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EXECUTIVE SUMMARY 

BreakThrough technologies, LLC specializes in the use of ACE Fiber™ asphalt additive in hot 
mix asphalt mixtures during placement. In November 2015, the drive lanes and parking lots at 
the Love's Travel Stop in Sadieville, KY were constructed with ACE Fiber included in the 
asphalt surface and base layers. According to BreakThrough technologies, LLC certified mixing 
reports from CBC Engineers & Associates, Ltd. show that an average of 4.26 ounces of ACE 
fiber per ton of asphalt was mixed for the asphalt in the testing area. The fibers used were pre-
treated aramid fibers that are wax binded and cut in lengths of 0.75 inches with over 4,000 
individual fibers bundled together. They contain 50% of aramid fiber and 50% of wax binder, by 
weight.  

Ingios Geotechnics Inc., developed an APLT field testing and evaluation program to characterize 
the in situ dynamic modulus (EAC) of the fiber reinforced asphalt concrete (AC) layer, Mr of the 
base and subgrade layers, and repeated and static load creep or permanent deformation (p) 
properties of the AC layer.  

In situ testing was performed at three test locations on September 14, 2016 in a medium duty test 
section in the parking lot of Love’s Travel Stop in Sadieville, KY. The test section consisted of 
2 in. of ACE fiber reinforced AC surface course layer, 4.5 in. of ACE fiber reinforced AC base 
course layer, 8 in. of dense graded aggregate base layer, Type 2 geogrid, and subgrade.  

Four types of APLT tests were performed. Test A involved cyclic tests using a 12 in. diameter 
flat plate using sinusoidal loading at frequencies ranging between 1.4 Hz (1 cycle every 0.7 
seconds) to 0.1 Hz (1 cycle every 100 seconds) and measuring plate deflections and pavement 
surface deflections at selected radial distances (1.33 x, 2 x, and 3 x radius) from the plate center. 
Results were used to determine the in situ modulus of AC layer, base layer, and subgrade layer 
values. Test B involved 10,000 cycle tests using a 6 in. diameter flat plate, where plate 
deformations were monitored (no surface deflections away from the plate). Test C involved static 
plate load tests using a 6 in. diameter flat plate setup using a constant stress of about 150 psi, 
increasing the stress to about 250 psi, and followed by unloading to 0 psi contact stress. Plate 
deformations were continuously monitored during the loading and unloading period. Test D 
involved a static plate load test with 4 in. diameter spherical dome plate using a constant load of 
15,000 lbs. at one test location. Photographs were used to document the surface condition with 
special attention for formation of radial tension cracks. A dynamic cone penetrometer (DCP) test 
was conducted at each test location.  
 
Key findings from this study are as follows: 

 The in situ backcalculated and temperature corrected fiber reinforced AC layer moduli 
(E’AC) values averaged about 1.32 million ksi for 70 psi cyclic stress and loading 
frequency of 1.59 Hz.  

 Variability observed in the E’AC values is linked to the variability in the support 
conditions as reflected in the subgrade and base layer resilient moduli (MR) values. The 
DCP tests showed an average CBR of the top 12 in. of the subgrade layer at the three test 
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locations varied between 3.0 and 16, and the CBR of the base layer varied between 54 
and 114.  

 ESAL calculations were performed using the measured subgrade MR values as well as 
assuming a 50% reduction in the MR values to account for future saturation. Results and 
analysis from three test points produced an average structural layer coefficient for the 
fiber reinforced AC layer (a1) of 0.63 and an average of 67.5 million ESALs. Using a1 = 
0.54 (maximum value currently in use in practice) showed an average 30.3 million 
ESALs. 

 Considering a1 = 0.44 which represents an unreinforced AC layer and keeping all other 
input parameters constant, the number of ESALs is calculated as 11.2 million.  

 ESAL calculations showed that compared to an unreinforced AC layer case (a1 = 0.44), 
the ACE fiber reinforced AC layer (a1 = 0.63) increased the average number of ESALs 
by about 6 times.  

 Keeping all other input parameters the same, a 50% reduction in the subgrade layer MR 
value (a design practice to account for future saturation) reduced the number of ESALs 
by about 80%. This finding emphasizes the importance of constructing high quality and 
uniform support conditions at the subgrade level to ensure optimized pavement system 
performance. 

 Based on the cyclic creep test results, permanent deformation (p) at the end of 10,000 
cycles (with cyclic stress of 135 psi and maximum stress of 150 psi) averaged about 0.05 
in. Forecasting models show that at all three test locations the number of loading cycles 
to achieve 0.5 inch permanent deformation (i.e., definition of “rut”) are greater than 10 
million cycles. Tertiary flow was not observed in any of the repeated load creep tests, 
therefore flow number could not be calculated. 

 Static creep test results showed that p at the end the static creep test with applied 
contract stress of 150 psi averaged about 0.14 in. Forecasting power models show that at 
all three test locations the number of loading cycles to achieve 0.5 inch permanent 
deformation (i.e., definition of “rut”) are greater than 25,000 hours for all tests.  

 The static loading tests demonstrated resilient behavior during un-loading from 250 psi to 
0 psi where the deformation after loading from 150 to 250 psi was fully recovered. This 
behavior suggests that the fiber reinforced AC stores energy during loading (energy is not 
dissipated in plastic deformation), which partially explains how the fibers can potentially 
help resist deformation.  Tertiary flow was not observed in any of the three static tests, 
therefore flow time could not be calculated. 

 Static creep test using a 4 in. diameter spherical dome plate using 15,000 lbs. constant 
load was conducted which produced an indentation in the fiber reinforced AC layer. No 
radial tension cracks were developed around the indentation. The observation of no radial 
cracks in this test can be partly attributed to the improved shear resistance in the fiber 
reinforced AC mixtures.  
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1 INTRODUCTION 

Ingios Geotechnics, Inc. has developed rapid in situ testing and analysis methods and equipment 
to characterize pavement and its foundation layer mechanistic properties using Automated Plate 
Load Testing (APLT). The results are being used to verify pavement foundation design values 
and forecast long-term cyclic loading performance by simulating vehicle loading conditions 
expected during the service life of a pavement system. 

BreakThrough technologies, LLC specializes in the use of ACE Fiber™ asphalt additive in hot 
mix asphalt mixtures during placement. In November 2015, the asphalt drive lanes and parking 
lots at the Love's Travel Stop in Sadieville, KY were constructed with ACE Fiber included in the 
asphalt base and surface layers. According to BreakThrough technologies, LLC certified mixing 
reports from CBC Engineers & Associates, Ltd. show that an average of 4.26 ounces of ACE 
fiber per ton of asphalt was mixed in the asphalt located in the testing area. The fibers used were 
pre-treated aramid fibers that are wax binded and cut in lengths of 0.75 inches with over 4,000 
individual fibers bundled together. They contain 50% of aramid fiber and 50% of wax binder, by 
weight.  

Ingios Geotechnics Inc., developed an APLT field testing and evaluation program to characterize 
the in situ dynamic modulus (EAC) of the fiber reinforced AC layer, in situ resilient modulus (Mr) 
of the base and subgrade layers, and repeated and static load creep or permanent deformation (p) 
properties of the fiber reinforced AC layer. A specially fabricated static plate load test using a 
spherical dome plate was also conducted to assess development of radial cracks in the asphalt 
due to tangential stresses. 

Testing was performed on September 14-15, 2016 in a “medium duty” test section with 2 in. of 
fiber reinforced AC surface course layer, 4.5 in. of fiber reinforced AC base course layer, 8 in. of 
dense graded aggregate base layer, Type 2 geogrid, and subgrade. This report summarizes the 
results of the field testing and data analysis. 

1.1 Objectives 

The objectives of the testing program were to measure the in situ frequency and stress dependent 
dynamic modulus of the fiber reinforced AC layer (EAC) and the underlying foundation (i.e., base 
and subgrade) layer Mr with tests conducted directly on top of the AC layer and using plate and 
pavement surface deflections away from the plate. In addition, the permanent deformation/creep 
behavior of the AC layer was also characterized using extended cycle (10,000 cycles) tests and 
static tests. The spherical dome test was used to assess the resistance of radial cracks from 
forming in the fiber reinforced AC layer. 

1.2 Scope 

The scope of work involved the following tasks to achieve the objective: 

 Assist with the preparation of a detailed APLT testing plan to achieve the desired HMA 
performance testing.   
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 Mobilize the APLT equipment to the project site.   

 Perform cyclic APLTs at different frequencies and stress levels to develop stress-
dependent and frequency dependent models for EAC at 3 test locations, with a 3-layered 
sensor kit to determine underlying base and subgrade layer Mr.  

 Perform repeated load creep test for Flow Number (FN) at 3 test locations: 
o 10,000 cycles (min. or until tertiary zone, but not to exceed 25,000 cycles) 
o 4-inch diameter flat plate (layer thickness ≤ 6 in.), 6-inch diameter flat plate (layer 

thickness > 6 in.) 
o Selected design stress (Or default 15 psi dwell / 150 psi max) 
o 0.2 sec load time haversine load pulse 

 
 Perform static load creep test for Flow Time (FT) and Creep Compliance at 3 test 

locations: 
o Selected design stress (Or default 150 psi) 
o 4-inch diameter flat plate (layer thickness ≤ 6 in.), 6-inch diameter flat plate (layer 

thickness > 6 in.) 
o Test until tertiary zone reached, but not to exceed 0.75-inch permanent deflection 

or 2 hours 
 

 Perform static load creep test for Flow Time (FT), Creep Compliance, and Crack 
Resistance at 1 test locations: 

o Default 15,000 lbs. load (or greater to achieve 0.75-inch deformation) 
o 4-inch diameter spherical dome plate 
o Test until tertiary zone reached, but not to exceed 1.00-inch permanent deflection 

or 2 hours 
 

 Perform Dynamic Cone Penetration (DCP) testing on the pavement section and 
underlying subgrade.   

 Prepare a summary data report of the APLT results including analysis of triplicate test 
points. 
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2 TEST METHODS AND CALCULATION PROCEDURES 

The Ingios APLT system is used to perform cyclic plate load testing on AC layer using varying 
cyclic loading frequencies and stresses and static plate load testing using a constant stress. The 
cyclic tests were designed to obtain frequency and stress dependent dynamic modulus values and 
permanent deformation (creep) parameters of the fiber reinforced AC layer, and stress-dependent 
resilient moduli values of the underlying base and subgrade layers. The static tests are designed 
to obtain static creep parameters of the AC layer. The static creep test using the spherical dome 
plate was used to assess the resistance to formation of radial cracks. 

The cyclic test process uses a controlled load pulse duration and dwell time (e.g., as required in 
the laboratory AASHTO TP62 and AASHTO T324 methods for HMA and as required in the 
laboratory AASHTO T307 resilient modulus test methods for foundation layers) for selected 
cycle times depending on the field conditions and measurement requirements. The advantage of 
cyclic tests is that the modulus measurements better represents the true field stiffness values. 
This finding is well documented in the literature and is considered a major short-coming of other 
testing methods that only apply a few cycles/dynamic load pulses on the pavement layers. 

The APLT system has the capability to measure inputs to develop in situ dynamic modulus 
master curve models for the AC layer, and in situ stress-dependent constitutive models for 
foundation layers (i.e., base and subgrade) as used in the in the AASHTOWare™ Pavement ME 
Design (AASHTO 2015). The major advantage of in situ testing is that it does not suffer from 
the effects of sample preparation, sample size, equipment, and boundary conditions associated 
with laboratory tests.  

Because the APLT test system is automated, the test methods are highly repeatable and 
reproducible (i.e., no operator bias). Operators only need to input the desired loading conditions 
(cyclic stress levels, load pulse duration and dwell time, and number of cycles) which are then 
tightly controlled by the machine feed-back control system. An advanced fluid-power control 
system was designed to perform the test operations and meets or exceeds the applicable testing 
standards (see Tables 1 and 2).  
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 Table 1: Selected test standards for determining AC layer properties adopted for in situ 
APLT 

Property and 
Parameters 

Test Method(s) / 
Reference(s) 

Test Description and Notes 

Dynamic 
Complex 
Modulus, |E*| 
 

AASHTO TP62 
 
App. A – NCHRP 
Report 465 (2002) 
 
Pellinen and Witczak 
(2002) 

Sinusoidal wave form for loading at frequencies 0.1, 0.5, 1, 5, and 
10 Hz, and at temperatures -20, -10, 4, 20, 40, and 54oC. Data is 
used to develop a modulus master curve using shift factors that is 
frequency dependent, but is not stress-dependent.  
 
Pellinen and Witczak (2002) documented a laboratory test 
procedure to combine “universal” model with the sigmoidal model, 
to develop stress-dependent and frequency dependent modulus 
master curve. Test involves applying a range of bulk and confining 
stresses.  

Rutting / Flow 
Number (repeated 
load creep) 

App. B – NCHRP 
Report 465 
 
 
 
 
AASHTO T324 

Repeated load test with 1 Hz frequency – 0.1 second load time and 
0.9 second rest time. Design stress level ranges between 70 and 140 
psi for confined tests (confining stresses range between 5 and 30 
psi). Test performed at effective temperature between 25 and 60oC. 
Test to be run for a minimum 10,000 cycles or up to tertiary stage.  
 
AASTO T324 is Hamburg wheel track test, which is used to 
determine deformation rate. Stripping Inflection Point (SIP) is 
determined form the test, which is similar to flow number.  

Rutting / Flow 
Time or Flow 
Point  / Creep 
Compliance 
(static creep) 

App. C – NCHRP 
Report 465 

Static load test. Design stress level ranges between 70 and 140 psi 
for confined tests (confining stresses range between 5 and 30 psi). 
Test performed at effective temperature between 25 and 60oC. Need 
to apply load rapidly to design stress (2,175 psi/sec). Stop test at 4-
5% maximum strain or when tertiary zone is detected.  

Axial Fatigue App. D – NCHRP 
Report 465 

Test is similar to the Dynamic Complex Modulus test, but is 
performed only at one frequency and temperature selected by the 
design engineer.  

Tensile Strength 
& Creep 
Compliance 

AASHTO T322 or 
App. E – NCHRP 
Report 465 
 

Diametric static creep load test. Both horizontal and vertical 
deformations are recorded. Vertical deformations are recorded to 
determine Poisson’s ratio. To determine indirect tensile strength, 
apply load at 2 in./minute deformation rate until the load starts to 
decrease. To determine indirect tensile creep, calculate load to yield 
2% of tensile strength and apply for 1,000 seconds.  
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Table 2: Selected test standards for determining foundation layer properties in situ using 
APLT 

Test Capability Test Method 
Static Testing 

Plate load test to determine modulus of 
subgrade reaction, k-value. Available 
plate sizes: 6, 8, 10, 12, 18, 24, 30 inch 
diameter. k-value calculated as average 
deflection of plate divided by plate 
stress (selected for material and loading 
conditions) 

AASHTO T222 [Standard Test Method for Nonrepetitive Static Plate 
Load Tests of Soils and Flexible Pavement Components, for Use in 
Evaluation and Design of Airport and Highway pavements] 

CRD-C 655-95 [Standard Test method for Determining the Modulus of 
Soil Reaction] U.S. Army Corps of Engineers 

ASTM D1196 [ Standard Test Method for Nonrepetitive Static Plate 
Load Tests of Soils and Flexible Pavement Components, for Use in 
Evaluation and Design of Airport and Highway pavements] 

DIN 18134 [Determining the Deformation and Strength Characteristics 
of Soil by the Plate Loading Test] 

Tex-125-E [Determining Modulus of Sub-grade Reaction (k-value], 
TxDOT 

FM 5-527 [ Florida Method of Test for Nonrepetitive Static Plate Load 
Test of Soils and Flexible Pavement Components] 

Repetitive/Cyclic Testing 

Cyclic (repetitive) plate load testing to 
determine the in situ elastic and 
resilient modulus.  

Confining Stress Dependent 
Mechanistic Cyclic (repetitive) plate 
load testing to determine the in situ 
elastic and resilient modulus. 

Elastic and Resilient Modulus are 
calculated according to the well-
established Ullidtz, P. (1987). 
Pavement Analysis, elastic half-space 
equation: 

E, Mr = (1-v2) f o (a / o) 

o for resilient modulus calculations 
uses the recoverable deflection (r) for 
each load cycle. 

ASTM D1195 [Standard Test Method for Repetitive Static Plate Load 
Tests of Soils and Flexible Pavement Components, for Use in 
Evaluation and Design of Airport and Highway pavements. 

AASHTO T307 [Standard Method of Test for Determining the 
Resilient Modulus of Soils and Aggregate Materials] (this standard’s 
load pulse requirements, sequencing, and cycle numbers are used to 
establish the in situ load pulse durations, loading values, and number of 
cycles) 

ASTM D4694 [Standard Test Method for Deflections with a Falling-
Weight-Type Impulse Load Device] (this standard is followed to 
establish the vertical deflections at points spaced radially outward 
locations from the load axis. AASHTO (1993) pavement design guide 
or other is used to calculate layer moduli from the deflection basin. 

 

Figure 1 shows the operator station, controls, the on-board display monitor for real-time 
visualization of results. The results of cyclic deformation, permanent deformation, elastic 
modulus, stiffness, resilient modulus, cyclic stresses, and number of cycles are calculated in real-
time and are available for reporting immediately (see illustration of key parameters in Figure 2). 
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Figure 1: Automated Plate Load Test (APLT) equipment setup.  

 
 

 
Figure 2: Illustration of the parameters measured from APLT cyclic plate load tests. 
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2.1 Composite Resilient Modulus  

Cyclic APLTs was performed to obtain composite and individual layer moduli measurements 
using 12 in. diameter plate on the fiber reinforced AC surface and a sensor kit that measures 
pavement surface deflections at radii 8 in. (1.33 r), 12 in. (2r), and 18 in. (3r) away from the 
plate center. A picture of the test setup is shown in Figure 3. Layered analysis calculations are 
described in Section 2.2.  

The composite resilient moduli (Mr-comp) provides a measure of composite response of the 
pavement layer and the supporting layers under dynamic loading. This value can be used to 
quickly compare the support conditions between the test points. The Mr-comp values from APLT 
were calculated using the modified Boussinesq’s elastic half space solution equation shown in 
Eq. (1).  

faM
r

compr 



0,

0
2 )1(


    (1) 

where, Mr-comp = in situ composite resilient modulus, r,0 = the resilient deflection of plate during 
the unloading portion of the cycle (determined as the average of three measurements along the 
plate edge, i.e., at a radial distance r’ = r),  = Poisson ratio (assumed as 0.35), = cyclic stress, 
a = radius of the plate, f = shape factor selected as 8/3.  

 
Figure 3: 12 in. diameter plate setup with reference beam for plate deflection 

measurements and with pavement surface deflection measurements at 1.33r, 2r, and 3r 
away from plate center. 



8 
 

2.2 Layered Analysis Calculations  

Layered analysis calculations were performed using BAKFAA program developed by the 
Federal Aviation Administration (FAA). The program was originally developed for analyzing 
falling weight deflectometer (FWD) data, but can be used for any data set with deflection basin 
measurements and applied load measurements (FAA, 2007). The program uses an optimization 
method to match the measured deflection basin with a predicted deflection basin from a static 
model and iteratively modifying the layer moduli values. This procedure is referred to as the 
backcalculation method and the iterations are continued until a selected minimum root mean 
squared (RMS) value is obtained between the measured and calculated deflection values.  

The BAKFAA program uses the linear-elastic analysis program (LEAF), also developed by the 
FAA, to calculate the deflection basin and match with the measured values. In the LEAF 
program, the loading is modeled as a uniformly loaded circular plate with constant stress 
distribution and the pavement layers are idealized as multiple-layered linear elastic half-space 
(Hayhoe, 2002).  According to Hayhoe (2002), the LEAF program is similar to another popular 
layered elastic analysis program called JULEA (which is used in the AASHTOWareTM ME-
Design) in terms of using the Gauss-Laguerre integration. However, according to Hayhoe 
(2002), LEAF also introduces a more generalized transformation of the origin in the integral 
equations and organizes the inner loops for more efficient computation of pavement responses 
for multiple loading conditions.  

The BAKFAA backcalculation program requires the following as inputs: pavement and 
foundation layer thicknesses, applied load, deflection basin measurements, seed moduli values 
for each layer, and interface bonding condition between each layer.  

In this study, the layer thicknesses from the design were used in the analysis, but were also 
confirmed from measurement of three holes drilled to the bottom of the pavement and analysis of 
dynamic cone penetrometer (DCP) testing in the foundation layers. The applied load was 
measured by the APLT using a calibrated load cell. A brief description of how the remaining 
input parameters are obtained/selected is summarized in the following subsections.  

2.2.1 Deflection Basin Measurements 

The deflection basin measurements were obtained by measuring resilient deflections at radii of 
8 in. (1.33 r), 12 in. (2r), and 18 in. (3r) away from the plate center. The Ingios layered analysis 
measurement sensor kit provides average resilient deflections measured over one-third of the 
circumference of a circle at the selected radii. This method was designed to improve upon 
practices that use point measurements, which are often variable from point-to-point for unbound 
aggregate materials. Similar to the loading plate representing an integrated response of the 
material under the plate, the deflection basin circumference bars were designed to represent an 
integrated deflection basis response over a length of one-third the circumference. 
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2.2.2 Seed Moduli Values 

The BAKFAA program requires the user to provide seed (or initial) input parameter values for 
each layer. The seed values impact the back-calculation analysis and the user must start with 
reasonable values (Von Quintus and Killingsworth 1997). In this study, the pavement layer 
structure was modeled as a three-layer system, with an underlying subgrade layer that is 
homogenous and has semi-infinite depth (no stiff/rigid layer or bedrock at depth). The seed 
moduli value for the AC layer was assumed as 450,000 psi.  

The seed moduli values for the subgrade layer were calculated using Eq. (2) as suggested by 
AASHTO (1993): 

'r,r
SGr 'r

P)(M








21  (2) 

where, Mr-SG is in situ subgrade resilient modulus (psi), r,r’ is the resilient deflection (in.) during 
the unloading portion of the cycle at r’ = 1.33r or 2r or 3r away from plate center,  is the 
Poisson ratio (assumed herein as 0.35), and P is the cyclic load (lbs.).  

AASHTO (1993) suggests that r’ must be far enough away that it provides a good estimate of the 
subgrade modulus, independent of the effects of any layers above, but also close enough that it 
does not result in too small of a value. A graphical solution is provided in AASHTO (1993) to 
estimate the minimum radial distance based on an assumed effective modulus of all layers above 
the subgrade and the r=0 value. Ullidtz (1987) indicated if the modulus values are plotted against 
radial distance r, in linear elastic materials such as sands and gravels, the modulus values 
decrease with increasing distance and then level off after a certain distance. The distance at 
which the modulus values level off can be used as r’ in Eq. 2. In some cases the modulus values 
decrease and then increase with distance. Such conditions represent either soils with moderate to 
high moduli with poor drainage at the top of the subgrade or soft soils with low moduli. In those 
cases, the distance where the modulus is low can be used as r’ in Eq. 2.  
 
In this study, r’ = 2r or 3r, whichever produced the lowest value were used to determine the seed 
moduli value for Mr-SG.  

The seed moduli value for the base layer (Mr-Base) was selected based on the ratio of base layer 
and subgrade layer elastic moduli values empirically calculated from the DCP test results. It 
must be noted that the elastic moduli values determined from the DCP test are not stress-
dependent, but are considered suitable for use as an initial estimate. 

2.2.3 Interface Bonding 

The default condition in the BAKFAA program, as in the case of most other backcalculation 
programs, is that the interfaces between each layer are fully bonded. The assumption of a fully-
bonded versus an un-bonded condition between the pavement and underlying base layer, has a 
significant impact on the backcalculated granular base layer moduli values. A fully-bonded 
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condition would result in lower base layer moduli values than a no-bonded condition at the HMA 
layer and granular base layer interface (Romanoschi and Metcalf 2003). 

Past research has shown that the bonding strength within the AC layers (wearing and base 
courses) changes as a function of the pavement temperature and the applied normal stress. 
Several researchers have concluded based on laboratory testing that as temperature increases, the 
interface bonding strength decreases (Sholar et al., 2002; Deysarkar and Tandon, 2005; 
Canestrari et al., 2005; West et al., 2005). The reason for a decrease in bond strength is that at 
higher temperatures, the tack coat loses its adhesion and the shear resistance comes primarily 
from the layer surface roughness (West et al., 2005). This implies that the shear resistance at 
layer interfaces in the field are likely to be lowest during hot days. 

At the time of this report, the authors are not aware of any studies that documented the bonding 
strength between the AC and granular base course layers, as a function of pavement temperature. 
Based on past research findings and authors’ experience with back-calculation analysis, it is 
assumed in this study that the AC and the granular base layer interface are fully bonded. This 
assumption provides the most conservative value for granular base layer moduli values, and it 
does not affect the AC layer or the underlying subgrade layer moduli values.   

2.2.4 Temperature Corrections for AC Layer Modulus 

Temperature of the AC surface layer has a significant influence on the plate deformation values 
because of the temperature-dependent nature of the HMA mixtures (SHRP, 1993). Many have 
proposed empirical equations/correction factors to correct the moduli values or the deflection 
values to a standard reference temperature of 68oF to 72oF (AASHTO, 1986; AASHTO, 1993; 
Antunes, 1993; Appea, 2003; Baltzer and Jansen, 1994; Chang et al., 2002; Chen et al., 2001; 
Johnson and Baus, 1992; Kim et al., 1995; Lukanen et al., 2000; SHRP, 1993; Stubstad et al., 
1994; Ullidtz and Peattie, 1982; Ullidtz, 1987).  

The corrections in AASHTO (1986), AASHTO (1993), and SHRP (1993) are provided as 
graphs, while empirical equations are provided in the remaining references cited above. The 
graphs provided in SHRP (1993) and AASHTO (1993) are shown as a function of the pavement 
layer thickness. The correction graphs provided in AASHTO (1986) are not a function of 
pavement thickness.  

Akbarzadeh et al. (2011) provided a summary of the different procedures. Based on laboratory 
testing, Akbarzadeh et al. (2011) concluded that the AASHTO (1993) corrections underestimate 
the backcalculated AC layer moduli values for temperatures above 70oF, but also overestimates 
the moduli values for temperatures below 70oF.  

Most of the empirical correction models are adjusted to a single reference temperature. Chen et 
al. (2000) provided an equation that provides the flexibility to normalize to any reference 
temperature.  
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In this study, the correction graphs provided in AASHTO (1993) for a reference temperature of 
68oF was selected. The reasons for this are that it provides a conservative estimate of the AC 
layer moduli values at temperatures above the reference temperature (per Akbarzadeh et al., 
2011) and is also widely used in practice by many state agencies. The temperatures at the time of 
testing in this study were greater than the reference temperature of 68oF. 

AASHTO (1993) requires the temperature be either directly measured in situ (preferred method) 
to obtain an average temperature of the pavement layer or estimated using surface temperature 
using BELLS equations. The procedure to directly measure the in situ measurement of the AC 
layer temperature is provided in AASHTO (1986) Appendix L. The procedure involves 
measuring temperature at a minimum of three depths within the AC layer: near surface, mid 
depth, and near bottom of the layer. Use of BELLS models to predict the mid-depth temperature 
is described in Lukanen et al. (2000). They described two models (BELLS2 and BELLS3). The 
BELLS2 model is used where the measurements are taken over a longer time (> 3 minutes) and 
shading affects the surface layer temperature. The BELLS3 model is used where the 
measurements are taken over a shorter time.  

In this study, the mid-depth pavement temperature was measured in accordance with AASHTO 
(1986) procedure and were also calculated using the BELLS2 model for comparison. The 
BELLS2 model was selected over BELLS3 because tests were performed over a longer time 
period (>15 minutes) at each test location. The BELLS2 model is provided in Eq. (3): 

   
13.5) - hsin(027.0

)5.15sin(63.2553.0428.025.1)(log912.078.2

r18

18110



 

s

rdaysdsd

T
hTThTT

 (3) 

where, Ts = surface temperature in degree Celsius, hr18 = time of the day in a 24 hour clock, but 
calculated using an 18-hour temperature rise-and-fall time cycle as described in Lukanen et al. 
(2001), hd = distance below the surface where the temperature is to be calculated in millimeters 
(d), and T1-day = average air temperature of the previous day in degrees Celsius.  

Lukanen et al. (2001) noted that when using the sin(hr18 - 15.5) (decimal) function, only times 
from 11:00 to 05:00 hours are to be used. If the actual time is not within this time range, then the 
sine function be calculated as if the time was 11:00 hours (where the sine = -1). If the time is 
between midnight and 05:00 hours, 24 must be added to the actual (decimal) time. When using 
the sin(hr18 - 13.5) (decimal) function, only times from 09:00 to 03:00 hours are used. If the 
actual time is not within this time range, then the sine function be calculated as if the time is 
09:00 hours (where the sine = -1). If the time is between midnight and 03:00 hours, 24 must be 
added to the actual (decimal) time. An EXCEL spreadsheet has been developed and validated 
using the example data provided in Lukanen et al. (2000) to solve the BELLS2 equations, and is 
used in this study.  

The average 1-day temperatures of the test area were obtained from the temperature readings 
reported at Bluegrass Airport in Lexington, KY (Source: www.wunderground.com). 
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2.2.5 Correction for Effect of Foundation Saturation 

Pavement design parameters are typically assumed in a saturated state to represent worst case 
scenario, while the foundation materials were not saturated at the time of testing in the field. 
AASHTO T222-81 (2012) recommends conducting odometer tests on subgrade layer samples 
obtained from field in saturated and unsaturated condition to determine correction factor 
(FSaturation) for k values using Eq. (4): 

 











ss
Saturation D

Dh
D
DF 1

75
         (4) 

where D = deformation of odometer sample at in situ moisture content under a unit load of 10 psi 
(in.), Ds = deformation of a saturated odometer samples under a unit load of 10 psi (in.), h = 
thickness of base course material (in.). This equation was originally developed by U.S. Army 
Corps of Engineers. Barker and Alexander (2012) indicated FSaturation = 0.6 and 0.8 for tests 
conducted on clays and silts, respectively.  

Determining saturation correction factors was beyond on the scope of this study and therefore no 
correction factors were applied to the Mr-Base and Mr-SG values.  

2.3 Frequency and Stress Dependency on HMA Dynamic Modulus 

For linear visco-elastic materials such as HMA mixtures, the stress-strain relationship under a 
continuous sinusoidal loading in the frequency domain is defined by its complex dynamic 
modulus (E*) (Dougan et al. 2003). In laboratory testing, the dynamic modulus is defined as the 
ratio of the amplitude of the sinusoidal stress at a given time (t) and the amplitude of the 
sinusoidal strain at the same time and frequency that results in a steady state response. 
Laboratory testing to determine dynamic modulus (AASHTO TP62) is repeated at different 
temperatures and frequencies, and the results are then used to develop a complex modulus master 
curve, which is one of the design inputs in the AASHTOWare™ M-E Design (AASHTO 2015).  

Master curves are constructed using the principle of time-temperature superposition, where data 
at various temperatures are shifted with respect to log of time until the curves merge into a single 
smooth function. The amount of shift required at each temperature required to form the master 
curve describes the temperature dependency of the material (Dougan et al. 2003).  

In this study, tests were performed at varying frequencies but only at the in situ temperatures. 
Therefore, shift factors could not be determined to develop the master curves. The tests were 
conducted at different loading frequencies and applied cyclic stresses. The influence of loading 
frequency and applied stress are modeled to predict the in situ dynamic modulus (E’AC) using 
Eq. (5): 

3' )( cyclicrAC cfbaE           (5) 
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where E’AC = in situ dynamic modulus (psi), fr = loading frequency (Hz), cyclic = cyclic stress 
(psi), and a, b, and c = regression coefficients.  

According to AASHTO T315, the standard test procedure for dynamic shear rheometer tests, a 
frequency of 10 radians/sec = 1.59 Hz represents a shearing action on the AC layer 
corresponding to a traffic speed of 55 mph. Based on this, E’AC values were calculated using 
Eq. (5) for cyclic = 70 psi and fr = 1.59 Hz, and presented for comparison between the test points 
and performing design calculations. The 70 psi cyclic stress was selected for use in the design 
calculations to match with the stress levels used in calibrating the AASHTO (1993) design 
equation for predicting the traffic performance (see Section 2.7). The E’AC values for fr = 5 
radians/sec (0.80 Hz), which corresponds to a traffic speed of about 25 mph are also presented 
for reference. 

2.4 Repeated Load Creep Measurements and Forecasting 

Cyclic APLTs were performed using 0.2 sec loading time and 0.2 sec dwell time for 10,000 
cycles to determine the repeated load creep characteristics of the HMA layer using a 6 in. 
diameter flat loading plate at a constant cyclic stress. The cumulative deformations are 
continuously monitored during loading to assess the creep behavior of the AC layer. The test 
setup is shown in Figure 4.  

The cyclic APLT procedure is similar to the laboratory testing procedure (Appendix B of 
NCHRP 465 and AASHTO T324) to determine the rutting/flow number value using repeated 
loading, which involves loading until tertiary flow occurs on laboratory samples.   

Permanent deformation results from cumulative plastic shear strain, compaction, and 
consolidation during loading. Permanent deformation (p) was monitored during cyclic plate load 
testing. From the number of load cycles (N) versus p plot, a deformation performance prediction 
model was developed to analyze and forecast the number of cycles to achieve a selected 
permanent deformation in the AC layer. A power model was selected to represent the permanent 
deformation versus number of cycles as shown in Eq. 6: 

d
p CN                         (6) 

where, coefficient C is the plastic deformation after the first cycle of repeated loading, and d is 
the scaling exponent.  
 
Monismith et al. (1975) described a similar power model relationship for relating permanent 
strain to cycle loadings for repeated triaxial laboratory testing. It is expected that regression 
coefficients C and d depend on the material and stress conditions.   
 
A change in permanent deformation (p) of 1E-06 in./cycle or less was selected to represent the 
near-linear elastic condition. The number of cycles corresponding to p of 1E-06 in./cycle is 
referred to as N*, where the application of additional cyclic loadings results in very low 
accumulation of additional permanent deflection and the AC and the underlying layer are 
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effectively producing a resilient response. At N* cycles and the associated permanent 
deformation, a stable equilibrium response from loading is anticipated (e.g., Collins et al. 1993). 

 

 
Figure 4: 6 in. diameter flat plate (attached below 12 in. plate assembly) setup with 

reference beam for plate deflection measurements. 
 

2.5 Static Load Creep Measurements and Forecasting 

Static APLTs were performed using a constant applied stress and monitoring/recording plate 
deformations with time, which is similar to the laboratory testing procedure (Appendix E of 
NCHRP 465 and AASHTO T322) on diametric specimens to determine the flow time value, 
which involves loading until tertiary flow occurs in the specimens. The test was performed using 
a static 6 in. diameter plate. The test setup is similar to shown in Figure 4. 

Similar to the data from cyclic APLT, instead of the number of loading cycles, the loading time 
versus p plot was analyzed to fit a deformation performance prediction model to forecast the 
time to achieve a selected permanent deformation, as shown in Eq. 7: 

d
p CT                        (7) 

where, T is the loading time, and C and d are regression coefficients.  
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A change in permanent deformation (p) of 1E-06 in./sec or less was selected to represent the 
near-linear elastic condition. The number of cycles corresponding to p of 1E-06 in./sec is 
referred to as T*, where  the application of loading for additional time results in very low 
accumulation of additional permanent deflection.  
 
Use of rigid flat plates induce uniform deformations beneath the plate, but also generate high 
perimeter shear stresses (Cao et al. 2016). Rutting analysis in pavement design is commonly 
done assuming a uniform stress distribution case (based on a flexible plate). But according to 
Weissmann (1999), the contact stress distribution under a tire is nonuniform and induces larger 
stresses in the pavement layer relative to the uniform stress distribution case. Use of flat plates, 
either rigid or flexible, therefore does not truly replicate the stresses and deformations observed 
under a rubber tire.  
 
To overcome this issue, Ingios designed rigid spherical dome plates to replicate contact stresses 
and deformations typically observed under a tire. The 4 in. spherical dome plate is shown in 
Figure 5, and was used by applying a constant load and monitoring the plate deformations. As 
the dome penetrates the asphalt layer, the contact surface area of the spherical dome increases, 
thereby decreasing the average applied stress. The resulting deformation in the asphalt layer is 
greater deformations near the center of the dome than at the edge, which is similar to rutting 
observed under a rubber tire. In additional to compressive stresses, the domed shape of the plate 
induces radial tensile stresses propagating away from the surface of the plate. Cracking in asphalt 
is directly related to the tensile strength.  

 
Figure 5: 4 in. diameter spherical dome plate  
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The loading time versus p plot from the dome plate was analyzed to fit a deformation prediction 
model to forecast the time to achieve a selected permanent deformation, as shown in Eq. 8: 

bp aT )1(
11


  (8)  

where, T is the loading time, and a and b are regression coefficients. 

2.6 Dynamic Cone Penetrometer 

DCP tests were performed in accordance with ASTM D6951-03 “Standard Test Method for Use 
of the Dynamic Cone Penetrometer in Shallow Pavement Applications”, by drilling a 0.75 in. 
diameter hole in the pavement down to the bottom of the AC layer and testing the foundation 
layers. The tests involved dropping a 17.6 lb. hammer from a height of 22.6 in. and measuring 
the resulting penetration depth. A 30 in. penetrating rod was used. California bearing ratio (CBR) 
values were determined using Eqs. (9) and (10), whichever is appropriate, where the dynamic 
penetration index (DPI) is in units of mm/blow.  

1.12DPI
292(%)CBR  for all materials except CL soils with CBR <10 (9) 

20170190 )DPI./(1(%)CBR   for CL soils with CBR <10 (10)  

2.7 AASHTO (1993) Flexible Pavement Design Procedure Overview 

The AASHTO (1993) flexible pavement design procedure presents an empirical expression 
relating traffic, pavement structural properties (i.e., thickness and modulus), and performance. 
The design expression is shown in Eq. (11): 
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  (11)  

where, W18 = number of 18 kip equivalent single axle loads (ESALs), ZR = standard normal 
deviate (function of the design R), R = reliability, So = overall standard deviation, ∆PSI = 
allowable serviceability loss at end of design life, MR = subgrade resilient modulus, SN = 
structural number (a measure of required structural capacity).  

In the design expression, the ESAL calculation is based on a tire inflation pressure of 70 psi with 
a bias-ply design (Highway Research Board, 1962). It must be noted that the tire pressures today 
are much higher than this (> 100 psi), and is not accounted for in the ESAL calculation in Eq. 
(11) (Timm et al. 2014).  
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The ∆PSI parameter is calculated as the difference between the initial (po) and terminal (pt) 
serviceability index values. The serviceability rating ranges between 0 to 5; 0 being poor and 5 
being very good. These values are typically assumed (not measured) in design practice 
(Christopher et al. 2006). In this study, po = 4.2 (very good) and pt = 2.5 (fair), which results in 
∆PSI = 1.7 was assumed in the design calculations. 

The ZR value is the z-statistic corresponding to the level of reliability chosen for the design. In 
this study R = 95% is assumed, which corresponds to ZR value of -1.645. The So value represents 
the overall design uncertainty in traffic calculations and the input parameters. So = 0.35 is 
assumed in the calculations presented in this study.  

The subgrade MR was measured with the APLT. The SN value is calculated using Eq. (12): 

  33322211 mDamDaDaSN   (12) 

where, D1 = AC layer thickness in inches; D2 = granular base layer thickness in inches; D3 = 
granular subbase layer thickness; a1, a2, and a3 = structural layer coefficients for the fiber 
reinforced AC layer, granular base layer, and granular subbase layer, respectively;  m2, and m3 = 
drainage coefficients of granular base and subbase layers. The granular layer drainage 
coefficients can be determined using the permeability of the material, the time for a desired level 
of drainage, and the percent of the time the material is in saturated condition over a year.  

The structural layer coefficients represent the relative structural contributions of each pavement 
layer on the performance of the pavement and have a direct impact on the derived layer thickness 
(Timm et al. 2014). AASHTO (1993) provides a chart (Figure 6) to estimate the AC layer 
structural coefficient a1 value based on the EAC value. The empirical expression to estimate a1 is 
shown in Eq. (13) with EAC in units of psi: 

  784117101 .-Eln.a AC  (13) 

In the design guide, Figure 6 is intended to be used for a maximum EAC of 450ksi, which 
corresponds to a1 = 0.44. Based on a survey conducted among the U.S. state DOT agencies, 
Timm et al. (2014) indicated that 45% of the states use 0.44 for at least one paving layer, 28% of 
the states use less than 0.44, two states (Alabama and Washington) recently revised the 
coefficients to 0.54 and 0.50. Timm et al. (2014) indicated that the higher coefficients used by 
Alabama and Washington reflect modern advances in the materials and the construction 
procedures.  

Based on field re-calibration work performed at the National Center for Asphalt Technology’s 
(NCAT) test track facility, Davis and Timm (2009) reported an average a1 = 0.54, which has 
become the basis for use by the Alabama DOT. Timm and Priest (2006) reported an average AC 
layer modulus of 811 ksi based on FWD testing in the several NCAT test sections. Tim et al. 
(2014) pointed out that extrapolating Figure 6 or Eq. (13) with EAC of 811 ksi results in a1 = 0.54, 
which is the same as determined from the field re-calibration work by Davis and Timm (2009).  
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Figure 6: Chart for estimating structural layer coefficient a1 based on EAC at 68oF 

(AASHTO 1993).    
AASHTO (1993) provides a graph to estimate the granular base layer structural coefficient a2 
value based on the resilient modulus of the base layer (EBS) value. The empirical expression to 
estimate a2 is shown in Eq. (14) with EBS in units of psi: 

  97702490 102 .-Elog.a BS  (14) 

In this study, only two layers were present above the subgrade layer, the granular base layer and 
the AC layer. The drainage coefficient of the granular base layer is assumed as 1.0 in this study, 
which corresponds to a fair quality of drainage with about 5 to 25% of the time the base layer is 
approaching saturation. Therefore, the Eq. (12) is reduced to Eq. (15) for the current project 
conditions: 

2211 DaDaSN   (15) 
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3 EXPERIMENTAL STUDY 

3.1 Project Details 

Field testing was conducted in a “medium duty” pavement section in the Love’s travel stop 
parking lot in Sadieville, KY, which was constructed in November, 2015. The medium duty 
section consisted of nominal 6.5 in. thick fiber reinforced AC (2 in. of surface course underlain 
by 4.5 in. of base course) layer, 9 in. of dense graded granular base, and subgrade with Type 2 
geogrid at the subgrade/base interface. The AC surface and base course layers were reinforced 
with ACE Fiber™ asphalt additive.  

According to the mix design information provided by the paving contractor, the AC surface layer 
conformed to the requirements of Class 3 Asphalt Surface 0.38D PG64-22 and the AC base layer 
conformed to the requirements of Class 3 Asphalt Base 1.00D PG64-22, per the Kentucky 
Transportation Cabinet Standard Specifications for Bituminous Concrete.  The nominal 
maximum aggregate size in the surface layer is 0.5 in. and in the base layer is 1.5 in. The design 
AC content for the surface layer is 5.6% and for the base layer is 4.0%. The theoretical 
maximum specific gravity for the surface layer is 2.488 and for the base layer is 2.550.    

Figure 7 shows the September 14-15, 2016 APLT test locations. The locations are based on an 
average of 2 Hz autonomous GPS measurements at each test location.  

1
2

3

 
Figure 7: In situ APLT test locations at the Love’s Travel Stop in Sadieville, KY on 

September 14-15, 2016. 
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A picture of the ACE fibers used in this study is shown in Figure 8 and a summary of the fiber 
material properties is provided in Table 3. 

 
Figure 8: ACE Fiber™ asphalt additive used by BreakThrough technologies, LLC in 

construction of the test sections evaluated in this study. 
 

Table 3: Summary of ACE fiber material properties (Source: www.surface-tech.com)  

Property Description 

Material Aramid (50% by weight) and 
Wax binder (50% by weight) 

Length  0.75 in. 

Form Wax binded and cut fiber clips 

Color  Yellow 

Specific Gravity (ASTM D276) 1.44 g/cm3 

Tensile strength (ASTM D3379) 400,000 psi 

Max. tensile elongation (ASTM D3379) 1.8% 

Fiber melting temperature (ASTM D276) 800oF 
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3.2 Field Test Plan 

Table 4 provides details of the APLT configuration, load cycles, and stresses used in this field 
investigation. The field performance testing program involved performing three different types 
of APLT tests (Type A, B, C, and D) at one to three test locations in the “medium duty” 
pavement section.  
 

Table 4: Summary of APLT test configurations. 

Test 
Designation 

Load 
Step

s 

Number 
of Cycles, 

N 

Loading 
Frequency, 

fr  (Hz) 

Cyclic Stress, 
cyclic         
[psi] 

Minimum 
Stress, 
min.         
[psi] 

Plate 
Configuration/ 

Notes 

A 
[Dynamic 
Modulus 

Test] 

1 250 1.4 

135 15 
12 in diameter  
flat plate with 

deflection 
readings at 1.33r, 

2r, and 3r from 
plate center. 

Sinusoidal 
loading.  

2 250 0.9 
3 25 0.1 
4 6 0.01 
5 250 1.4 

95 15 
6 250 0.9 
7 25 0.1 
8 6 0.01 
9 250 1.4 

50 15 10 250 0.9 
11 25 0.1 
12 6 0.01 

B 
[Repeated 
load creep 

test] 

1 10,000 2.4 135  15 

6 in. diameter  
flat plate. 

Haversine load 
pulse with 0.2 sec 
load/0.5 sec dwell 

times. 
C 

[Static load 
creep test] 

1 1 
N/A 

150 (Static) 
N/A 6 in. diameter flat 

plate. Static load.  2 1 250 (Static) 
3 1 0 

D  
[Static load 
creep test] 

1 1 N/A 15,000 lbs N/A 

4 in. diameter 
spherical dome 

plate (0.75 in. 
height) 

 
Test A involved a series of cyclic tests using a 12 in. diameter flat plate using sinusoidal loading 
at frequencies ranging between 1.4 Hz (1 cycle every 0.7 seconds) to 0.1 Hz (1 cycle every 100 
seconds). In these tests, plate deflections were monitored and a sensor kit was installed to 
measure ground deflections at selected radial distances (1.33 x, 2 x, and 3 x radius) from the 
plate center. Results were used to determine Mr-Comp, E’AC, Mr-Base, and Mr-SG values.  

Test B involved a series of 10,000 cycle tests using a 6 in. diameter flat plate, where plate 
deformations were monitored (no ground deflections) to assess the permanent deformation 
behavior.  
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Test C involved static plate load tests using a 6 in. diameter flat plate setup using a constant 
stress of about 150 psi for about 2 hours, increasing the stress to about 250 psi and maintaining 
the stress for about 20 minutes, and followed by unloading to 0 psi contact stress and waiting for 
about 20 minutes to rebound. Plate deformations were continuously monitored during the 
loading and unloading period.  

Test D involved a static plate load test with 4 in. diameter spherical dome plate using a constant 
load of 15,000 lbs. at one test location. The constant load was maintained for about 8 minutes 
and the load was released. Plate deformations were continuously monitored during the loading 
and unloading period. Photo graphs were used to document the surface condition with special 
attention for formation of radial tension cracks. 
 
A DCP test was conducted at each test location, following the APLT tests, by drilling a 0.75 in. 
diameter hole through the pavement down to the top of the base layer.   

3.3 Sampling Plan 

The results presented herein represent a systematic sampling approach with a number of 
measurements per sample group that was feasible for the site conditions and/or time available for 
testing.  Statistical determination of the minimum number of measurements requires knowledge 
of the coefficient of variation within a sample group and the difference between mean values of 
the selected sample groups. The spatial selection of test locations also require knowledge of the 
spatial continuity between measurements as a function of distance. Determination of statistical 
input parameters needed for calculating statistical sample sizes was beyond the scope of this 
investigation 
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4 RESULTS  

4.1 Dynamic Modulus and Layered Analysis 

The tests in this study were performed using sinusoidal loading frequencies varying between 
0.01 Hz and 1.4 Hz in 12 steps. Due to the visco-elastic nature of asphalt materials, both the 
deflections of the plate and the pavement surface deflections away from the plate are influenced 
by the loading frequency. Consequently, the AC layer moduli values increase with increasing 
loading frequency. In the backcalculation analysis, the AC, subgrade, and base layer moduli 
were first analyzed using the deflection basin data obtained at the lowest frequency (0.01 Hz) 
which most closely matches a static loading condition. The subgrade and base layer moduli 
values obtained at the lowest frequency were then used to determine the backcalculated AC layer 
moduli values at higher frequencies, where the frequency dependent stress-deformation response 
is attributed only to the AC layer. 

A summary sheet for each test is provided in the Appendix. The test data sheets summarizes the 
Mr-comp, and the backcalculated E’AC, Mr-Base, and Mr-SG values for each load step. The 
backcalculated E’AC values at the in situ temperatures and the corrected values at the standard 
reference temperature of 68oC per AASHTO (1993) are presented in the summary sheets. The 
temperature corrections were performed using the measured mid-depth AC layer temperatures. 
The predicted mid-depth AC layer temperatures are provided in the summary sheet for reference, 
and were calculated using the BELLS2 equation. The temperature corrected E’AC values were 
used to fit the frequency and cyclic stress dependent model (Eq. 5), and the regression 
coefficients of the model are included in each summary sheet.  

Table 5 summarizes the frequency and stress dependent model parameters, and the calculated 
E’AC values at selected frequency (1.59 Hz) and cyclic stress (70 psi). As noted earlier in the 
report, the 1.59 Hz frequency represents a traffic speed of 55 mph and the 70 psi cyclic stress 
was selected to match with the field conditions in developing the AASHTO (1993) design ESAL 
calculation (Eq. 11).  On average, the measured versus predicted E’AC showed a standard error of 
about 4.7% and an average coefficient of determination (R2) value of 0.981, suggesting that the 
model parameters provide a statistically significant and quality fit to the experimental data.  

The E’AC values summarized in Table 5 shows an average value of 1.32 million ksi for 70 psi 
cyclic stress and loading frequency of 1.59 Hz, and ranged between 1.04 and 1.58 million ksi 
with a coefficient of variation (COV) of 21%. The variability observed in the E’AC values can be 
partly attributed to the variability in the support conditions as reflected in the Mr-Base and Mr-SG 
values, as summarized in Table 6.  

The backcalculated Mr-Base and Mr-SG values summarized in Table 6 indicate the measurements 
are stress-dependent, as expected. A stress-dependent constitutive model can be fit to the data for 
use in design, but requires additional loading cycles at multiple stress levels, and is beyond the 
scope of this study. The COV of the Mr-Base and Mr-SG values ranged between 28% and 34%.  
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Table 5: Summary of dynamic modulus values and the stress-frequency dependent model 
parameters 

  
3' )( cyclicrAC cfbaE    E’

AC (psi) 
[fr = 1.59 Hz,  
cyclic = 70 psi] Point a b c R2 Std. Error (psi) 

1 37,844 780,268 0.0393 0.972 61,555 1,035,219 

2 71,733 1,174,337 0.0674 0.982 74,046 1,575,624 

3 47,238 1,002,347 0.0873 0.988 51,238 1,341,090 

Average 52,272 985,651 0.065 0.981 62,280 1,317,311 

COV 33% 20% 37% 1% 18% 21% 

 
The variability observed in the Mr-Base and Mr-SG values was confirmed in the DCP test results. A 
summary sheet for each DCP test is included in the Appendix. The results show that the average 
CBR of the top 12 in. of the subgrade layer at the three test locations varied between 3.0 and 16, 
and the CBR of the granular base layer varied between 54 and 114.  

Table 6: Summary of backcalculated foundation layer Mr values 

  
Mr-Base  (psi) @ cyclic stresses applied on 

the AC layer 
Mr-SG (psi) @ cyclic stresses applied on the 

AC layer 
Point cyclic = 135 psi 95 psi 75 psi cyclic = 135 psi 95 psi 75 psi 

1 15,107 16,221 18,472 11,341 10,156 11,233 

2 27,974 30,586 37,228 20,113 19,913 22,466 

3 21,443 21,366 28,138 16,576 16,653 18,410 

Average 21,508 22,724 27,946 16,010 15,574 17,369 

COV 30% 32% 34% 28% 32% 33% 

 
The Mr-Base values summarized in the Appendix and in Table 6 were backcalculated assuming a 
fully bonded interface between the AC layer and the granular base layer. The Mr-Base values for 
an unbonded case were also calculated for comparison and were about 3 to 3.7 times higher, but 
showed minimal impact (< 1%) on the EAC values. Only results for the fully bonded case are 
reported herein.   

4.2 ESAL Predictions using AASHTO (1993)  

The number of ESALs are calculated using the AASHTO (1993) flexible pavement design 
method, per Eq. (11) for the three test points, and are summarized in Table 7. The EAC, EBS, and 
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MR used in the calculations are all determined for an applied cyclic stress of 70 psi at the surface 
(the EAC values are corrected for  reference temperature of 68oF). R = 95%, So = 0.35, and ∆PSI = 
1.7 are assumed in the calculations. ESAL calculations were performed using the measured 
subgrade MR values as well as assuming a 50% reduction in the MR values to account for future 
saturation at the three test locations.  

Table 7: Summary of AASHTO (1993) design ESAL predictions 

Point MR (psi) 
EBS 
(psi) EAC (psi) a2 a1 SN 

W18 
(Million 
ESALs) 

ESAL calculations based on existing ACE fiber reinforced AC and foundation layer moduli 

1 10,408 17,237 1,035,219 0.08 0.58*  
0.54§ 

4.42 
4.13 

9.8 
6.3 

2 21,345 33,640 1,575,624 0.15 0.66* 
0.54§ 

5.47 
4.71 

227.4 
79.8 

3 17,595 24,884 1,341,090 0.12 0.63* 
0.54§ 

5.03 
4.45 

79.7 
34.8 

Average 
[ACE Fiber 

reinforced AC] 
16,449 22,722 1,317,311 0.12 0.63* 

0.54§ 
5.02 
4.46 

67.5 
30.3 

Average 
[Unreinforced AC] 16,449 22,722 450,000 0.12 0.44‡ 3.83 11.2 

MR (subgrade) values reduced by 50% to account for future saturation 

1 5,204 17,237 1,035,219 0.08 0.58*  
0.54§ 

4.42* 
4.13§ 

2.0 
1.3 

2 10,673 33,640 1,575,624 0.15 0.66* 
0.54§ 

5.47* 
4.71§ 

45.5 
16.0 

3 8,798 24,884 1,341,090 0.12 0.63* 
0.54§ 

5.03* 
4.45§ 

16.0 
7.0 

Average 
[ACE Fiber 

reinforced AC] 
8,225 22,722 1,317,311 0.12 0.63* 

0.54§ 
5.02* 
4.46§ 

13.5 
6.1 

Average 
[Unreinforced AC] 8,225 22,722 450,000 0.12 0.44‡ 3.83 2.25 

*a1 value calculated based on Eq. (13). 
§a1 value capped at 0.54 per Timm et al. (2014). 
‡a1 value capped at 0.44 per AASHTO (1993) corresponding to EAC = 450,000 psi. 

The structural layer coefficient values a1 for the AC layer and a2 for the base layer were 
calculated using Eq. (13) and Eq. (14), respectively. The SN value was calculated using Eq. (14). 
The actual calculated a1 value per Eq. (13), the maximum value of 0.54 recommended by Timm 
et al. (2014), and the maximum value of 0.44 (corresponding to EAC = 450 ksi) shown in 
AASHTO (1993) are shown in Table 9. ESAL calculations are performed using all three values.  
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Results from the three test points produced an average a1 of 0.63 for the ACE fiber reinforced 
AC layer, which resulted in an average of 67.5 million ESALs. Using a1 = 0.54 (maximum value 
currently in use in practice) showed an average 30.3 million ESALs. Considering a1 = 0.44 
which represents an unreinforced AC layer and keeping all other input parameters constant, the 
number of ESALs is calculated as 11.2 million.  

ESAL calculations showed that compared to an unreinforced AC layer case (a1 = 0.44), the ACE 
fiber reinforced AC layer (a1 = 0.63) increased the average number of ESALs by about 6 times.  

Another important observation to note in the results is the impact of the subgrade layer MR value 
on the ESAL calculation. Keeping all other parameters the same, a 50% reduction in the 
subgrade layer MR value (a design practice to account for future saturation) reduced the number 
of ESALs by about 80%. Also, results showed that higher the subgrade layer MR values, higher 
the base layer moduli values at the three test locations. These results emphasize the importance 
of building-in high quality and uniform support conditions at the subgrade level to ensure 
optimized pavement system performance. 

4.3 Repeated Load Creep  

A summary sheet was prepared for each of the 10,000 cycle repeated load creep test showing the 
permanent deformation model parameters (C and d), the number of cycles (N*) to achieve near-
linear elastic p rate limit (p = 1E-06 in./cycle), p at N*, and number of cycles (N) to achieve 
a p = 0.05 to 0.1 in., and is included in Appendix. These results are summarized in Table 8.  
 

Table 8: Summary of permanent deformation prediction parameters from 10,000 cycle 
repeated load creep test 

Test 
Point 

cyclic 
(psi) C d R2 

p (in.) 
at end 
of test 

p (in.) 
at N* 

Adj. 
p  

(in.) at 
N* 

N* at p 
= 1.0 E-06 

in./cycle 

N at
p = 0.50 in. 

(Cycles) 

1 135.3 0.0135 0.2002 0.989 0.083 19,505 0.097 0.084 > 10,000,000 

2 136.6 0.0029 0.2800 0.981 0.036 11,095 0.040 0.037 > 10,000,000 

3 135.9 0.0025 0.2058 0.973 0.017 2,572 0.013 0.010 > 10,000,000 

Average 135.9 0.0063 0.229 0.981 0.045 11,057 0.050 0.044 > 10,000,000 

 
Results showed that p at the end of the test averaged about 0.05 in. and ranged between 0.02 and 
0.08 in. Forecasting power models show that at all three test locations the number of loading 
cycles to achieve 0.5 inch permanent deformation (i.e., definition of “rut”) are greater than 10 
million cycles.  

N* values averaged about 11k cycles and ranged between 2.6 and 19.5 k cycles. Adjusted p  
values at N* are provided in Table 7, which are calculated by subtracting the permanent 
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deformation for the initial cycle of loading. The adjusted p values at N* ranged between 0.08 
and 0.01 in. and averaged about 0.044 in.   
 
Tertiary flow was not observed in any of the three tests, therefore flow number (FN) could not be 
calculated. 

4.4 Static Creep (Flat Plate) 

A summary sheet was prepared for each of static load creep test showing the permanent 
deformation model parameters (C and d), the loading time (T*) to achieve near-linear elastic p 
rate limit (p = 1E-06 in./sec), p at T*, and time (T) to achieve a p = 0.05 to 0.1 in., and is 
included in Appendix. These results are summarized in Table 9.  
 
Table 9: Summary of permanent deformation prediction parameters from static load (150 

psi) creep test 

Test 
Point C d R2 

p 
(in.) 

at end 
of test 

p 
(in.) 

at T* 

Adj. 
p  

(in.) 
at T* 

T* 
(minutes) 

at p = 
1.0 E-06 

in./sec 

T at
p = 0.50 in. 

(minutes) 

1 0.0346 0.1448 0.910 0.186 354 0.147 0.112 1,690,256 

2 0.0024 0.1217 0.957 0.104 149 0.074 0.049 >> 10,000,000 

3 0.0332 0.1053 0.979 0.124 152 0.087 0.054 >> 10,000,000 

Average 0.0234 0.123933 0.948667 0.138 218 0.103 0.072 >> 10,000,000 

 
Results showed that p at the end of the test averaged about 0.14 in. and ranged between 0.10 and 
0.19 in. Forecasting power models show that at all three test locations the number of loading 
cycles to achieve 0.5 inch permanent deformation (i.e., definition of “rut”) are greater than 
25,000 hours for all tests. The test with the highest permanent deformation (Test Point 1) 
corresponds with the location of the lowest subgrade resilient modulus. 

T* values averaged about 218 minutes and ranged between 149 and 354 minutes. Adjusted p  
values at T* are provided in Table 8, which are calculated by subtracting the intercept C. The 
adjusted p values at T* ranged between 0.05 and 0.11 in. and averaged about 0.07 in.   

The static loading tests demonstrated resilient behavior during un-loading from the 250 psi 
where the deformation after loading from 150 psi to 250 psi was fully recovered. This behavior 
documents that the fiber reinforced AC stores energy during loading (energy is not dissipated in 
plastic deformation), which partially explains how the fibers can potentially help resist 
deformation.  
 
Tertiary flow was not observed in any of the three tests, therefore flow time (FT) could not be 
calculated. 
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4.5 Static Creep (Dome Plate) and Radial Cracking 

A summary sheet was prepared for the static creep test using the 4 in. spherical dome plate and is 
included in the Appendix.  The test was performed by applying a constant load of 15,000 lbs. and 
the plate deformations and the rate of deformations were constantly monitored over a period of 
about 8 min. A picture of the indentation after the test is shown in Figure 9. No radial tension 
cracks were observed around the indentation. A prior test in unreinforced HMA at another 
location showed radial cracks under similar loading conditions. The observation of no radial 
cracks in this test can be partly attributed to the improved shear resistance in the fiber reinforced 
AC mixtures, which was also noted by Kaloush et al. (2010) based on laboratory testing.  
 
 

4 in.

no radially tension cracks observed
 

Figure 9: Picture of indentation after the 4 in. spherical dome test. 
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5 SUMMARY  

In this study, results from in situ testing performed on September 14-15, 2016 in a “medium 
duty” test section at the Love’s Travel Stop in Sadieville, KY are presented. The test section 
consisted of 2 in. of fiber reinforced AC surface course layer, 4.5 in. of fiber reinforced AC base 
course layer, 8 in. of dense graded aggregate base layer, Type 2 geogrid, and subgrade. The ACE 
fibers used in the AC layer are supplied by BreakThrough technologies, LLC and consist of 
aramid fibers that are wax binded and cut in lengths of 0.75 in. with over 4,000 individual fibers 
bundled together. According to BreakThrough technologies, LLC quickly in the asphalt mixing 
process, the wax binder becomes completely soluble in the liquid asphalt or asphalt binder and 
the individual strands of aramid fibers are released to uniformly blend throughout the asphalt  
mix. 

Ingios Geotechnics Inc., developed an APLT field testing and data analysis program to 
characterize the in situ dynamic modulus (EAC) of the fiber reinforced asphalt concrete (AC) 
layer, Mr of the base and subgrade layers, and repeated and static load creep or permanent 
deformation (p) properties of the fiber reinforced AC layer.  

Four types of tests were performed. Test A involved cyclic tests using a 12 in. diameter flat plate 
using sinusoidal loading at frequencies ranging between 1.4 Hz (1 cycle every 0.7 seconds) to 
0.1 Hz (1 cycle every 100 seconds) and measuring plate deflections and pavement surface  
deflections at selected radial distances (1.33 x, 2 x, and 3 x radius) from the plate center. Results 
were used to determine Mr-Comp, E’AC, Mr-Base, and Mr-SG values. Test B involved 10,000 cycle 
tests using a 6 in. diameter flat plate, where plate deformations were monitored (no surface 
deflections away from the plate). Test C involved static plate load tests using a 6 in. diameter flat 
plate setup using a constant stress of about 150 psi, increasing the stress to about 250 psi, and 
followed by unloading to 0 psi contact stress. Plate deformations were continuously monitored 
during the loading and unloading period. Test D involved a static plate load test with 4 in. 
diameter spherical dome plate using a constant load of 15,000 lbs. at one test location. The 
constant load was maintained for about 8 minutes and the load was released. Plate deformations 
were continuously monitored during the loading and unloading period. Photo graphs were used 
to document the surface condition with special attention for formation of radial tension cracks. 
 
The key findings from Test A cyclic APLTs are as follows: 
 

 The in situ backcalculated and temperature corrected AC layer moduli (E’AC) values 
averaged about 1.32 million ksi for 70 psi cyclic stress and loading frequency of 1.59 Hz, 
and ranged between 1.04 and 1.58 million ksi with a COV of 21%. The variability 
observed in the E’AC values can be partly attributed to the variability in the support 
conditions as reflected in the Mr-Base and Mr-SG values. 

 The backcalculated Mr-Base and Mr-SG values are stress-dependent, as expected. A stress-
dependent constitutive model can be fit to the data, but requires additional loading cycles 
at multiple stress levels, and is beyond the scope of this study. The COV of the Mr-Base 
and Mr-SG values ranged 28% and 34% for the different applied stresses.  
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 The variability observed in the Mr-Base and Mr-SG values is also confirmed in the DCP test 
results. The DCP tests showed an average CBR of the top 12 in. of the subgrade layer at 
the three test locations varied between 3.0 and 16, and the CBR of the base layer varied 
between 54 and 114.  

The results obtained from Test A were used to perform traffic calculations (ESALs) using the 
AASHTO (1993) flexible pavement design empirical equation. The AC layer and the foundation 
layer moduli values used in the calculations are all determined for an applied cyclic stress of 70 
psi at the surface (corrected for reference temperature of 68oF). Design reliability of 95%, 
standard deviation of 0.35, and change in serviceability index of 1.7 are assumed in the 
calculations. ESAL calculations were performed using the measured subgrade MR values as well 
as assuming a 50% reduction in the MR values to account for future saturation at the three test 
locations. The key findings from this analysis are as follows: 
 

 Results and analysis from three test points produced an average structural layer 
coefficient for the fiber reinforced AC layer (a1) of 0.63 and an average of 67.5 million 
ESALs. Using a1 = 0.54 (maximum value currently in use in practice) showed an average 
30.3 million ESALs. 

 Considering a1 = 0.44 which represents an unreinforced AC layer and keeping all other 
input parameters constant, the number of ESALs is calculated as 11.2 million.  

 ESAL calculations showed that compared to an unreinforced AC layer case (a1 = 0.44), 
the ACE fiber reinforced AC layer (a1 = 0.63) increased the average number of ESALs 
by about 6 times.  

 Keeping all other input parameters the same, a 50% reduction in the subgrade layer MR 
value (a design practice to account for future saturation) reduced the number of ESALs 
by about 80%. This finding emphasizes the importance of constructing high quality and 
uniform support conditions at the subgrade level to ensure optimized pavement system 
performance. 

 

The key findings from Test B repeated load creep tests and Test C static load creep tests are as 
follows: 

 Results showed that p at the end of 10,000 cycles (with cyclic stress of 135 psi and 
maximum stress of 150 psi) averaged about 0.05 in. and ranged between 0.02 and 0.08 in. 
Forecasting power models show that at all three test locations the number of loading 
cycles to achieve 0.5 inch permanent deformation (i.e., definition of “rut”) are greater 
than 10 million cycles.  

 The number of cycles (N*) to achieve near-linear elastic p rate limit (p = 1E-06 
in./cycle) values averaged about 11k cycles and ranged between 2.6 and 19.5 k cycles.  

 Tertiary flow was not observed in any of the three repeated load creep tests, therefore 
flow number could not be calculated. 
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 Results showed that p at the end the static creep test with applied contact stress of 150 
psi averaged about 0.14 in. and ranged between 0.10 and 0.19 in. Forecasting power 
models show that at all three test locations the number of loading cycles to achieve 0.5 
inch permanent deformation (i.e., definition of “rut”) are greater than 25,000 hours for all 
tests.  

 The loading time (T*) to achieve near-linear elastic p rate limit (p = 1E-06 in./sec) 
averaged about 218 minutes and ranged between 149 and 354 minutes.    

 The static loading tests demonstrated resilient behavior during un-loading from 250 psi to 
0 psi where the deformation after loading from 150 to 250 psi was fully recovered. This 
behavior documents that the fiber reinforced AC stores energy during loading (energy is 
not dissipated in plastic deformation), which partially explains how the fibers can 
potentially help resist deformation.  

 Tertiary flow was not observed in any of the three static tests, therefore flow time could 
not be calculated. 

 
The key findings from Test dome static load creep tests are as follows: 

 Static creep test using a 4 in. diameter spherical dome plate using 15,000 lbs. constant 
load was conducted which produced an indentation in the fiber reinforced AC layer. No 
radial tension cracks were developed around the indentation. The observation of no radial 
cracks in this test can be partly attributed to the improved shear resistance in the fiber 
reinforced AC mixtures.  
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APPENDIX: APLT AND DCP TEST RESULTS AND ANALYSIS 



Test:

Date: Time: Test ID

Tested By Location: Sta.

Latitude,N: Longitude,W: Elev. (ft):

Comments:

Step N Frequency (Hz)

scyclic         

[psi] Mr-Comp. [psi]

Back-Calc. 

Dyn. E [ksi]

Temp. Corr.
1 

Dyn. E [ksi]

Back-Calc.
2 

Mr-Base [psi]

Back-Calc.
2 

Mr-SG [psi]

1 250 1.439 133.45               67,074              755,872           1,021,449    

2 250 0.848 130.36               63,442              630,393           851,882       

3 25 0.102 127.53               51,931              325,514           439,884       

4 6 0.009 127.43               43,228              157,904           213,384       

5 250 1.429 95.48                 61,861              698,833           944,369       

6 250 0.844 92.17                 56,999              531,016           717,589       

7 25 0.099 90.13                 44,900              233,704           315,816       

8 6 0.011 90.06                 36,712              103,016           139,211       

9 250 1.433 49.29                 69,602              810,513           1,095,288    

10 250 0.836 46.90                 62,306              584,751           790,204       

11 25 0.098 45.31                 45,087              180,333           243,693       

12 6 0.011 45.31                 35,134              68,570             92,662         

1 - Temperature correction based on AASHTO 1993 Pavement Design Guide Figure L5.4 using measured mid-depth asphalt layer temperature.

2 - Back-calculated layer moduli values assuming fully bonded HMA/aggregate base layer interface and aggregate base/subgrade interface. 

Temperature Measurements (
o
F):

Mid-Depth Meas. 98.5

Air-Temp. Meas. 71.5

Surf.Temp.Meas. 92.0

Prev. 1-day Mean 73.0

Mid-Depth Pred. 93.5

Parameter Value

a 37,843.7

b 780,267.6

c 0.0393456

R
2
 Adj. 0.972

Std. Error, psi 61,555

Frequency [Hz] E [psi]

0.80 747,485

1.59 1,035,219

Project Name: Love's Travel Stop

Project ID: BreakThrough Technologies

Location: 313 Porter Road I-75 Exit 136, Sadieville, KY 40370

38.381888 84.573185 913
Test performed in medium duty test section with nominal 2 in. asphalt surface course, 4.5 in. asphalt base 

course, 8 in. dense graded aggregate, and geogrid over subgrade. ACE fibers in aspahlt layers. 12 in. dia. flat plate.

DW/PV/BF pt. 1 NA

Automated Plate Load Test [APLT]
In-situ HMA Dynamic Modulus Test: Cyclic Loading, Frequency, and Stress-Dependent [12 in. dia. Plate]

9/14/2016 10:23:28 PM Layer_12in._pt1

In-situ HMA Dynamic Modulus Testing: Cyclic Loading, Frequency and Stress-Dependent

15,107        

16,221        
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11,233        

Cyclic Stress and Frequency 

Dependent In-situ HMA 

Dynamic Modulus Model:

y = 1.000x
R² = 0.977
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′ = 𝑎 + 𝑏 𝑓𝑟 + 𝑐(𝜎𝑐𝑦𝑐𝑙𝑖𝑐)

3



Test:

Date: Time: Test ID

Tested By Location: Sta.

Latitude,N: Longitude,W: Elev. (ft):

Comments:

Step N Frequency (Hz)

scyclic         

[psi] Mr-Comp. [psi]

Back-Calc. 

Dyn. E [ksi]

Temp. Corr.
1 

Dyn. E [ksi]

Back-Calc.
2 

Mr-Base [psi]

Back-Calc.
2 

Mr-SG [psi]

1 250 1.441 134.34               120,449           1,274,936       1,593,670    

2 250 0.847 131.29               112,173           1,089,218       1,361,523    

3 25 0.098 127.52               90,551              533,126          666,408       

4 6 0.010 127.36               73,992              240,364          300,455       

5 250 1.435 94.90                 114,514           1,148,876       1,436,095    

6 250 0.844 93.48                 106,738           905,105          1,131,381    

7 25 0.102 90.22                 84,745              410,476          513,095       

8 6 0.011 90.00                 69,787              186,255          232,819       

9 250 1.436 49.49                 130,426           1,294,458       1,618,073    

10 250 0.843 46.87                 118,822           942,413          1,178,016    

11 25 0.100 45.35                 89,459              347,013          433,766       

12 6 0.009 45.30                 67,950              125,002          156,253       

1 - Temperature correction based on AASHTO 1993 Pavement Design Guide Figure L5.4 using measured mid-depth asphalt layer temperature.

2 - Back-calculated layer moduli values assuming fully bonded HMA/aggregate base layer interface and aggregate base/subgrade interface. 

Temperature Measurements (
o
F):

Mid-Depth Meas. 95.1

Air-Temp. Meas. 69.5

Surf.Temp.Meas. 84.9

Prev. 1-day Mean 73.0

Mid-Depth Pred. 85.1

Parameter Value

a 71,733.1

b 1,174,337.3

c 0.067370

R
2
 Adj. 0.982

Std. Error, psi 74,046

Frequency [Hz] E [psi]

0.80 1,142,571

1.59 1,575,624

Project Name: Love's Travel Stop

Project ID: BreakThrough Technologies

Location: 313 Porter Road I-75 Exit 136, Sadieville, KY 40370

27,974        20,113        

Automated Plate Load Test [APLT]
In-situ HMA Dynamic Modulus Test: Cyclic Loading, Frequency, and Stress-Dependent [12 in. dia. Plate]

9/14/2016 11:45:16 PM Layer_12in._pt2

DW/PV/BF pt. 2 NA

38.381848 84.573185 938
Test performed in medium duty test section with nominal 2 in. asphalt surface course, 4.5 in. asphalt base 

course, 8 in. dense graded aggregate, and geogrid over subgrade. ACE fibers in aspahlt layers. 12 in. dia. flat plate.

In-situ HMA Dynamic Modulus Testing: Cyclic Loading, Frequency and Stress-Dependent

30,586        19,913        

37,228        22,466        

Cyclic Stress and Frequency 

Dependent In-situ HMA 

Dynamic Modulus Model:

y = 1.000x
R² = 0.986
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3



Test:

Date: Time: Test ID

Tested By Location: Sta.

Latitude,N: Longitude,W: Elev. (ft):

Comments:

Step N  Frequency (Hz)

scyclic         

[psi] Mr-Comp. [psi]

Back-Calc. 

Dyn. E [ksi]

Temp. Corr.
1 

Dyn. E [ksi]

Back-Calc.
2 

Mr-Base [psi]

Back-Calc.
2 

Mr-SG [psi]

1 250 1.437 133.97               98,956              1,149,427       1,473,624    

2 250 0.846 130.76               91,926              905,884          1,161,390    

3 25 0.117 127.60               75,661              477,751          612,501       

4 6 0.009 127.31               63,566              239,017          306,432       

5 250 1.430 95.47                 93,502              949,307          1,217,060    

6 250 0.847 94.18                 88,732              801,953          1,028,145    

7 25 0.122 90.19                 69,425              356,670          457,269       

8 6 0.009 89.92                 57,687              171,009          219,242       

9 250 1.439 49.20                 105,739           1,060,200       1,359,231    

10 250 0.844 47.01                 95,868              759,364          973,544       

11 25 0.114 45.31                 73,053              298,299          382,435       

12 6 0.010 45.24                 56,013              110,648          141,856       

1 - Temperature correction based on AASHTO 1993 Pavement Design Guide Figure L5.4 using measured mid-depth asphalt layer temperature.

2 - Back-calculated layer moduli values assuming fully bonded HMA/aggregate base layer interface and aggregate base/subgrade interface. 

Temperature Measurements (
o
F):

Mid-Depth Meas. 92.1

Air-Temp. Meas. 68.6

Surf.Temp.Meas. 82.0

Prev. 1-day Mean 73.0

Mid-Depth Pred. 81.2

Parameter Value

a 47,238.0

b 1,002,346.8

c 0.08729

R
2
 Adj. 0.988

Std. Error, psi 51,238

Frequency [Hz] E [psi]

0.80 971,461

1.59 1,341,090

Project Name: Love's Travel Stop

Project ID: BreakThrough Technologies

Location: 313 Porter Road I-75 Exit 136, Sadieville, KY 40370

21,443        16,576        

Automated Plate Load Test [APLT]
In-situ HMA Dynamic Modulus Test: Cyclic Loading, Frequency, and Stress-Dependent [12 in. dia. Plate]

9/15/2016 1:18:55 AM Layer_12in._pt3

DW/PV/BF pt. 3 NA

38.381840 84.573185 905
Test performed in medium duty test section with nominal 2 in. asphalt surface course, 4.5 in. asphalt base 

course, 8 in. dense graded aggregate, and geogrid over subgrade. ACE fibers in aspahlt layers. 12 in. dia. flat plate.

In-situ HMA Dynamic Modulus Testing: Cyclic Loading, Frequency and Stress-Dependent

21,366        16,653        

28,138        18,410        

Cyclic Stress and Frequency 

Dependent In-situ HMA 

Dynamic Modulus Model:

𝐸∗′ = 𝑎 + 𝑏 𝑓𝑟 + 𝑐(𝜎𝑐𝑦𝑐𝑙𝑖𝑐)
3

y = 1.000x
R² = 0.991
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Test:

Date: Time: Test ID

Tested By Location: Sta.

Latitude: Longitude, W: Elev. (ft):

Comments:

M r-comp= 110,335        psi [Average of the last 50 cycles]

scyclic = 135.3            psi

Model: 

Permanent Deformation Prediction Parameters dp = permanent deformation

C = 0.0135 C  = plastic deformation after first cycle

d = 0.2002 d  = scaling component

R2 = 0.9891 N  = Number of loading cycles

N* = Number of loading cycles at Ddp = 1E-06 in./cycles 

N* = 19,505          Cycles Adj. dp at N* = dp at N* ─ C

dp at N* = 0.0974          in. N x = Number of loading cycles to achieve dp of x in.

Adj. dp at N* = 0.0839          in.

N 0.05 = 697 Cycles

N 0.1 = 22,224 Cycles

N 0.15 = 168,396 Cycles

N 0.20 = 708,528 Cycles

N 0.25 = 2,159,680 Cycles

N 0.30 = 5,368,743 Cycles

N 0.40 = >>10,000,000 Cycles

N 0.50 = >>10,000,000 Cycles

Project Name: Love's Travel Stop

Project ID: BreakThrough Technologies

Location: 313 Porter Road I-75 Exit 136, Sadieville, KY 40370

In-situ Resilient Modulus [Mr] and Permanent Deformation [dp]: Cyclic Loading

38.381865 84.573153 944

Test performed in medium duty test section with nominal 2 in. asphalt surface course, 4.5 in. asphalt base 

course, 8 in. dense graded aggregate, and geogrid over subgrade. ACE fibers in aspahlt layers. 6 in. diameter flat plate. 

DW/BF/PV Sadieville, KY NA

Automated Plate Load Test [APLT]
In-situ Resilient Modulus [Mr]: Cyclic Loading, 10,000 cycles, Composite [Cyclic Stress = 135 psi]

9/14/2016 7:50:55 PM Cyclic_6inch_flat_1
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Test:

Date: Time: Test ID

Tested By Location: Sta.

Latitude: Longitude, W: Elev. (ft):

Comments:

M r-comp= 209,295        psi [Average of the last 50 cycles]

scyclic = 136.6            psi

Model: 

Permanent Deformation Prediction Parameters dp = permanent deformation

C = 0.0029 C  = plastic deformation after first cycle

d = 0.2800 d  = scaling component

R2 = 0.9811 N  = Number of loading cycles

N* = Number of loading cycles at Ddp = 1E-06 in./cycles 

N* = 11,095          Cycles Adj. dp at N* = dp at N* ─ C

dp at N* = 0.0396          in. N x = Number of loading cycles to achieve dp of x in.

Adj. dp at N* = 0.0367          in.

N 0.05 = 25,462 Cycles

N 0.1 = 302,631 Cycles

N 0.15 = 1,287,542 Cycles

N 0.20 = 3,596,965 Cycles

N 0.25 = 7,980,248 Cycles

N 0.30 = >>10,000,000 Cycles

N 0.40 = >>10,000,000 Cycles

N 0.50 = >>10,000,000 Cycles

Project Name: Love's Travel Stop

Project ID: BreakThrough Technologies

Location: 313 Porter Road I-75 Exit 136, Sadieville, KY 40370

In-situ Resilient Modulus [Mr] and Permanent Deformation [dp]: Cyclic Loading

38.381865 84.573177 912

Test performed in medium duty test section with 2 in. asphalt surface course, 4.5 in. asphalt base course, 

8 in. dense graded aggregate, and geogrid over subgrade. ACE fibers in aspahlt layers. 6 in. diameter flat plate. 

DW/BF/PV Sadieville, KY NA

Automated Plate Load Test [APLT]
In-situ Resilient Modulus [Mr]: Cyclic Loading, 10,000 cycles, Composite [Cyclic Stress = 135 psi]

9/14/2016 6:35:20 PM Cyclic_6inch_flat_2
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Test:

Date: Time: Test ID

Tested By Location: Sta.

Latitude: Longitude, W: Elev. (ft):

Comments:

M r-comp= 141,320        psi [Average of the last 50 cycles]

scyclic = 135.9            psi

Model: 

Permanent Deformation Prediction Parameters dp = permanent deformation

C = 0.0025 C  = plastic deformation after first cycle

d = 0.2058 d  = scaling component

R2 = 0.9725 N  = Number of loading cycles

N* = Number of loading cycles at Ddp = 1E-06 in./cycles 

N* = 2,572            Cycles Adj. dp at N* = dp at N* ─ C

dp at N* = 0.0125          in. N x = Number of loading cycles to achieve dp of x in.

Adj. dp at N* = 0.0100          in.

N 0.05 = 2,167,659 Cycles

N 0.1 = >>10,000,000 Cycles

N 0.15 = >>10,000,000 Cycles

N 0.20 = >>10,000,000 Cycles

N 0.25 = >>10,000,000 Cycles

N 0.30 = >>10,000,000 Cycles

N 0.40 = >>10,000,000 Cycles

N 0.50 = >>10,000,000 Cycles

Project Name: Love's Travel Stop

Project ID: BreakThrough Technologies

Location: 313 Porter Road I-75 Exit 136, Sadieville, KY 40370

In-situ Resilient Modulus [Mr] and Permanent Deformation [dp]: Cyclic Loading

38.381823 84.573153 928

Test performed in medium duty test section with 2 in. asphalt surface course, 4.5 in. asphalt base course, 

8 in. dense graded aggregate, and geogrid over subgrade. ACE fibers in aspahlt layers. 6 in. diameter flat plate. 

DW/BF/PV Sadieville, KY NA

Automated Plate Load Test [APLT]
In-situ Resilient Modulus [Mr]: Cyclic Loading, 10,000 cycles, Composite [Cyclic Stress = 135 psi]

9/14/2016 5:15:48 PM Cyclic_6inch_flat_3
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Test:

Date: Time: Test ID

Tested By Location: Sta.

Latitude: Longitude, W: Elev. (ft):

Comments:

Rebound Ratio = 131%

Permanent Deformation Prediction Parameters

Based on 150 psi loading Perm. Deformation Model: 

C = 0.0346 dp = permanent deformation

d = 0.1448 C  = plastic deformation in first few seconds

R2 = 0.9102 d  = scaling component

T = loading time

T* = 354                  Min. T* = loadig time at Ddp = 1E-06 in./sec

dp at T* = 0.1466             in. Adj. dp at T* = dp at T* ─ C

Adj. dp at T* = 0.1120             in. T x = loading time to achieve dp of x in.

T 0.05 = 0.2 Min.

T 0.1 = 25 Min.

T 0.15 = 415 Min.

T 0.20 = 3,022 Min.

T 0.25 = 14,107 Min.

T 0.30 = 49,678 Min.

T 0.40 = 362,095 Min.

T 0.50 = 1,690,256 Min.

Mid-Depth Temp. = 85 to 90
o
F

Project Name: Love's Travel Stop

Project ID: BreakThrough Technologies

Location: 313 Porter Road I-75 Exit 136, Sadieville, KY 40370

Static Creep Test: Permanent Deformation [dp] and Deformation Rate [drate] Monitoring

38.381888 84.573160 933

Test performed in medium duty test section with nominal 2 in. asphalt surface course, 4.5 in. asphalt base 

course, 8 in. dense graded aggregate, and geogrid over subgrade. ACE fibers in aspahlt layers. 6 in. diameter flat plate. 

DW/BF/PV Sadieville, KY NA

Automated Plate Load Test [APLT]
Static Creep Test [2 steps: 150 psi and 250 psi]

9/14/2016 8:43:05 AM Static_6inch_flat_1

-0.0020

-0.0015

-0.0010

-0.0005

0.0000

0.0005

0.0010

0.0015

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2

0 2000 4000 6000 8000

D
e
fo

rm
a

ti
o

n
 R

a
te

, 
D

d
p

[i
n

./
m

in
]

P
e
rm

a
n
e
n
t 

D
e
fo

rm
a
ti
o
n

, 
d

p
[i
n
.]

Time, Sec

Permanent [in.]

Rate of Def. [in./min]

150 psi

250 psi 0 psi

𝛿𝑝 = 𝐶𝑇𝑑



Test:

Date: Time: Test ID

Tested By Location: Sta.

Latitude: Longitude, W: Elev. (ft):

Comments:

Rebound Ratio = 113%

Permanent Deformation Prediction Parameters

Based on 150 psi loading Perm. Deformation Model: 

C = 0.0243 dp = permanent deformation

d = 0.1217 C  = plastic deformation in first few seconds

R2 = 0.9568 d  = scaling component

T = loading time

T* = 149                  Min. T* = loadig time at Ddp = 1E-06 in./sec

dp at T* = 0.0735             in. Adj. dp at T* = dp at T* ─ C

Adj. dp at T* = 0.0492             in. T x = loading time to achieve dp of x in.

T 0.05 = 6.3 Min.

T 0.1 = 1,873 Min.

T 0.15 = 52,363 Min.

T 0.20 = 556,375 Min.

T 0.25 = 3,479,065 Min.

T 0.30 = >>10,000,000 Min.

T 0.40 = >>10,000,000 Min.

T 0.50 = >>10,000,000 Min.

Mid-Depth Temp. = 91 to 99
o
F

Project Name: Love's Travel Stop

Project ID: BreakThrough Technologies

Location: 313 Porter Road I-75 Exit 136, Sadieville, KY 40370

Static Creep Test: Permanent Deformation [dp] and Deformation Rate [drate] Monitoring

38.381848 84.573168 920

Test performed in medium duty test section with nominal 2 in. asphalt surface course, 4.5 in. asphalt base 

course, 8 in. dense graded aggregate, and geogrid over subgrade. ACE fibers in aspahlt layers. 6 in. diameter flat plate. 

DW/BF/PV Sadieville, KY NA

Automated Plate Load Test [APLT]
Static Creep Test [2 steps: 150 psi and 250 psi]

9/14/2016 11:17:14 AM Static_6inch_flat_2
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Test:

Date: Time: Test ID

Tested By Location: Sta.

Latitude: Longitude, W: Elev. (ft):

Comments:

Rebound Ratio = 121%

Permanent Deformation Prediction Parameters

Based on 150 psi loading Perm. Deformation Model: 

C = 0.0332 dp = permanent deformation

d = 0.1053 C  = plastic deformation in first few seconds

R2 = 0.9789 d  = scaling component

T = loading time

T* = 152                  Min. T* = loadig time at Ddp = 1E-06 in./sec

dp at T* = 0.0868             in. Adj. dp at T* = dp at T* ─ C

Adj. dp at T* = 0.0536             in. T x = loading time to achieve dp of x in.

T 0.05 = 0.8 Min.

T 0.1 = 584 Min.

T 0.15 = 27,469 Min.

T 0.20 = 422,051 Min.

T 0.25 = 3,513,222 Min.

T 0.30 = >>10,000,000 Min.

T 0.40 = >>10,000,000 Min.

T 0.50 = >>10,000,000 Min.

Mid-Depth Temp. = 100 to 109
o
F

Project Name: Love's Travel Stop

Project ID: BreakThrough Technologies

Location: 313 Porter Road I-75 Exit 136, Sadieville, KY 40370

Static Creep Test: Permanent Deformation [dp] and Deformation Rate [drate] Monitoring

38.381820 84.573160 916

Test performed in medium duty test section with nominal 2 in. asphalt surface course, 4.5 in. asphalt base 

course, 8 in. dense graded aggregate, and geogrid over subgrade. ACE fibers in aspahlt layers. 6 in. diameter flat plate. 

DW/BF/PV Sadieville, KY NA

Automated Plate Load Test [APLT]
Static Creep Test [2 steps: 150 psi and 250 psi]

9/14/2016 1:48:32 PM Static_6inch_flat_3
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Test:

Date: Time: Test ID

Tested By Location: Sta.

Latitude: Longitude, W: Elev. (ft):

Comments:

Permanent Deformation Prediction Parameters

For portion with constant 15,000 lb load.

a = 0.0075 Perm. Deformation Model: 

b = 0.2141 dp = permanent deformation

R2 = 0.9998 a  = plastic deformation in first few seconds

b = scaling component

T 0.1 = 84 Sec T = loading time (subscript = permanent deformation [in.])

T 0.20 = 245 Sec

T 0.50 = 3,280 Sec

Mid-Depth Temp= 90
o
F

Project Name: Love's Travel Stop

Project ID: BreakThrough Technologies

Location: 313 Porter Road I-75 Exit 136, Sadieville, KY 40370

Static Creep Test - Dome Plate: Permanent Def. [dp] and Def. Rate [drate] Monitoring

38.381815 84.573168 909

Test performed in medium duty test section with nominal 2 in. asphalt surface course, 4.5 in. asphalt base 

course, 8 in. dense graded aggregate, and geogrid over subgrade. ACE fibers in aspahlt layers. 4 in. diameter dome plate.

DW/BF/PV Sadieville, KY NA

Automated Plate Load Test [APLT]
Static Creep Test_Dome Plate [15,000 lb target load]

9/15/2016 3:00:53 AM Static_6in_Dome_3
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Test:
Date: Time: Test ID
Tested By Location: Sta.
Latitude: Longitude, W: Elev. (ft):
Comments:

9/14/2016 9:32 85.5 79.5 83.8 89.4 73.0

9/14/2016 10:00 86.7 82.3 84.9 91.5 73.0

9/14/2016 10:30 88.6 85.6 86.4 94.0 73.0

9/14/2016 11:00 90.3 90.5 91.6 102.4 73.0

9/14/2016 11:30 91.1 92.0 95.4 108.1 73.0

9/14/2016 12:15 91.9 92.0 97.2 110.0 73.0

9/14/2016 12:45 94.4 92.0 100.3 114.0 73.0

9/14/2016 13:15 98.8 92.5 104.8 120.0 73.0

9/14/2016 14:15 102.4 92.0 111.6 128.0 73.0

9/14/2016 14:45 104.4 92.0 112.6 128.1 73.0

9/14/2016 15:45 108.1 90.0 114.4 128.0 73.0

9/14/2016 16:30 108.7 88.9 111.1 121.1 73.0

9/14/2016 17:45 108.7 86.9 109.6 116.5 73.0

9/14/2016 19:00 105.8 81.5 98.8 99.1 73.0

9/14/2016 19:30 104.5 74.2 97.5 97.1 73.0

9/14/2016 21:00 98.5 71.5 93.5 92.0 73.0

9/14/2016 22:00 96.5 70.5 89.8 87.8 73.0

9/15/2016 0:00 94.6 69.5 85.1 84.9 73.0

9/15/2016 1:30 92.1 68.6 81.2 82.0 73.0

9/15/2016 2:00 91.4 68.4 79.8 80.7 73.0

9/15/2016 3:00 89.8 68.0 78.8 80.5 73.0

Project Name: Love's Travel Stop
Project ID: BreakThrough Technologies
Location: 313 Porter Road I-75 Exit 136, Sadieville, KY 40370

Temperature Readings

Measured Avg. 
Mid-Depth 

Temp. (oF)1 Air Temp. (F)

Ashpalt Temperature Readings
Temperature Measurements

9/14/2016 to 9/15/2016 9:30 AM to 3:00 AM NA
PV Sadieville, KY NA
NA NA NA

Temperature readings obtained near test point 1 (about 15 ft away). 1/4 in. diameter holes were drilled in the asphalt
layer to measure temperatures at 2 in., 4 in., and 5.7 in. depths below surface. 

Date/Time Notes

6 in. Flat Static_Pt1 start at 8:45 AM

BELLS2 Pred. 
Mid-Depth 

Temp. (oF)
Surface 

Temp. (F)

Prev. 1-Day 
Mean 

Temp. (oF)2

6 in. Flat Cyclic_Pt2 start at 6:35 PM

6 in. Flat Static_Pt2 start at 11:20 AM

6 in. Flat Static_Pt3 start at 1:50 pm

6 in. Flat Cyclic_Pt3 start at 5:15PM

1Average mid‐depth temperature calculated as the average of three measurements obtained at 2, 4, and 5.7 in. depths; 2Average previous day temperature reading obtained 

from temperature readings at Bluegrass airport in Lexington, KY (Source: https://www.wunderground.com/history/airport/KLEX)

6 in. Flat Cyclic_Pt1 start at 7:50 PM

12 in. Cyclic_Pt1 start at 10:30pm

12 in. Static_Pt2 start at 11:45pm

12 in. Static_Pt3 start at 1:18am
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Date of Test 9/14/2016 Test ID Operator DW ASTM D6951

Latitude Elevation (ft) 944

Location

Comments

Parameter

Avg. Base Layer [6.5 
-14.5 in.]

Avg. Subgrade 
Layer [14.5-26.5 in.]

Ratio of Avg. 
Top/Bottom Layer

Var. Subgrade 
Layer [14.5-26.5 in.]

NOTES:

Subgrade is classified as CL

1CBR = 292/DPI1.12

1CBR = 1/(0.017019DPI)2 

       for CL soils with CBR < 10

2E (ksi) = (17.6 CBR0.64) x 0.1450377

3Su (psf) =(3.794 x CBR0.664) x 144

1 ASTM D6951-03

2Powell et al. (1986)

3Portland Cement Assoc. (1955)

Project Name: Love's Travel Stop

Project ID: BreakThrough Technologies

Location: 313 Porter Road I-75 Exit 136, Sadieville, KY 40370

Pt. 1

38.38187 Longitude 84.57315

DPI (mm/blow) CBR (%)
ECBR, Elastic Modulus (ksi)     

(non stress-dependent)
Su-CBR, Bearing Capacity (psf)

4.6 53.5 32.6 7,672

14.8 3,393

0.3 3.4 2.2 2.3

Var. Base Layer  
[6.5 to 14.5 in.]

Dynamic Cone Penetrometer (DCP) Test Results

Test performed by drilling a 3/4 in. diameter hole in the nominal 6.5 in. thick HMA layer down to the top of the base layer. Nominal 
8 in. of dense graded aggregate base and geogrid above subgrade. Subgrade assumed as CL. 

Sadieville, KY Station NA
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Date of Test 9/14/2016 Test ID Operator PV/DW ASTM D6951

Latitude Elevation (ft) 912

Location

Comments

Parameter

Avg. Base Layer [6.5 
-14.5 in.]

Avg. Subgrade 
Layer [14.5-26.5 in.]

Ratio of Avg. 
Top/Bottom Layer

Var. Subgrade 
Layer [14.5-26.5 in.]

NOTES:

Subgrade is classified as CL

1CBR = 292/DPI1.12

1CBR = 1/(0.017019DPI)2 

       for CL soils with CBR < 10

2E (ksi) = (17.6 CBR0.64) x 0.1450377

3Su (psf) =(3.794 x CBR0.664) x 144

1 ASTM D6951-03

2Powell et al. (1986)

3Portland Cement Assoc. (1955)

Project Name: Love's Travel Stop

Project ID: BreakThrough Technologies

Location: 313 Porter Road I-75 Exit 136, Sadieville, KY 40370

Pt. 2

38.38187 Longitude 84.57318

DPI (mm/blow) CBR (%)
ECBR, Elastic Modulus (ksi)     

(non stress-dependent)
Su-CBR, Bearing Capacity (psf)

2.3 113.5 52.7 12,644

14.1 3,207

0.2 7.9 3.8 3.9

Var. Base Layer  
[6.5 to 14.5 in.]

Dynamic Cone Penetrometer (DCP) Test Results

Test performed by drilling a 3/4 in. diameter hole in the nominal 6.5 in. thick HMA layer down to the top of the base layer. Nominal 
8 in. of dense graded aggregate base and geogrid above subgrade.  Subgrade assumed as CL. 

Sadieville, KY Station NA
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Date of Test 9/14/2016 Test ID Operator PV/DW ASTM D6951

Latitude Elevation (ft) 928

Location

Comments

Parameter

Avg. Base Layer [6.5 
-14.5 in.]

Avg. Subgrade 
Layer [14.5-26.5 in.]

Ratio of Avg. 
Top/Bottom Layer

Var. Subgrade 
Layer [14.5-26.5 in.]

NOTES:

Subgrade is classified as CL

1CBR = 292/DPI1.12

1CBR = 1/(0.017019DPI)2 

       for CL soils with CBR < 10

2E (ksi) = (17.6 CBR0.64) x 0.1450377

3Su (psf) =(3.794 x CBR0.664) x 144

1 ASTM D6951-03

2Powell et al. (1986)

3Portland Cement Assoc. (1955)

Project Name: Love's Travel Stop

Project ID: BreakThrough Technologies

Location: 313 Porter Road I-75 Exit 136, Sadieville, KY 40370

Pt. 3

38.38182 Longitude 84.57315

DPI (mm/blow) CBR (%)
ECBR, Elastic Modulus (ksi)     

(non stress-dependent)
Su-CBR, Bearing Capacity (psf)

2.5 106.8 50.7 12,147

5.1 1,125

0.1 36.0 9.9 10.8

Var. Base Layer  
[6.5 to 14.5 in.]

Dynamic Cone Penetrometer (DCP) Test Results

Test performed by drilling a 3/4 in. diameter hole in the nominal 6.5 in. thick HMA layer down to the top of the base layer. Nominal 
8 in. of dense graded aggregate base and geogrid above subgrade. Subgrade assumed as CL. 

Sadieville, KY Station NA
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