing the permanent
deformation under truck traffic and reducing the potential for volume change in the subgrade
soil layer.
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4. METHODOLOGY
4.1. Field Test Site

4.1.1. Location of Test Site

The field site for installing the instrumentation was selected amongst the new paving projects
Texas Department of Transportation (TXxDOT) had in the 2018 season. The test site was on a
construction project on highway US-287, south of Mansfield, TX, in Johnson County, right at
the intersection with US-360. The location where the sensors were installed is in the North-
West bound outside lane, immediately before the overpass over US-360. The location is
indicated in the maps shown in Figures 11 to 13; the maps were obtained from Google Earth.

This construction project was selected since it was a new flexible pavement construction with
a relatively thick asphalt concrete layer and carries medium to high truck traffic volume. The
instrumentation was installed with assistance from the construction company and the client
(TxDOT) while the road was being constructed.

Figure 11. Project location.
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Figure 13. Aerial view of the Intersection of US-360 and US-287.

The road section in the location where the sensors were installed was built over two years. The
contractor finalized the earthwork in November 2016. The geotechnical investigation
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identified the natural sub-grade soils along the project as a high plasticity clay. The
embankment on all four pavement sections was brought to grade and the top thirty-six inches
of soil were stabilized with 6% by weight hydrated lime in August 2017 to ensure proper
support to the asphalt concrete layers and to provide a stable support for the construction
equipment. Appropriate measures were taken for the proper curing of the lime treated soil. The
configuration of the pavement structure is given in Table 1.

Table 1. The configuration of the pavement structure.

Layer Description

Wearing Course 1.5 inches, Mix S (SMA; PG70-28)

Binder Course 2.5 inches, Mix | (TXxDOT Type D; PG64-22)

Base Course 6.5 inches, Mix B (TXxDOT Type B; PG 64-22)
Chemically Stabilized 36.0 inches, 6% hydrated lime mixed to the natural soil

Embankment Soil

High plasticity clay (A-7-6)
High plasticity clay (A-7-7)

Natural Sub-grade

4.1.2. Hot Mix Asphalt

The asphalt paving work was done from November 2017 to June 2018. The project was
completed and the experimental sections were opened to traffic in July 2018. As shown in
Table 1, three different HMA mixes were used in the construction of the pavement section.
The mix characteristics of all three mixes are given in Table 2. The aggregate gradation data
and volumetric properties, as well as binder grade are provided in Tables 3 and 4 while the
gradation curves are shown in Figures 14 to 16. The mixes were designed following TxDOT’s
mix design methods specified for Item 341 (dense graded mixes) and Item 346 (SMA) (15).

Mix B was used only for the base layer. The layer was paved to a thickness of eight inches in
Fall 2017 and it was milled down to a thickness of 6.5 inches in Spring 2018. Mixes S and |
were used in the construction of the wearing and intermediate courses, respectively. Mixes B
and | are typical for the mixes used on state roads in the North Texas region. Mix S was a Stone
Matrix Asphalt (SMA), a mix type used only on few construction projects in the region.

Sufficient quantities of hot mix were obtained from the asphalt plant for mixes S and I. The
materials were transported to the Civil Engineering Laboratory (CELB) of the University of
Texas at Arlington (UTA) where cylindrical specimens, 6 inch in diameter and 7 inch in height,
were manufactured using the Superpave Gyratory Compactor. The specimens, compacted at
the target air void content of 7.0% were cored and trimmed to obtain cylindrical samples 4 inch
in diameter and 6 inch in height. The samples were tested to determine the dynamic modulus
of the two mixes.
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Table 2. HMA mix characteristics.

Property Mix S Mix | Mix B
TXDOT Mix Design Item | 346 341 341
Mix Type 346-SMA-F 341-DG-D 341-DG-B

Table 3. Gradation analysis.

Sieve Size (mm) | Percent Passing-Mix S | Percent Passing-Mix | | Percent Passing-Mix B
25.4 (1”) 100 100 100
19 (3/4™) 100 100 93.9
12.5 (1/2") 100 100 -
9.5 (3/8") 88.6 99.4 69.3
4.75 (#4) 45.4 65.7 51.4
2.36 (#8) 27.7 39.7 35.6
1.18 (#16) 20.5 - -
0.6 (#30) 16 17 18.9
0.3 (#50) 12.9 10.6 13
0.075 (#200) 8.2 3.5 3.7
Table 4. Mix volumetric properties.
Binder PG grade Mix S Mix | Mix B
NMAS (mm) 12.5 9.5 19
Pb (%) 6.4 5.4 4.3
Gmm 2.466 2.464 2.474
WMA technology Evotherm 0.4% Evotherm M1 0.5%
Fiber content 0.3%
Hamburg Test Results -3.8mm @ 1.7 mm @
@ 50°C 15,000 passes 10,000 passes
Indirect Tensile Strength (psi) 126 129
Number gyrations 50 50 50
VMA @ Optimum AC (%) 18.6 15.5 13.2
Gmb@ Optimum AC (%) 2.367 2.334 2.401
Aggregate bulk specific
gravity (Gsb) 2.613 2.676 2.648
Vbeff @ Opt AC (% Volume) | 14.6 10.2 10.2
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Figure 15. Aggregate gradation chart for Mix I.
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Figure 16. Aggregate gradation chart for Mixes B.

4.2. Stiffness Properties of HMA Mixes

4.2.1. Dynamic Resilient Modulus Testing

The dynamic resilient modulus testing is a cyclic compressive test performed on cylindrical
asphalt specimens with the dimensions of 100 mm diameter (4 in) and 150 mm height (6 in).
The test was performed according to “Simple Performance Test for Permanent Deformation
Based upon Dynamic Modulus of Asphalt Concrete Mixtures” (16).

In this test a sinusoidal axial compressive load is applied to the cylindrical specimen at a sweep
of loading frequencies. During testing, the UTM system measures the vertical stress and the
resulting vertical compression strain. The dynamic resilient modulus is calculated by dividing
the peak to peak vertical compressive stress to the peak-to-peak vertical strain.

The cylinders were cored from samples with 150 mm diameter (6 in.) fabricated in the
Superpave Gyratory Compactor (Figure 17) and sawed at the ends, at the Civil Engineering
Laboratory (CELB) of UT Arlington. The samples were made from hot mix obtained during
the construction of the surface (Mix S) and intermediate (Mix I) layers. No hot mix could be
obtained from the base layer (Mix B) since this layer was placed prior to the commencement
of this research. The compacted samples need to be cored and sawed on the plane surfaces in
order to obtain a cylinder with a smooth surface, free from ridges or grooves. The air void
content was determined for each sample after the testing.

Three LVDTs were mounted on the side of the specimen using a system of screws and nuts
glued with epoxy to the specimen (Figure 18). The axial deformation of the central region of
the specimen is computed by averaging the deformation recorded by the three LVDTs. The
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distance between the centerline of the glued screws was 100 mm and was considered as the
gauge length.

The asphalt specimens were tested at four temperatures 30°C, 35°C, 40°C, and 45°C and ten
load frequencies (25 Hz, 20 Hz, 10 Hz, 5 Hz, 2 Hz, 1 Hz, 0.5 Hz, 0.2 Hz, 0.1 Hz, and 0.05 Hz).
The specimens were conditioned in the environmental chamber for at least two hours before
testing. In this testing configuration, each specimen is placed centered on the steel plate. The
LVDTs are fixed to the glued nuts and, the top steel plate is centered on the specimen to ensure
centric loading. The actuator is gradually lowered until it touches slightly the top plate.

Once the preparation and mounting of the asphalt cylinder specimen is finished the test is
controlled entirely by the CDAS. The cyclic load is applied by the actuator through the steel
plate placed on the top of the specimen. The cycling loading is applied at a succession of ten
load frequencies in the following order: 25 Hz (100 cycles), 20 Hz (50 cycles), 10 Hz (50
cycles), 5 Hz (50 cycles), 2 Hz (50 cycles), 1 Hz (30 cycles), 0.5 Hz (7 cycles), 0.2 Hz (7
cycles), 0.1 Hz (5 cycles) and 0.05 Hz (5 cycles).

The following data were recorded periodically during the test: dynamic load and stress,
microstrain, dynamic modulus, maximum and minimum load displacement, temperature,
duration of test, phase angle. The data for each test were saved in a binary file format and
ASCII text files. The text files were then imported into Microsoft Excel for further numerical
analysis.

Figure 17. Sample obtained from Superpave Gyratory Compactor (SGC).
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Figure 18. Configuration of the dynamic resilient modulus test.

Figures 19 and 20 show the typical stress-strain relationship recorded at 10 Hz and 0.1 Hz. It
can be observed that absolute value of the total compressive strain is increasing with time,
indicating an accumulation of plastic deformation during the cyclic compression test. The
dynamic resilient modulus E* is calculated by dividing the peak-to-peak stress to the
recoverable strain under a repeated sinusoidal waveform loading. For each load cycle, the final
value is averaged and the dynamic resilient modulus is computed for each load frequency as:

E* =
€o

[12]
where:

E*= dynamic resilient modulus (MPa),

So = applied stress amplitude (kN), and

eo= strain amplitude.

The recoverable strain e, is calculated as follows:

d

== [13]

€o

where:
d = average deformation amplitude (mm), and
GL = gauge length, 100 mm for all samples.
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Figure 20. Typical Output at 0.1 Hz.

The results of the dynamic modulus test are given in Tables 5 to 10, along with the air void
content of each sample tested. As expected, the dynamic modulus decreased with temperature
and increased with loading frequency. The few exceptions that were observed for this trend
may be because of the variability in aggregate structure, compaction levels and measurement
errors.

Figures 21 to 23 show the variation of the average dynamic modulus with the temperature and
the loading frequency for the two mixes tested. The values obtained for mixes S and I, slightly
lower for mix S, which had a higher design binder content (6.4% vs 5.4%) and a stiffer binder
(PG 76-22 vs PG 64-22) and a higher NMAS (12.5 mm vs 9.5mm) than mix I.
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Table 5. Dynamic modulus (MPa) for Mix S at different frequencies.

Temp. | Sample | Air 25 20 10 5Hz | 2Hz | 1Hz | 05 0.2 0.1 0.05
(°C) Voids | Hz Hz Hz Hz Hz Hz Hz
(%)
30 SMA2 | 577 |5,709 | 5421 | 4,742 | 4,015 | 3,207 | 2,559 | 1,902 | 1,549 | 1,337 | 1,160
30 SMA3 | 5.14 | 6,095 | 5,696 | 5103 | 4,477 | 3,597 | 2,909 | 2,117 | 1,720 | 1,455 | 1,252
30 SMA4 | 523 | 7,032 6,698 | 5719 | 5,120 | 3,998 | 3,137 | 2,292 | 1,801 | 1,523 | 1,285
35 SMA2 | 577 | 4,264 | 3,964 | 3,457 | 2,907 | 2,316 | 1,853 | 1,354 | 1,141 | 983 879
35 SMA3 | 514 | 4,500 | 4,253 | 3,732 | 3,124 | 2,502 | 1,996 | 1,427 | 1,180 | 999 887
35 SMA4 (523 | 3,900 | 3,586 | 2,949 | 2,410 | 1,870 | 1,514 | 1,151 | 947 709 641
40 SMA2 |5.77 | 3,146 | 2,966 | 2,450 | 2,040 | 1,609 | 1,304 | 968 832 715 652
40 SMA3 | 514 | 3,803 | 3,570 | 3,044 | 2,558 | 2,031 | 1,614 | 1,167 | 1,007 | 859 784
40 SMA4 (523 | 3373|3125 | 2557 | 2,131 | 1,628 | 1,313 | 1,006 | 862 725 668
45 SMA2 577 |2,486 |2,289 | 1,880 | 1,587 | 1,239 | 1,016 | 777 695 619 590
45 SMA3 |5.14 |2,722 | 2532 | 2,107 | 1,817 | 1,437 | 1,183 | 901 821 735 707
45 SMA4 | 523 | 2665|2478 | 2,003 | 1,625 | 1,312 | 1,069 | 808 704 626 586
Table 6. Phase angle (degrees) for Mix S at different frequencies.
Temp. | Sample | Air 25 20 10 5Hz | 2Hz | 1Hz | 05 0.2 0.1 0.05
(°C) Voids | Hz Hz Hz Hz Hz Hz Hz
(%)
30 SMA2 (577 (321 |308 |311 |317 |320 |309 |[262 |222 |228 |21.1
30 SMA3 (514 |287 |29.7 |306 |333 |342 |342 |288 |253 |26.6 |259
30 SMA4 523 |130 |126 |252 |343 |46.7 |453 |403 |29.2 |293 |26.9
35 SMA2 (577 |327 |322 |332 |330 |324 |308 |[262 |202 |196 |17.6
35 SMA3 [514 |351 |339 |341 |343 |342 |329 |[284 |232 |239 |223
35 SMA4 (523 258 |269 |296 |288 |283 |288 |283 |207 |274 |247
40 SMA2 (577 |315 |317 |312 |304 |292 |278 |238 |17.2 |16.7 |14.6
40 SMA3 |514 |337 |311 |318 |316 |298 |282 |233 |178 |17.2 | 155
40 SMA4 (523 (358 |344 |342 |331 |314 |299 |256 |185 |184 |16.2
45 SMA2 577 |30.71 | 3424 | 35.79 | 341 | 31.93 | 29.79 | 259 | 18.43 | 18.21 | 16.29
45 SMA3 | 514 3338|334 |32.69|30.92 | 29.21 | 27.24 | 22.49 | 16.38 | 16.18 | 14.41
45 SMA4 | 523 | 2829 | 3294 | 33.59 | 31.42 | 29.49 | 27.66 | 23.45 | 16.26 | 16.41 | 14.6
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Table 7. Dynamic modulus (MPa) for Mix | at different frequencies.

Temp. | Sample | Air 25 20 10 5Hz | 2Hz | 1Hz | 05 0.2 0.1 0.05

(°C) Voids | Hz Hz Hz Hz Hz Hz Hz
(%)
30 D2 553 | 6,284 | 6,068 | 5,408 | 4,689 | 3,714 | 2,882 | 2,089 | 1,652 | 1,385 | 1,171
30 D4 536 | 6,487 | 6,212 | 5,644 | 4981 | 3,972 | 3,112 | 2,252 | 1,751 | 1,475 | 1,257
30 D6 6.12 | 5283 | 4,977 | 4,370 | 3,643 | 2,820 | 2,246 | 1,706 | 1,400 | 1,185 | 1,044
35 D2 553 | 3,850 | 3,473 |2,785 | 2,276 | 1,738 | 1,395 | 1,029 | 842 | 620 | 560
35 D4 536 | 5,123 | 4,873 | 4,292 | 3,596 | 2,809 | 2,185 | 1,612 | 1,299 | 1,096 | 949
35 D6 6.12 | 4,890 | 4570 | 3,731 | 3,077 | 2,330 | 1,870 | 1,398 | 1,142 | 847 | 754
40 D2 553 | 4,003 | 3,604 | 3,010 | 2,431 | 1,798 | 1,379 | 1,021 | 837 | 693 | 608
40 D4 536 | 3,707 | 3,420 | 2,908 | 2,369 | 1,798 | 1,407 | 1,058 | 887 | 754 | 674
40 D6 6.12 | 3,909 | 3,629 | 2,992 | 2,439 | 1,866 | 1,503 | 1,129 | 948 | 805 | 722
45 D2 553 | 2181 |1,987 | 1,622 |1,333|1,012|787 |597 |516 |437 | 399
45 D4 536 | 2590 | 2,400 | 1,991 | 1,618 | 1,215 | 954 | 720 |621 |526 | 480
45 D6 6.12 | 3577 | 3,287 | 2,728 | 2,290 | 1,787 | 1,472 | 1,231 | 1,077 | 911 | 919

Table 8. Phase angle (degrees) for Mix | at different frequencies.

Temp. | Sample | Air 25 20 10 5Hz | 2Hz | 1Hz | 05 0.2 0.1 0.05

(°C) Voids | Hz Hz Hz Hz Hz Hz Hz
(%)
30 D2 553 |[346 |37.0 |381 |41.0 |401 [36.7 |27.7 |254 |256 |247
30 D4 536 |355 (320 |31.7 |337 |350 |335 |258 |234 |238 |233
30 D6 6.12 343 |31.3 |31.6 |32 |[300 [291 |239 |19.2 |19.0 |16.7
35 D2 553 | 239 |253 |281 |284 |287 |286 |257 |206 |268 |248
35 D4 536 |[349 |31.7 |325 |327 |326 [308 |244 |204 |19.9 | 185
35 D6 6.12 | 267 |281 |30.0 |[305 |316 [327 |296 |260 |325 |311
40 D2 553 [350 |323 |329 |324 |307 [288 |229 |17.0 | 157 | 136
40 D4 536 |[343 |314 |324 [318 |303 [283 |221 |16.3 |148 | 129
40 D6 6.12 303 |296 |304 |[300 |289 |[275 |226 |16.1 |14.8 | 129
45 D2 553 |36.36 | 33.78 | 33.79 | 31.53 | 28.49 | 28.49 | 25.52 | 20.66 | 13.23 | 11.62
45 D4 536 |[36.9 |33.49|33.6 |31.26 2821|2567 |21.07|13.34|11.37 |9.21
45 D6 6.12 | 2873 | 27.14 | 27.88 | 27.93 | 24.86 | 22.9 | 16.29 | 10.86 | 9.53 | 8.33
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Table 9. Dynamic modulus (MPa) for Mix B at different frequencies.

Temp. | Sample | Air 25 20 10 5Hz | 2Hz | 1Hz | 05 0.2 0.1 0.05
(°C) Voids | Hz Hz Hz Hz Hz Hz Hz
(%)
30 Bl 5.08 | 4080 | 3769 | 3225 | 2919 | 2490 | 2105 | 1565 | 1355 | 1007 | 919
30 B2 7.03 | 4435 | 4120 | 3542 | 3139 | 2681 | 2288 | 1692 | 1484 | 1114 | 1042
30 B3 5.09 | 4946 | 4506 | 3894 | 3478 | 2968 | 2565 | 2034 | 1829 | 1491 | 1417
35 Bl 5.08 | 3857 | 3537 | 3070 | 2685 | 2201 | 1778 | 1327 | 1150 | 978 877
35 B2 7.03 | 3796 | 3580 | 3165 | 2774 | 2309 | 1919 | 1430 | 1260 | 1083 | 995
35 B3 5.09 | 4490 | 4136 | 3632 | 3196 | 2641 | 2180 | 1711 | 1494 | 1317 | 1211
40 Bl 5.08 | 3459 | 3149 | 2687 | 2286 | 1839 | 1494 | 1127 | 991 843 776
40 B2 7.03 | 3575 | 3261 | 2750 | 2383 | 1930 | 1596 | 1210 | 1065 | 913 849
40 B3 5.09 | 3365 | 3133 | 2670 | 2332 | 1902 | 1583 | 1238 | 1102 | 968 902
45 Bl 5.08 | 3361 | 3051 | 2511 | 2123 | 1669 | 1347 | 1026 | 895 760 695
45 B2 7.03 | 2961 | 2659 | 2210 | 1875 | 1490 | 1224 | 934 830 715 665
45 B3 509 | 3134 | 2873 | 2359 | 1977 | 1569 | 1283 | 1027 | 930 822 781
Table 10. Phase angle (degrees) for Mix B at different frequencies.
Temp. | Sample | Air 25 20 10 5Hz | 2Hz | 1Hz | 05 0.2 0.1 0.05
(°C) Voids | Hz Hz Hz Hz Hz Hz Hz
(%)

30 B1 5.08 | 19.22 | 20.48 | 22.87 | 22.98 | 23.85 | 25.10 | 21.88 | 20.23 | 28.60 | 27.86
30 B2 7.03 | 21.14 | 22.36 | 24.78 | 24.55 | 24.96 | 25.57 | 22.77 | 19.67 | 27.35 | 25.46
30 B3 5.09 | 20.04 | 21.26 | 22.66 | 22.94 | 23.74 | 24.71 | 21.92 | 18.90 | 26.76 | 26.71
35 Bl 5.08 | 28.17 | 26.38 | 26.5 | 26.33 | 25.73 | 24.95 | 19.47 | 16.12 | 16.08 | 14.66
35 B2 7.03 | 286 |26.37|27.13 | 26.4 | 2589 | 25.18 | 20.06 | 16.04 | 15.95 | 14.43
35 B3 509 | 25.15| 23.28 | 24.04 | 23.76 | 23.94 | 23.47 | 17.4 | 14.68 | 14.86 | 13.55
40 Bl 508 | 27.37|26.22 | 26.7 | 25.7 | 2491 | 2432|193 | 1477|1399 | 124
40 B2 7.03 | 26.59 | 25.88 | 26.18 | 25.41 | 24 23.63 | 18.12 | 13.44 | 12.91 | 11.06
40 B3 509 | 25.28 | 24.31 | 25.2 | 24.74 | 23.93 | 23.55 | 18.56 | 13.45 | 12.86 | 10.63
45 B1 5.08 | 27.08 | 27.53 | 26.76 | 26.02 | 24.95 | 24.13 | 18.06 | 13.68 | 13.02 | 11.09
45 B2 7.03 | 253 | 245 | 24.86 | 23.85|2207 | 2175|1994 | 1199 | 11.35| 94
45 B1 5.08 | 19.22 | 20.48 | 22.87 | 22.98 | 23.85 | 25.10 | 21.88 | 20.23 | 28.60 | 27.86
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Figure 22. Average dynamic modulus for Mix 1.
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Figure 23. Average Dynamic Modulus for Mix B.

4.2.2. Comparison of E* measured with the E* Predicted by the Witczak Model

It is useful to compare the dynamic moduli values measured in the laboratory with the
corresponding moduli predicted by the Witczak equation. This way, the differences in air void
content and testing temperature are accounted for in the comparison. The Witczak equation for
prediction of dynamic modulus is expressed as:

loglE*| = —1.249937 + 0.029232P,0 — 0.001767(P500)2 + 0.002841P, — 0.058097V,
v [3.871977 — 0.0021P, + 0.003958P3 — 0.000017(P3)? + 0.00547Ps]
beff 8 8 4 [14]

—0.802208 Vpess + Va) 1 + ¢(-0.603313-0.31335 log f—0.393532 log n)

where:

E*= asphalt mix dynamic modulus, in 10° psi,

n = bitumen viscosity in 10° poise (at any temperature, degree of aging),

f =load frequency in Hz,

V7, = air voids in the mix, % by volume,

Ve =effective bitumen content, % by volume,

P34, P38, Py , Pygo = retained on the %ainch, 3/8 inch, No. 4, and No. 200 sieves, respectively,
by total aggregate weight (%ocumulative).

The bitumen viscosity is calculated using the following equation:

loglog(n) = A+ VTSlogTg [15]
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where:

n = viscosity, cP,

VTS and A = regression slope and intercept of viscosity temperature susceptibility, and
TR= temperature, Rankine.

The A and VTS parameters can be estimated from the DSR test, penetration test or can be
directly taken from the recommended values in the design guide. From the DSR test, the
asphalt stiffness data at each temperature is converted to viscosity using the following
equation:

G* 1

_ 4.8628 16
10 “sin 5) [16]

n

where:

7 = Viscosity, centipoises,

G*= complex shear modulus, Pa, and
6 = phase angle, degrees.

The default values of A and VTS are given in the Table 11.

Table 11. Recommended values of A and VTS based on binder grade (3).

Binder PG Grade A VTS
PG 64-22 10.980 -3.680
PG 76-22 9.715 -3.208

Table 12 presents the average measued and the corresponding predicted values for the dynamic
modulus with the Witczak model, and their corresponding ratios. Average of reported air void
content was used in the Witczak equation to predict the dynamic modulus. As shown in Table
12, the ratio of measured versus predicted dynamic moduli is between 0.378 and 0.551. This
indicates that the Witczak model over-predicts the moduli of the two mixes for the studied
temperatures and loading frequencies.

Table 12. Measured and predicted dynamic moduli (MPa).

Mechanism T | MixS | MixS | Mix| | Mix | Mix B | Mix B
(°C) |25 Hz |10Hz |25Hz |10Hz |[25Hz | 10Hz
Measured 30 6,279 | 5,188 6,018 5,141 4,487 3,553

35 4221 | 3,379 | 4,621 3,603 4,048 3,288
40 3,441 | 2,684 | 3,873 2,970 3,466 2,702
45 2,624 | 1,997 | 2,783 2,114 3,152 2,359
Predicted by Witczak Model | 30 11,388 | 9,586 | 13,288 | 11,422 | 15,942 | 13,355
35 8,765 | 7,236 | 10,732 9,061 | 12,180 | 10,000
40 6,701 | 5,435 | 8,595 7,135 9,240 7,450
45 5,110 | 4,080 | 6,846 5,595 6,992 5,547
Measured / Predicted ratio 30 0.551| 0.541| 0.453 0.450 0.28 0.27
35 0.482 | 0.467 | 0.431 0.398 0.33 0.33
40 0.514 | 0.494| 0.451 0.416 0.38 0.36
45 0.514 | 0.489 | 0.407 0.378 0.45 0.43
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4.3. Instrumentation Installation and Measuring Procedure

4.3.1. Response Monitoring Instrumentation

The pavement response measuring instrumentation was placed in the pavement structure
during their construction, in June 2018. The gauges were placed at the bottom of the asphalt
concrete base layers by retrofitting them on cores cut in the base HMA layer. A schematic
diagram of the layout of the response measuring instrumentation is shown in Figure 24. The
instrumentation was designed to obtain accurate and multiple measurements of the longitudinal
and transverse strains under a single pass of the load vehicle, while minimizing the cost of the
instrumentation.

Pavement Response Instrumentation

Plan View
evme " Direction of travel s
LANE Lo 18T 22 22 e 16" 177
- — M — D
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L6 17 L8
19”

+__ — ] — i 6.5"
T5

/
/

/ X
Reference mark \

White stripe

D Transverse Strain Gage Connection

Box
3 Longitudinal Strain Gage

Figure 24. Plan view of the instrumentation.

The pavement response measuring instrumentation was composed of eight strain gauges. Four
gauges (L2, L4, L6 and L8) were placed to measure the longitudinal strain and the other four
(T1, T3, T5 and T7) to measure the transverse strain. Four gauges were placed in the outside
wheel path while the remaining four gauges were placed on a straight line six inches to the
right of the outside wheel path, to determine the effect of the lateral position of the loading
wheel on the measured pavement response.

Model KM-100-HAS strain gauges (Figure 25) made by Tokyo Sokki Kenkyujo Co. in Japan
(18) and commercialized by Texas Measurements Inc. in the United States were used. This
gauge was designed to be used in HMA layers. They have steel bars at the two ends to improve
the bond between the gauges and the surrounding asphalt concrete.
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Figure 25. Schematic of strain gauges Model KM-100-HAS.

First, the location of the gauges was marked relative to the centerline of the road. The eight
strain gauges were retrofitted by cutting eight six-inch diameter cores from the HMA base
layer and fixing the strain gauges to the bottom of the cores with epoxy in the laboratory.
Figure 26 shows the coring process as well as the core holes and the groves cut to place the
wires. The strain gauges were fixes at the bottom of each core in the laboratory using Sika Pro
Ultimate Grab Adhesive. The adhesive was let to cure for 24 hours before the cores were
transported to the site.

The cores with the gauges at their bottom were placed back in the same location and glued to
the walls of the holes with a thick layer of Sika AnchorFix-2 Anchoring Adhesive. It was
ensured that each core was placed back in its original hole and with the same original
orientation. The sensor wires were re-routed to the connection box through grooves cut into
the top of the base layer and then through a plastic conduit to an electrical box. The wires were
glued to the groove with epoxy adhesive. The electrical box was fixed to a metallic post that
was part of the guardrail system built in concrete on the side of the pavement. The center of
the post was used as the reference and the location of all sensors relative to the post was
recorded. Figure 27 shows a strain gauge glued to an asphalt concrete core and the core being
glued back into the hole. A week after the cores with the sensors were installed, the HMA
intermediate layer was paved followed by the paving or the asphalt surface layer a week later.
The paving and compaction of the two HMA mixes were done with conventional methods and
equipment. The sensors and wires were not affected by the paving and compaction operations.
The road section was opened to traffic in July 2018.
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Figure 27. Strain gauge glued to the HMA Core.

4.3.2. Response Measuring Procedure

The pavement response measurement was done a month after the road was opened to traffic,
with the assistance of TXDOT and the contractor that provided the traffic control and the test
vehicle. A water tank truck with a tandem axle in the rear was used as the test vehicle.
According to the FHWA vehicle classification system, this truck is a class 6 vehicle.
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Before the runs were performed the static weight of each wheel was measured by the Mansfield
Police using calibrated scales. The dimensions of the tire imprints as well as the distance
between tires were also measured. The dimensions of the tire imprints as well as the wheel
weights are given in Table 13.

Seven passes each were performed with the truck passing at approximately 50 mph. Using
markings on the pavement surface as guides, the driver aimed to position the truck with the
right wheels above the instrumentation. However, the lateral position of the wheels varied
between passes.

Table 13. Tire dimensions and weight of the test truck.

Element Steering | Steering | First Second First Second
Front Front Rear Rear Rear Rear
Left Right Left Left Right Right

Imprint Length (inches) 8 8 10 10 10 10

Imprint Width (inches) 11 11 9.5 9.5 9.5 9.5

S_pace between double tires NA NA 45 45

(inches)

Wheel Load (Ibs.) 6,700 6,100 10,800 | 10,000 7.900 | 7.650

Before the response measurements were performed, the location of each sensor was marked
with paint on the pavement surface based on measurements that used the steel pole as a
reference. Also, two air rubber hoses connected to a triggering relay system were placed across
the pavement 145 inches (3.683 m) apart. When the front tire of the loading vehicle hit the
rubber hoses, the system triggered an electronic switch connected to the same data acquisition
system as the strain gauges. The air-rubber hose system was used to estimate the speed of the
test vehicle. Each passing of the test vehicle was recorded on video at a refresh rate of 60
images per second. The markings on the pavement and review of the video clips in slow motion
were used to locate the lateral position of the test vehicle as it passed over the sensors. The
speed of the vehicle and its lateral position relative to the strain gauges are given in Table 14
for each of the seven passes. The table indicates that both vehicle speed and lateral position
varied from one pass to another.

The thermocouple temperature gauge was lowered in holes drilled in the HMA layers and filled
with oil to measure the temperature at the mid-depth of each HMA layer at the time of response
measurements. The values of the recorded temperatures are given in Table 15.

The horizontal strains at the bottom of the asphalt concrete layer, as well as the position of the
loading vehicle, were recorded with a National Instruments data acquisition system. A
sampling rate of 5,000 Hz was used. The data for the raw signal as well as for the signal filtered
with a 50Hz filter were downloaded in Excel files.
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Table 14. Speed and transverse position of the vehicle during strain measurements for each pass.

Lateral Distance* 1 2 3 4 5 6 7

From white stripe to the

outside edge of the front tire 4.5 9.0 18 6.5 30 160 50
Center of Front Wheel to 000 |-450 |-11.70 | -7.00 |-1050 | -7.50 | -8.50
sensors 1-4

Center of Front Wheel to 250 |200 |-520 |-050 |-4.00 |-1.00 |-2.00
sensors 5-8

Center of Rear Wheel to 650 |-2.00 |-920 |-450 |-8.00 |-5.00 |-6.00
sensors 1-4

Center of Rear Wheel to 000 |450 |-270 |200 |-1.50 |150 |0.50
sensors 5-8

Center of Outside Rear Tire | 1313 | g63 | 1583 | -11.13 | -14.63 | -11.63 | -12.63
to sensors 1-4

Center of Outside Rear Tire | ¢ o9 | 513 | 933 |-463 |-813 |-513 |-6.13
to sensors 5-8

Vehicle Speed (mph) 43.18 |51.30 | 49.81 | 56.82 | 57.53 | 57.53 | 56.66

*Negative values indicate that the location on the tire or wheel is to the right of the sensors

Table 15. Temperatures recorded during strain measurements.

Location Temperature (°F)
Air (Shaded) 91.7

Pavement Surface (Shaded) 105.9

Mid-Depth of Surface HMA Layer 109.4

Mid-Depth of Intermediate HMA Layer | 107.3

Mid-Depth of Base HMA Layer 97.9

The data was recorded in separate files for each pass of the loading vehicle and then it was
processed using Microsoft Excel. Each strain signal was plotted and the peak values of the
longitudinal and transverse strains were manually extracted. Figure 28 shows the setup screen
in the National Instruments LabView software used during the measurements.
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Figure 28. LabView test setup screen.

4.4. The Finite Element Simulation of the Passing of the Test Vehicle

This research used the generalized FE program Abaqus (19) for computing the strain responses
at the bottom of HMA layers. The program has an extensive material library that can be used
to model most engineering materials, including HMA. Abaqus allows the combination of

constitutive models to characterize complex materials, such as HMA.

4.4.1. Model Geometry

A 460-inch long x 108-inch wide x 150-inch deep FE structure was built to model a section of
the pavement on highway US-287. The dimensions of the model were selected to
accommaodate both the steering and rear axle loads of the test truck with negligible edge effects
(Figure 29). Due to symmetry of the geometry and the loading applied by the truck, only one-
half of the pavement structure was modeled. The mesh of the model geometry is shown in

Figure 30.
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Figure 29. Schematic of a truck passing over an instrumented pavement section.

Table 16 shows the thicknesses of five structural layers of the pavement used in the geometry
model. As seen in the table, the bottom layer is infinite. However, in the geometry model, a
deep layer (> 100 inches) fixed at the bottom was used.

150 in.

1;&‘

Figure 30. Geometry of the finite element model.

Table 16. Structural layers used in the finite element geometry model.

Layers Thickness (in.) | Material Mix
Surface 1.6 HMA PG 76-22 S
Binder 2.0 HMA PG 64-22 |
Base 6.4 HMA PG 64-22 B
Subbase 36 Lime Treated Soil | NA
Subgrade 104 (infinite) | Soil NA
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4.4.2. Material Characterization

The lime-treated subbase and subgrade soil layers were characterized by Elastic moduli
derived from the Falling Weight Deflectometer (FWD) tests. The HMA materials were
characterized by Prony series and compressive dynamic moduli. The compressive dynamic
moduli used were extracted from the master curves constructed based on dynamic modulus
tests results. The master curves are given in Figures 31 to 33 at the reference temperature of
104°F (40°C). This temperature was close to the pavement temperature recorded during the
field testing (Table 15). In order to determine the compressive dynamic modulus that
represents the HMA pavement layer during field testing, a vehicle speed of 50 mph was used.
In the laboratory, this speed is equivalent to 25 Hz (0.04 sec).
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Figure 31. Dynamic modulus master curve for Mix S.
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Figure 33. Dynamic modulus master curve for Mix B.

The HMA layers compressive and tensile dynamic moduli, together with elastic resilient
moduli for subgrade and subbase layers are shown in Table 17.
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Table 17. Layers moduli used in the FE model analysis.

Compressive-DM psi (MPa) | Resilience Modulus psi (MPa)
Surface (SMA) 519,960 (3585) N/A
Binder (Type D) | 544,762 (3756) N/A
Base (Type B) 514,811 (3550) N/A
Subbase N/A 80,000 (551)
Subgrade N/A 8,000 (55)

To implement the compressive dynamic modulus of the HMA layers, a viscoelastic model was
used. Abaqus/CAE uses a combination of viscoelastic Prony series and elastic model to
represent the viscoelastic model.

Abaqus program has two options of implementing Prony series to define the viscoelastic time
dependent properties of materials: time domain viscoelasticity and frequency domain
viscoelasticity (19). The time domain option was used in the FE analysis to define the
viscoelastic time dependent behavior of the asphalt mixes.

Three Prony series input parameters are needed for time domain viscoelasticity. These
parameters are the dimensionless shear relaxation modulus (gi), the dimensionless bulk
relaxation modulus (ki), and the reduced relaxation time (z;). The parameters are defined as:

-5 [17]
gi = Gy
where:
gi = dimensionless shear relaxation modulus at time i,
G; = shear relaxation modulus at time i, and
G, = initial shear relaxation modulus.
ki = [18]
| KO

where:

k; = dimensionless bulk relaxation modulus at time i,
K; = bulk relaxation modulus at time i, and

K, = initial bulk relaxation modulus.

The Prony series parameters were calculated by developing a Microsoft Excel spreadsheet to
fit curves representing the models in Equations 17 and 18 to the computed shear modulus
Gr(t) and bulk relaxation modulus Ky (t) data.

—t

Gr(t) = Go(1 - 21,9/ (1 — e™)) [19]
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Kn(t) = Ko(1 — EX,KF (1 — e70)) [20]

where:

Gy, K, = instantaneous shear and bulk relaxation modulus,
gt kP = prony series coefficients,

t = time, sec, and

7;= Relaxation or reduced time, sec.

Table 18 presents the calculated Prony series parameters for the asphalt concrete mixes used
in this research.

Table 18. Prony series parameters.
Mix | gi ki Ti
0.4016 | 0.2897 | 0.4016
0.2721 |0.3642 | 0.2721
S 0.1441 | 0.1515 | 0.1441
0.0899 |0.0969 | 0.0899
0.0220 | 0.0217 | 0.0220
0.6531 | 0.3065 | 0.001
0.0001 |0.3530 |0.01
I 0.1664 |0.1591 | 0.1
0.0930 |0.0940 |1
0.0223 | 0.0242 | 10
0.6581 |0.2425 | 0.001
0.0001 | 0.4237 |0.01
B 0.1229 |0.1130 | 0.1
0.1100 |0.1132 |1
0.0159 | 0.0117 |10

In this case, Abaqus software allows the user to insert the Prony series and initial elastic
modulus (Eo). The parameters define materials time dependence and stiffness respectively.
During analysis, Abaqus automatically picks the same Prony series and modulus at the
beginning of every time increment and use the information to characterize the material.

4.4.3. Element Type and Size

Typically, 3D FE pavement models perform well with 3D eight node solid brick elements.
However, the accuracy of the FE analysis depends on the size and aspect ratio of these
elements. The element size may vary depending upon the geometry dimension, contact
restrictions, load magnitude, analysis type (static or dynamic), capacity of the computer and
computational time. When there is no computational time constraint, it is typical to adopt a
fine mesh (i.e., small element size). A finer mesh offers more accurate results than a coarser
mesh (i.e., larger elements).
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Abaqus requires that the aspect ratio (ratio between the longest and shortest edge of an
element), to be less than 10 for accurate results. However, an aspect ratio of less or equal to 4
is recommended for areas around the loaded area (i.e., wheel path) (19).

In order to achieve optimum accuracy without increasing the computational cost, a biased mesh
was used. Small elements were used in the HMA layer along the wheel path where high stress-
strain gradients occur, and increasingly large element size were used far away from the loading
path.

A convergence test was performed using a static load to determine the optimal number of
elements needed. After convergence test, it was determined that 1.0 x 2-inches elements were
suitable for the area around the wheel path. 2 x 5-inches and 2 x 10-inches element sizes were
used toward the far ends. All elements used in the model were type C3D8R except for the sides
away from the symmetry plane of the model where infinite element type CIN3D8 were used
(Figure 34).

‘Wheel path
1x2 C3D8R
elements

CIN3D8
elements

2x5 C3D8R
elements

2x10 C3D8R
elements

Figure 34. Element type and size.

The C3D8R element is a solid eight-node linear brick element with reduced integration. Due
to reduced integration, the element offers relatively low computational cost. However, because
its integration point is located at the middle of the element, small elements are usually required
for accurate results (Figure 35a). A special case of the C3D8R elements is CIN3D8. The
CIN3D8 elements have five finite solid faces and one infinite face (Figure 35b). FE programs
use CIN3D8 elements to represent far-field regions of continuous structures such as
pavements. Abaqus/CAE does not support infinite elements in its current setting. However,
these elements were included in the input file using a text editor.
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Figure 35. The elements used (a) C3D8R Finite and (b) CIN3D8 Infinite.

4.4.4. Boundary Conditions

In this research, three different types of boundary conditions were employed to represent the
pavement end supports.

Infinite boundaries: this type of boundary was assigned to three vertical sides far from the
loading area (Figure 36). The boundaries allow reduction of elements that would have been
used to extend the model far from the dynamical loaded area. They do so by offering a smooth
decay of stresses to the far ends of the model geometry.

Z-Asymmetry: in order to take advantage of symmetry of the geometry and loading only a half
of the pavement structure was modeled. To do so, the horizontal movement of the nodes in the
symmetry plane was restricted (Figure 36).

Fixed end: The movement of the nodes at the bottom of the pavement structure (located 120-
inches from the surface) was restricted in all directions. (Figure 36).

Infinite
elements

Infinite
elements

Z-symmetry
boundary
condition

L Encastered
end

Figure 36. Boundary conditions of the model.
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4.4.5. Loading

Tire Imprint: the tire imprint is the contact area between the tire and pavement surface. The
size of tire imprint depends on contact pressure, which is often assumed equal to the tire
inflation pressure. In this case, the tire inflation pressure and wheel load are used to calculate
the size of tire imprint. However, the dimensions of the tire imprints were measured in the US-
287 pavement project when the pavement response measurements were conducted. The tire
imprint dimensions used in this research are shown in Figure 37.
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Figure 37. Tire imprint dimensions.

Surface Partitions: there are two ways in which external loads may be applied to an Abaqus
model: element loading or surface loading. Since the research used more than 600 surfaces to
define the vehicle moving load, the surface loading procedure was selected to avoid redefining
of the loaded surfaces when element size changes. The surfaces along which the truck tires
passed were partitioned into small spaces in relation to the widths of rear and steering tire
imprints. In addition, a few more partition lines along the length were added to allow for
repositioning of the wheels when necessary (Figure 38).

Simulation of Moving Loads: in the Abaqus FE model, traffic loads may be applied statically
or dynamically. In this research, dynamic moving wheel loads were modeled by implementing
the concept of step loading with trapezoidal loading amplitude. There are three main
components of this concept: the entry surface segment (or element), the tire imprint segments
and the leaving segment (element). When a vehicle approaches a given surface segment, the
surface is loaded with amplitude that increases linearly from 0 to 1. Similarly, as the tire moves
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away from a given surface segment, the loading amplitude that simulates the decrease in
loading from 1 to O is used. The surface segments within the tire imprint are loaded with
constant loading amplitude of 1. Table 19 and Figure 39 show the transition of wheel load from

step-1 to step-2, step-2 to step-3 and so on, along the wheel path.

Figure 38. Wheel path surface partition.

Table 19. Wheel load transition parameters.

Front wheel

Rear wheels

Load Position Surface Amplitude
Step 1 Leave S1 1t0o0
Step 1 Tire Imprint S2 ltol
Step 1 Entry S3 Otol
Step 2 Leave S2 1t00
Step 2 Tire Imprint S3 ltol
Step 2 Entry S4 Otol
Step 3 Leave S3 1t00
Step 3 Tire Imprint S4 ltol
Step 3 Entry S5 Otol
Step 4 Leave S4 1t00
Step 4 Tire Imprint S5 ltol
Step 4 Entry S6 Otol
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leave Tire Entry leave Tire Entry leave Tire Entry
imprint imprint imprint

Figure 39. Schematic of a moving tire based on the trapezoidal loading method.

The duration of each step or step time was calculated based on the speed of the vehicle and the
length of the surface segment along the direction of travel. At first, the speed was converted
from miles per hour into inches per second. Then the size of each segment on the wheel path
was divided by the speed in inches per second to obtain the time required for each step to move
the load at the desired speed. In this model, the length of surface segment used to advance a
wheel load from one-step to the next was 2 inches. To model the load moving at 50 mph, which
is equals to 880 inches per second, the 2 inches was divided by 880 inches per second, and a
step time of 0.002273 seconds was obtained. Thereafter, loading amplitudes were created using
the tabular option in ABAQUS. Table 20 presents the tabular data used to create the loading
amplitudes for 50 mph speed.

Table 20. Loading amplitude tabular data for 50 mph.

Entry Surface | Entry Surface | Within Tire Within Tire e GV
. . Surface Surface
Segment Segment Imprint Imprint Segment Segment
Step Time (s) Amplitude Step Time (s) Amplitude Step Time (s) Amplitude
0 0 0 1 0 1
0.002273 1 0.002273 1 0.002273 0

The total step time used was further divided into small segments (time increments) to allow
for the solution to converge. Abaqus has two options of implementing time increments:
automatic or fixed by the user. Abaqus recommends the automatic method to avoid
convergence problems. Table 23 shows the load amplitude data with the sub-divided time

steps.
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5. FINDINGS

5.1. Response Data Analysis

All strain signals recorded under the passing of the loading vehicle are given in Appendix A.
The signals followed a pattern very similar to that shown in Figure 40. For each signal, the
values recorded in several points (A to H) on the signal were extracted. The points were as
follows:

A: the initial value before the vehicle arrived. It is 0.0 for all signals since this value
was the starting point for all signals.

B: the maximum strain value recorded under the front (steering wheel)

C: the smallest value after the passing of the front wheel and the arrival of the rear
wheel.

D: the maximum strain value recorded under the first real wheel (of the tandem axle)
E: the smallest value after the passing of the first wheel and the second wheel of the
rear (tandem) axle.

F: the maximum strain value recorded under the second real wheel (of the tandem axle).
G: the smallest value after the passing of the second wheel of the rear axle.

H: the strain value recorded 0.5 second after the passing of the second real wheel.

Strain Signal

2 D

9 F

Strain (microstrain)
(=21

>
—
m
@
I

Time (seconds)

Figure 40. Example strain signal.

It is important to observe that the values for C and G are almost always negative for the
longitudinal strain signals and positive for transverse strain signals. This is expected since the
longitudinal strain recovers after the passing of each wheel but the transverse strain does not.

The values A to H were extracted for all strain signals in Tables 21 and 22. The tables indicate
the following:
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e For both longitudinal and transverse strains, the corresponding values varied greatly
from one pass of the vehicle to another. This can be explained the variation of the lateral
position of the vehicle relative to the location of the gauges.

e Even for gauges located in the same lateral position and measuring the strain in the
same direction (e.g., T1 and T3), the recorded strain values were not the same. This
may be explained by the insufficient bond between the gauge and the core or between
the core and the surrounding concrete. Therefore, it was decided to retain the strain
values only for the gauges that recorded the highest strain values for the same lateral
position and direction. These gauges are: T3, T5, L2 and L8.

e In general, the recorded strains were very small, always less than 25 microstrain, much
less than 70 microstrain considered as the endurance limit for asphalt concrete. This
suggests that the thick lime-treated embankment layer significantly improved the
bearing capacity of the pavement structure that will likely never exhibit bottom-up
cracking.

e (Gauge T7 exhibited irregular strain signal, possibly because of improper bond between
the gauge and the core it is attached to.

e For the instrumented pavement structure, the compounding effect of the transverse
strain from the front and the rear axle was minimal. The low values of parameter C in
Table 22 indicate that the transverse strain recovered almost entirely after the passing
of the front wheel before the rear wheel arrived.

Figures 41 to 43 show the measured strains under the pass of the steering wheel and the two
rear wheels. The position is reported for each pass in Table 15. The figures reveal that for most
passes, the wheels passed to the right of the alignment where the sensors were installed, that is
closer to the shoulder. They also indicate that, with a few exceptions, the transverse strains are
slightly higher than the longitudinal strains for the same wheel, sensor position and vehicle
pass. Both Tables 21 and 22 and Figures 41 to 43 indicate that the strains induced at the bottom
of the asphalt layer by the front wheel of the vehicle is of comparable magnitude to the strain
induced by the wheels of the real axles. This suggests that the front wheels should be
considered when computing the fatigue damage at the bottom of the asphalt layer.
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Table 21. Measured transverse strain values.

Pass Sensor | A B C D E F G H
1 T1 0 2.2 0 6 1.3 5.1 0.2 0.1
1 T3 0 4.7 0.7 13.1 2.7 121 0.6 0.5
1 T5 0 8.8 1.3 14 3.2 13.4 3 3.1
1 T7 0 51 0 2.4 0.5 3.6 -1.7 1.7
2 Tl 0 2.1 0 6 14 4.4 0.2 0.1
2 T3 0 4.3 0.7 10.3 2.5 8.8 1.0 3.0
2 T5 0 8.2 -0.6 12.2 18 11.3 13 1.1
2 T7 0 6.0 -0.2 2.5 0.5 3.6 -0.1 0.2
3 T1 0 9.0 0.4 6.2 14 7.2 1.6 0
3 T3 0 22.0 14 7.7 1.7 13 13 0
3 T5 0 12.9 -3.4 135 0.6 17.3 1.0 -0.1
4 Tl 0 1.1 0 3.7 0.7 2.7 0 0
4 T3 0 2.4 0.3 9 2.5 5.9 1.3 0.2
4 T5 0 2.1 -0.9 10.4 2.2 1.7 1.2 1
5 Tl 0 4.0 0 7.9 1.2 7 0.8 0
5 T3 0 8.3 1.1 17.7 3.2 12.8 0.5 0.4
5 T5 0 16.1 0.1 105 14 10 13 1.0
5 T7 0 6.1 0 13 0.1 2.8 -0.1 0
6 T1 0 1.8 -0.1 4.3 0.6 3.3 0.4 0
6 T3 0 3.2 0.5 12.7 2.6 8.1 0.4 0.4
6 T5 0 5.4 -1.5 10.7 1.3 9.3 -0.3 1.3
6 T7 0 4.4 -0.5 2.9 0.1 3.1 -0.3 0
7 Tl 0 2.4 0 7.3 2.0 5.9 0.6 0.2
7 T3 0 5.3 0.8 175 3.4 12.7 14 0.2
7 T5 0 10.8 -0.8 10.8 14 9.6 0.7 0.8
7 T7 0 5.8 0 19 0.6 3.2 0.3 2.0
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Table 22. Measured longitudinal strain values.

Pass Sensor | A B C D E F G H

1 L2 0 1.8 -0.4 8.9 25 6.8 0.2 0.5
1 L4 0 2.7 -0.3 1.1 -0.5 1.4 -0.4 0

1 L6 0 4.8 -1.3 11.1 0.5 8.7 -1.1 0.4
1 L8 0 6.5 -4.6 17.7 -6.7 11.7 -7.8 0.4
2 L2 0 1.5 -0.1 6.7 1.7 5.1 0 0

2 L4 0 0.2 -0.2 1.4 -0.3 0.9 -0.7 0

2 L6 0 4.3 -1.4 10.4 0.6 8.3 -2.2 0

2 L8 0 7.2 -4.7 15.1 -5.9 10.8 -8.1 0

3 L2 0 17.1 0.9 10.8 1.6 10.4 0 0.6
3 L4 0 5.3 -0.7 5.2 -0.8 4.1 -1 0

3 L6 0 13.2 -0.1 12.2 0.9 12.1 -0.9 0.2
3 L8 0 19.5 -7.9 19.2 -8.6 20.2 -12.6 0

4 L2 0 0.8 -0.2 5.8 1.1 3.4 0.3 0.3
4 L4 0 0.2 -0.1 1.1 -0.1 0.5 -0.2 0.3
4 L6 0 2.2 -2 8 -0.9 4.9 -1.9 -0.6
4 L8 0 2.4 -3.4 10.1 -4.4 6.6 -6 -0.6
5 L2 0 4.2 0 16.2 2.2 9.6 -0.1 0

5 L4 0 0.1 -0.2 5.1 -0.4 2.1 -0.1 0

5 L6 0 8.6 -1.6 9.3 0 7.4 -1.4 0

5 L8 0 11.2 -6.8 13.2 -5.8 10.2 -7.6 0

6 L2 0 1 -0.9 7.2 1.6 4 0 -0.9
6 L4 0 0 -0.5 1.5 -0.4 0.6 -0.2 -1

6 L6 0 34 -1.6 9.8 0.1 5.6 -1.1 0

6 L8 0 4.6 -3.3 12.4 -4 8.3 -6.2 0

7 L2 0 2.1 -0.7 13.8 2.1 7.5 0.5 0.1
7 L4 0 0 -0.4 3.5 -0.3 1.1 -0.6 0

7 L6 0 5.3 -1.6 10 0.1 6.6 -1.4 0

7 L8 0 7.2 -4.4 13.7 -4.5 9.6 -7.1 0
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Figure 41. Measured strains under the steering wheel.
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Figure 42. Measured strains under the first rear wheel.
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Strain under the Second Rear Wheel
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Figure 43. Measured strains under the second rear wheel.

5.2. Results of the Finite Element Analysis

After the finite element model was run the variation in time of the longitudinal and transverse
strains were extracted for 24 elements located at the bottom of the base layer in the vicinity of
the loaded elements. Figure 44 shows an example of such strain curves obtained for one
element. It can be observed that the computed longitudinal strain recovers and becomes
negative (compressive) after the passing of the steering axle and after the passing of the rear
axle. However, after the computed transverse strains remain always positive (tensile)
throughout the duration of loading. This pattern is the same as the one observed on the
measured strain signals.

The same as for the measured strains, the values A to H were extracted for all strain signals;
they are given in Tables 19 and 20. To locate the elements in relation to the transverse position
of the wheels, the center of the rear wheel is between elements E-1 and E1. The elements with
a positive name, such as E4, are located to the right of the center of the rear wheel. The tables
also give the transverse distances between the center of each element and the centers of the
steering and rear wheels; the distance is positive if the center of the element is to the right of
the center of the wheel.
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Table 23. Subdivided Loading Amplitude Tabular Data for 50 mph.

Entry Surface Entry Within Tire V\_/ithin =iy Leaving Surface
urface . Tire Surface
segment segment Imprint Imprint- | Segment- Segmgnt-
Sitzp e () Amplitude S TS () Amplitude | Step Time (s) AR Vet
0.00E+00 0 0.00E+00 1 0.00E+00 1
1.14E-04 0.05 1.14E-04 1 1.14E-04 0.95
2.27E-04 0.1 2.27E-04 1 2.27E-04 0.9
3.41E-04 0.15 3.41E-04 1 3.41E-04 0.85
4.55E-04 0.2 4.55E-04 1 4.55E-04 0.8
5.68E-04 0.25 5.68E-04 1 5.68E-04 0.75
6.82E-04 0.3 6.82E-04 1 6.82E-04 0.7
7.96E-04 0.35 7.96E-04 1 7.96E-04 0.65
9.09E-04 0.4 9.09E-04 1 9.09E-04 0.6
1.02E-03 0.45 1.02E-03 1 1.02E-03 0.55
1.14E-03 0.5 1.14E-03 1 1.14E-03 0.5
1.25E-03 0.55 1.25E-03 1 1.25E-03 0.45
1.36E-03 0.6 1.36E-03 1 1.36E-03 0.4
1.48E-03 0.65 1.48E-03 1 1.48E-03 0.35
1.59E-03 0.7 1.59E-03 1 1.59E-03 0.3
1.70E-03 0.75 1.70E-03 1 1.70E-03 0.25
1.82E-03 0.8 1.82E-03 1 1.82E-03 0.2
1.93E-03 0.85 1.93E-03 1 1.93E-03 0.15
2.05E-03 0.9 2.05E-03 1 2.05E-03 0.1
2.16E-03 0.95 2.16E-03 1 2.16E-03 0.05
2.27E-03 1 2.27E-03 1 2.27E-03 0
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Table 24. Transverse strains computed by the FE model (A-H are significance values shown in Figure 28).

Center

Elt_ament of Center of
Element | Width Rear A B C D E F G H
Gn) | Front ) aAxie
Axle

E-10 2.45 -23.58 |-20.325 |0.00 | 0.50 |-0.59|1.33 |0.42 |1.26 |-0.48 |-0.36
E-9 2.45 -21.13 | -17.875 |0.00 | 0.57 |-0.35|1.49 |0.99 |1.80 |0.47 |-0.30
E-8 2.45 -18.68 | -15.425 |0.00 |0.67 |-0.17 |1.95 |1.74 | 231 |-041]-0.24
E-7 2.45 -16.23 | -12.975 |0.00 | 0.83 |0.18 | 2.85 | 256 |3.00 |-0.28 | -1.09
E-6 1.9 -14.05 | -10.800 | 0.00 |1.06 |0.45 |3.74 |3.02 |3.60 |-0.22 | -0.06
E-5 1.9 -12.15 | -8.900 0.00 | 143 |0.89 [4.35 |3.32 |4.34 |-0.16 | -0.06
E-4 1.9 -10.25 | -7.000 0.00 |1.76 | 0.83 [4.77 |3.68 |4.86 |-0.06|0.00
E-3 1.9 -8.35 | -5.100 0.00 | 242 | 091 [5.02 |3.80 |5.12 |0.00 |0.00
E-2 1.9 -6.45 | -3.200 0.00 |3.13 |1.07 [504 (416 |[505 [0.00 |0.12
E-1 2.25 -4.38 | -1.125 0.00 [ 4.04 |1.07 [5.00 (428 [5.00 [0.00 |0.12
El 2.25 -2.13 1.125 0.00 {468 |1.06 [5.00 [4.28 |5.07 [0.00 |0.12
E2 1.3 -0.35 | 2.900 0.00 |501 |1.18 |5.18 |4.17 |512 |0.12 |0.12
E3 1.3 0.95 4.200 0.00 {495 |1.06 519 |4.05 |513 |0.12 |0.12
E4 1.3 2.25 5.500 0.00 |4.75 |1.06 |5.16 |4.04 |512 |0.12 |0.12
ES 1.3 3.55 6.800 0.00 |4.37 |1.07 |5.07 |392 |500 |0.12 |0.12
E6 1.3 4.85 8.100 0.00 | 386 |1.04 (482 |3.68 |4.86 |-0.06|0.12
E7 1 6.00 9.250 0.00 [ 3.46 [0.94 | 458 |3.40 |4.48 |-0.06 |-0.03
E8 1 7.00 10.250 0.00 [3.04 094 418 |3.32 [4.05 |-0.12 |-0.03
E9 1 8.00 11.250 0.00 | 255 |0.93 |[3.77 |3.10 |3.72 |-0.15|-0.04
E10 15 9.25 12.500 0.00 |2.28 |0.83 |3.23 |295 |3.27 |-0.20 | -0.09
E11 1.75 10.88 | 14.125 0.00 |164 [0.82 |2.69 |241 |2.83 |-0.28|-0.14
E12 2 12.75 | 16.000 0.00 | 145 |0.71 |1.90 |167 |247 |-0.35]-0.15
E13 2.25 14.88 | 18.125 0.00 |1.10 |052 |154 |104 |1.86 |-0.35]|-0.16
E14 2.5 16.13 | 20.750 0.00 |0.85 |0.17 | 128 | 059 |1.45 |-041)-0.24
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Finite Element Computed Strain Signals
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Figure 44. Computed strain signals at the bottom of HMA layer.

5.3. Comparison of Measured and Computed Strains

Figures 45 to 47 compare the field-measured and FE computed strains at the bottom of the
HMA layers. The magnitude of the strains is shown in relation to the transverse distance
between the points where the strains were computed and measured and the centers of the
steering wheel and the rear wheels.

The charts prove that the computed strains have similar magnitude to the measured strains. All
strains are small, less than 25 microstrain. They also indicate that the maximum computed
longitudinal and transverse strains under the steering wheel are about the same. However,
under the rear wheel, the maximum computed longitudinal strains are larger than the computed
maximum transverse strains. The opposite was observed for the measured strains. The charts
also indicate that the computed strains fall in the middle of the range of the measured strains
for the strains under the steering wheel and the second rear wheel. For the first rear wheel, the
computed strains are at the bottom of the range of measured strains.
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Table 25. Longitudinal strains computed by the FE Model (A-H are significance values shown in Figure 28).

Center

Element Center
Element | width | o of Rear | A B C D E F G H
Gn) | Front o Axie
Axle
E-10 | 245 -23.58 | -20.325 | 0.00 | 2.37 |-1.31|4.03 |1.95 |4.04 |-1.00|0.12
E-9 2.45 -21.13 |-17.875 | 0.00 | 2.60 |-1.31|4.41 |1.79 |4.27 |-1.06|0.12
E-8 2.45 -18.68 | -15.425 | 0.00 | 2.86 |-1.36 | 477 | 155 |4.74 |-1.11]0.12
E-7 2.45 -16.23 |-12.975 | 0.00 [3.00 |-1.36 [5.12 | 141 [5.20 |-1.10 | 0.12
E-6 1.9 -14.05 | -10.800 | 0.00 |3.22 |-1.36 | 558 |1.13 [5.36 |-0.98|0.12
E-5 1.9 -12.15 |-8.900 |0.00 |3.58 |-1.36|559 |1.11 [5.64 |-1.10]|0.12
E-4 1.9 -10.25 |-7.000 |0.00 |3.87 |-1.30 |5.95 |0.87 |5.84 |-1.07 |0.12
E-3 1.9 835 |-5.100 |0.00 |4.17 |-1.36|6.67 |0.87 |5.97 |-1.00|0.12
E-2 1.9 -6.45 |-3.200 |0.00 |4.53 |-1.30|6.07 |0.74 |5.95 |-1.05]0.12
E-1 2.25 438 |-1.125 |0.00 |4.89 |-1.35|5.93 |0.74 [596 |-1.11]0.12
E1 2.5 213 |1125 |0.00 |5.13 |-1.30|6.15 |0.62 |6.04 |-1.03|0.12
E2 13 -0.35 |2.900 |0.00 |5.13 |-1.24|6.02 |0.74 |6.03 |-1.02|0.12
E3 1.3 095 |4200 |0.00 |5.13 |-1.30|6.01 (074 [599 |-0.98|0.12
E4 1.3 225 |5500 |0.00 |5.00 |-1.30|591 |0.62 |585 |-1.00|0.12
E5 1.3 355 |6.800 |0.00 |4.88 |-1.24|577 |0.86 |[570 |-1.03|0.12
E6 1.3 485 (8100 |0.00 |477 |-1.28|5.64 |0.74 | 557 |-0.95]0.12
E7 1 600 |9.250 |0.00 |4.53 |-1.23|555 |0.87 |544 |-0.89|0.12
E8 1 700 |10.250 |0.00 |4.29 |-1.24|5.28 |0.87 |5.10 |-1.03|0.12
E9 1 8.00 |11.250 |0.00 |4.17 |-1.21(515 |0.87 [511 |-1.00|0.12
E10 15 9.25 |12.500 |0.00 |3.93 |-1.21|4.92 |1.00 |4.89 |-0.88|0.12
E11 1.75 10.88 | 14.125 |0.00 |3.48 |-1.17 |4.73 | 114 |4.66 |-0.85 |0.12
E12 2 12.75 |16.000 |0.00 |3.20 |-1.20|4.36 | 1.19 |4.16 |-0.82 | 0.12
E13 2.25 14.88 |18.125 |0.00 |2.90 |-1.45|3.90 | 1.43 |3.81 |-0.83|0.12
E14 25 16.13 |20.750 |0.00 {2.70 |-1.10|3.55 | 1.61 |3.58 |-0.74 | 0.12
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Figure 45. Measured versus estimated strains under the steering wheel.
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Figure 46. Measured versus estimated strains under the first rear wheel.
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Figure 47. Measured versus estimated strains under the second rear wheel.
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6. CONCLUSIONS

In order to estimate the damage caused by heavy vehicles on flexible pavement structures, a
newly constructed pavement was instrumented with strain gauges retrofitted at the bottom of
the asphalt concrete base layer to measure longitudinal and transverse strains. The
instrumented section is located on highway US-287, to the South of Mansfield, TX. The road
has a medium to heavy truck traffic and opened to traffic in July 2018.

The strain gauges were used to measure the strains under several passes of a test vehicle which
had a steering axle with single tire for each wheel and a rear tandem axle with dual tires. The
speed and the lateral position of the vehicle were recorded for each pass by photographic
means. Sufficient quantities of the top two layers of asphalt concrete were obtained during
construction and were used to fabricate cylindrical samples for conducting the dynamic
modulus test in the laboratory. The dynamic moduli test results were used to determine the
viscoelastic properties of the two mixes.

The general-purpose finite element program Abaqus was used to model the instrumented
pavement section and to compute the longitudinal and transverse strains. The asphalt mixes
were modeled as visco-elastic materials having the properties determined by the dynamic
modulus tests. The wheel loads were modeled as pressure elements applied at the top of the
modeled structure in time step increments. The time evolutions of the longitudinal and
transverse strains were extracted for 24 elements located at the bottom of the asphalt concrete
base layer. The computed strain data were compared to the field measured strain data.

The analysis of the measured responses led to the following major conclusions:

e The measured transverse strains were most of the time slightly larger than the
corresponding longitudinal strains. This can be attributed to the accumulation of strain
from the front axle and the rear axle that takes place only in the transverse direction.
However, the finite element model computed higher strains in the longitudinal direction
than in the transverse direction.

e For both measured and computed strains, the values under the passing of the steering
wheel were of similar size as the strains under the passing of the first wheel of the rear
axle.

e The measured longitudinal and transverse strains were always lower than 25
microstrain, much lower than the 70 microstrain, the average endurance limit value
reported in the literature, despite the high temperature in the asphalt layers during the
measurements.

e The measured strains exhibited high variation, not only between the values recorded
by the gauges placed in the same transverse location but also between the values
recorded for different passes of the test vehicle.
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7. RECOMMENDATIONS
The results of the field experiment and of the finite element analysis recommend the following:

Both longitudinal and transverse strains should be used in the estimation of damage
induced by passing of heavy vehicles and not only the longitudinal strains as is
currently done by most distress prediction models.

The damage induced by the single tire steering axle should also be included in the
damage calculations. For many trucks, the load on the steering axle is quite large, more
than 5,000 Ibf per wheel. Since steering wheels have a single tire, the strains generated
in the asphalt layers are comparable to the strains generated by the rear axles.

The strains recorded and computed at the bottom of the asphalt concrete base layer for
the studied pavement section were very low, less than 25 microstrain. Therefore, it is
likely that the asphalt layer will not exhibit any bottom-up fatigue cracking during their
design life. This may be due to the 36-inch-thick layer of lime treated soil. The use of
thick stabilized subbase layers should be further studied since they may provide a
significant increase to the structural capacity of the pavement section at a relatively low
cost.
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APPENDIX A: MEASURED STRAIN SIGNALS
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Figure A-1. Transverse strain T1-T3, pass 1.
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Figure A-2. Transverse strain T5-T7, pass 1.
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Figure A-3. Transverse strain T1-T3, pass 2.
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Figure A-4. Transverse strain T5-T7, pass 2.
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Figure A-5. Transverse strain T1-T3, pass 3.
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Figure A-6. Transverse strain T5-T7, pass 3.
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Figure A-7. Transverse strain T1-T3, pass 4.
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Figure A-8. Transverse strain T5-T7, pass 4.
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Figure A-10. Transverse strain T5-T7, pass 5.
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Figure A-11. Transverse strain T1-T3, pass 6.
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Figure A-12. Transverse strain T5-T7, pass 6.
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Figure A-13. Transverse strain T1-T3, pass 7.
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Figure A-14. Transverse strain T5-T7, pass 7.
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Figure A-15. Longitudinal strain L2-L4, pass 1.
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Figure A-16. Longitudinal strain L6-L8, pass 1.
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Figure A-17. Longitudinal strain L2-L4, pass 2.
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Figure A-18. Longitudinal strain L6-L8, pass 2.
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Figure A-19. Longitudinal strain L2-L4, pass 3.
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Figure A-20. Longitudinal strain L6-L8, pass 3.
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Figure A-21. Longitudinal strain L2-L4, pass 4.
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Figure A-22. Longitudinal strain L6-L8, pass 4.

71



Strain

(microstrain)

18.0
16.0
14.0
12.0
10.0
8.0
6.0
4.0
2.0
0.0
-2.0

Longitudinal Strain - Pass 5

L2

—1L4

0(8 112 1i6

Time (seconds)

Figure A-23. Longitudinal strain L2-L4, pass 5.
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Figure A-24. Longitudinal strain L6-L8, pass 5.
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Figure A-25. Longitudinal strain L2-L4, pass 6.
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Figure A-26. Longitudinal strain L6-L8, pass 6.
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Figure A-27. Longitudinal strain L2-L4, pass 7.
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Figure A-28. Longitudinal strain L6-L8, pass 7.
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