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Figure 2. Surface of general embankment fill  

 
Figure 3. Surface of rock cap (subgrade treatment) layer  
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Figure 4. Rock cap material sampled for gradation analysis  

 
Figure 5. Side view of embankment constructed with rock cap over general embankment 

fill and geosynthetic separation layer between the two layers  
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Figure 6. Surface of Class 2A leveling stone layer  

 
Figure 7. Surface of ATB layer 
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Figure 8. Construction of CTB layer  

Pavement Design Input Parameter Selection and Assumptions 

The pavement design was performed by Penn DOT following the AASHTO (1993) rigid 
pavement design procedure. The assumptions used in the design are summarized in Table 1. A 
resilient modulus (Mr) of 206.8 MPa (30 ksi) was assumed for the rock cap layer (subgrade 
treatment). The subgrade Mr value was assumed to be the same for summer, fall, winter, and 
spring conditions. An elastic modulus value was assumed for the base layer (ESB), i.e., the ATB 
layer that varied between 103.4 MPa (15 ksi) and 344.7 MPa (50 ksi) for spring and winter 
conditions. The assumed ESB for summer and fall conditions was 206.8 MPa (30 ksi). The 
pavement design information provided by Penn DOT is included in the Appendix. 

In the design, an effective modulus of subgrade reaction (keff) was calculated as 143 kPa/mm 
(526 pci). In AASHTO (1993) design procedure, the keff value is calculated from composite 
modulus of subgrade reaction (kcomp) and the anticipated future loss of support (LS) in the 
subbase layer due to any erosion. The LS is assumed in the design as 0.75. Based on the keff and 
LS value provided in the design, kcomp was calculated as 340 kPa/mm (1250 pci). 

The calculated pavement layer thickness for a jointed PCC layer, based on the assumptions listed 
in Table 1 was about 251.7 mm (9.91 in.), which was rounded to 254 mm (10 in.). 

The original design included ATB, but was reportedly changed to use of CTB on this project due 
to increase in cost of asphalt at the time of construction (Email communication with Mark 
Kmetz, PennDOT on 08/20/2009). An adjacent project on SR22 (near Blairsville) consisted of a 
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similar design and included ATB (Figure 7) and was selected for testing to compare with CTB 
layer properties measured during this field study. 

Table 1. Summary of pavement thickness design input parameters and assumptions 
(AASHTO 1993 method) 

Parameter Value 
General Assumptions 
ESALs over initial performance period 12,822,405 
Design period 20 years 
Surface Layer Design Assumptions 
Pavement Type JPCP 
Initial serviceability 4.5 
Terminal serviceability 3.0 
28-day Mean PCC modulus of rupture, Sc 631 psi 
28-day Mean Modulus of Elasticity of 
Concrete, Ec 

4,000,000 psi 

Reliability level 95% 
Overall standard deviation 0.35 
Load transfer coefficient, J 2.7 
Foundation Layer Design Assumptions* 
Subbase layer thickness, DSB 3 inches minimum of Asphalt Treated Base 

(ATB) 
Subbase elastic modulus, ESB  Winter – ESB = 50,000 psi 

Spring – ESB = 15,000 psi 
Summer – ESB = 30,000 psi 
Fall – ESB = 30,000 psi 

Mean Subgrade resilient modulus, Mr 30,000 psi (based on 18 inch rock cap for 
subgrade treatment, same value for summer, 
fall, winter, and spring) 

Mean Composite modulus of subgrade 
reaction, kcomp 

1250 pci (calculated from AASHTO 1993 
based on keff and LS values assumed in 
design) 

Loss of support (due to erosion), LS 0.75 
Effective modulus of subgrade reaction, keff 
(accounting for LS) 

526 pci 

Overall drainage coefficient, Cd 1.0 
Other  
Pavement Thickness Design 
Calculated design thickness 10 inches (9.91 round up to nearest half inch) 
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CHAPTER 3. EXPERIMENTAL TESTING METHODS 

Experimental testing in this research study involved laboratory testing of foundation layer 
materials, in situ testing to evaluate the properties of the pavement surface and underlying 
foundation layers, and in-ground instrumentation to monitor temperatures. 

This chapter presents a summary of the laboratory and in situ testing methods, and the statistical 
analysis methods used in this study. 

Laboratory Testing Methods 

Particle Size Analysis and Index Properties 

Samples from the subgrade, rock cap, and Class 2A levelling subbase layers were collected from 
the field and were carefully transported to the laboratory for testing. Particle-size analysis tests 
were performed in accordance with ASTM C136-06 Standard test method for sieve analysis of 
fine and coarse aggregates. Particle-size analysis tests on the sand subbase and subgrade 
materials were conducted in accordance with ASTM D422-63 Standard test method for particle-
size analysis of soils. In addition to above, particle-size analysis tests for the rock cap material 
included manually measuring the particle sizes using rulers due to the rock/boulder size particles 
in the material (see Figure 4). 

Atterberg limit tests (i.e., liquid limit—LL; plastic limit—PL and plasticity index—PI) were 
performed in accordance with ASTM D4318-10 Standard test methods for liquid limit, plastic 
limit, and plasticity index of soils using the dry preparation method. The results from particle-
size analysis and Atterberg limits tests were used to classify the materials on the unified soil 
classification system (USCS) in accordance with ASTM D2487-10 Standard practice for 
classification of soils for engineering purposes (Unified Soil Classification System) and 
AASHTO classification system in accordance with ASTM D3282-09 Standard practice for 
classification of soils and soil-aggregate mixtures for highway construction purposes. 

Specific gravity tests were performed on the samples in accordance with ASTM D854-10 
Standard test methods for specific gravity of soil solids by water pycnometer. 

Two laboratory compaction tests were used to determine the relationship between dry density 
and moisture content for the soils obtained from the field. Subgrade soil compaction 
characteristics were determined using standard and modified Proctor compaction methods in 
accordance with ASTM D698-07 Standard test methods for laboratory compaction 
characteristics of soil using standard effort and ASTM D1557-07 Standard test methods for 
laboratory compaction characteristics of soil using modified effort, respectively. Maximum and 
minimum index density tests were performed using a vibratory table on subbase materials in 
accordance with ASTM D4253-00 Standard test methods for maximum index density and unit 
weight of soil using a vibratory table and ASTM D4254-00 Standard test methods for minimum 
index density and unit weight of soils and calculation of relative density. Moisture-unit weight 
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relationships of subbase materials were determined by performing maximum index density tests 
by incrementally increasing the moisture content by approximately 1.5% for each test. 

Frost Heave and Thaw Weakening Test 

Frost heave and thaw weakening tests were performed in general accordance with ASTM 
D5918-06 Standard test methods for frost heave and thaw weakening susceptibility of soils. The 
test is used to classify the frost heave and thaw weakening susceptibility of soils based on the 
heave rate and the thawed CBR values. The heave rate and thawed CBR values are compared 
with a classification system provided in the standard to determine the susceptibility ratings 
(Table 2). It must be noted that the test results can only be used to compare the relative frost 
heave and thaw weakening susceptibility between material types and cannot be used to directly 
determine the amount of frost heave or thaw weakening in a pavement system. 

A cross-sectional view and a three-dimensional view of the custom freeze/thaw (F/T) test setup 
fabricated at Iowa State University are shown in Figure 9 and Figure 10, respectively. The 
samples were 146 mm (5.75 in.) in diameter and 152 mm (6 in.) in height and were compacted 
inside six rings with a rubber membrane between the soil and the rings. The compaction mold 
setup is shown in Figure 11 and Figure 12. A water supply was made available at a level of 
13 mm (0.5 in.) above the bottom of the sample using a Mariotte tube (Figure 9) to saturate the 
sample. A surcharge weight was applied to the sample to simulate the loading of a typical 
pavement section. During F/T testing, laser transducers installed on a ring stand and a bracket 
above the sample obtained measurements of the samples’ heave and consolidation, and 
thermocouples installed in the sample obtained the temperature profile (Figure 9). The laser 
transducers used in this study had a measurement range of 50 mm and a resolution of 0.75 µm. 
The lasers and thermocouples were connected to a data acquisition system that recorded the 
temperature in one-minute intervals. 

Table 2. Frost susceptibility classifications (ASTM D5918-06) 
Frost Susceptibility 

Classification  
Heave Rate 
(mm/day) 

Thawed CBR 
(%)  

Negligible  <1 >20 
Very low  1 to 2 20 to 15 
Low  2 to 4 15 to 10 
Medium  4 to 8 10 to 5 
High  8 to 16 5 to 2 
Very High  >16 <2 
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Figure 9. Illustration of frost-heave and thaw-weakening test assembly 

 
Figure 10. Three-dimensional illustration of frost-heave and thaw-weakening test assembly 
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Figure 11. View of frost-heave and thaw-weakening test compaction mold with six rings 

 
Figure 12. Frost-heave and thaw-weakening test compaction mold setup with collar 

The F/T test was carried out by exposing four soil samples to two freeze-thaw cycles over a five 
day period. The samples were placed in a temperature controlled chest freezer (Figure 10) and 
then frozen and thawed by changing the temperature at the top and bottom of the samples using 
temperature controlled water baths (Figure 13). The programmable water baths used in this study 
had an operating range of -30°C to +200°C and adjustable to ±0.01°C, and were filled with 50% 
ethylene glycol-water solution. Insulating tape was wrapped around the flexible tubing between 
the water baths and the temperature control end plates, to help reduce temperature variations in 
the solution. The target top and bottom of the sample temperatures (Figure 14) were programmed 
into the water baths and the actual temperatures were measured during the test. An example of 

Base 
plate

Compaction 
cylinder

Rings

Clamping 
rods

Membrane

Clamps

Collar

Compaction 
cylinder



14 

the measured temperatures at the top and bottom of the sample is shown in Figure 15. Results 
indicated that the measured temperatures were higher during freezing and lower during thawing 
than the target values. This discrepancy likely occurred because of temperature losses in the 
glycol solution when transported from the temperature control baths to the temperature control 
end plates (although care was taken to reduce these variations as indicated above). After the F/T 
test was completed, a CBR test was performed on the thawed samples in accordance with ASTM 
D1883-07 and a moisture content profile of the sample was determined by carefully trimming the 
thawed sample to desired depths. 

The heave rate of the sample was determined from the slope of the heave versus time plot as 
illustrated in Figure 15 for a period of about 24 hours for both the 1st and 2nd freezing cycles. 
The ASTM D5918 specifies determining heave rate during the first eight hours of each freezing 
cycle. However, a few samples that were obtained from other research project sites did not heave 
during the first eight hours, and the samples that did heave during the first eight hours showed 
similar heave rates over the 8 hour and the 24 hour periods. To be consistent in comparing 
measurements from different project sites, the research team decided to present the heave rate 
over the 24 hour period. 

 

 
Figure 13. Temperature control water baths used to freeze and thaw samples 
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Figure 14. Target top and bottom temperatures with time per ASTM standard during 

F/T cycles 

 

 
Figure 15. Example of measured top and bottom temperatures during freeze-thaw cycles 

and determination of heave rate for 1st and 2nd freezing cycles 

In Situ Testing Methods 

The following in situ test devices were employed on this project: real-time kinematic global 
positioning system (RTK-GPS) to locate test points; light weight deflectometer (LWD) 
manufactured by Zorn and Dynatest to determine elastic modulus of the subbase layer; dynamic 
cone penetrometer (DCP) to determine the California bearing ratio (CBR) of the foundation 
layers; air permeameter test (APT) device to determine saturated hydraulic conductivity (Ksat) of 
the subbase layer; falling weight deflectometer (FWD) to determine peak deflection under the 
loading plate (D0), load transfer efficiency (LTE) at joints and cracks, voids at joints and cracks, 
foundation composite modulus of subgrade reaction, and deflection basin parameters; and 
calibrated Humboldt nuclear gauge (NG) to measure in situ moisture and dry density. Brief 
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descriptions of these test procedures are provided below, and equipment used to conduct tests is 
shown in composite as Figure 6. 

Real-Time Kinematic Global Positioning System 

An RTK-GPS system was used to obtain the spatial coordinates (x, y, and z) of pavement slabs 
and test locations. A Trimble SPS881 receiver was used with base station correction provided 
from a Trimble SPS851 established on site. According to the manufacturer this survey system is 
capable of horizontal accuracies of < 10 mm and vertical accuracies < 20 mm (Trimble 2013). 

    

   

Figure 16. In situ test devices: Kuab falling weight deflectometer and Zorn light weight 
deflectometer (top row left to right); dynamic cone penetrometer, nuclear gauge, and air 

permeameter (bottom row left to right) 
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Zorn Light Weight Deflectometer 

Zorn LWD tests were performed on granular subbase and subgrade layers. The LWD was set up 
with a 300 mm diameter plate and 72 cm drop height to provide a calibrated applied stress of 0.1 
MPa. The tests were performed following manufacturer recommendations (Zorn 2003) with 
three seating drops following by three measurement drops, and the elastic modulus values were 
determined using Equation 3: 

F
D

r)1(
E

0

0
2

×
ση−

=
 (3) 

where E = elastic modulus (MPa); D0 = measured deflection under the plate (mm); η = Poisson’s 
ratio (0.4); σ0 = applied stress (MPa); r = radius of the plate (mm); and F = shape factor 
depending on stress distribution (assumed as 8/3) (see Vennapusa and White 2009). According to 
the manufacturer, the Zorn LWD has D0 measurement range of 0.2 mm to 30 mm. 

The results are reported as ELWD-Z3 (Z represents Zorn LWD and 3 represents 300 mm diameter 
plate). 

Dynatest Light Weight Deflectometer 

Dynatest LWD tests were performed on rock cap material using the same procedure as the Zorn 
LWD. The LWD was set up with a 300 mm diameter plate. The Dynatest LWD measures both 
applied stress and deformation values, which were measured and used in Eq. 3 to determine the 
elastic modulus values. According to the manufacturer, the Dynatest LWD has a D0 
measurement range of 0 to 2.2 mm (see Vennapusa and White 2009). 

The results are reported as ELWD-D3 (D represents Dynatest LWD and 3 represents 300 mm 
diameter plate). 

Dynamic Cone Penetrometer 

DCP (Figure 16) tests were performed in accordance with ASTM D6951-03 Standard Test 
Method for Use of the Dynamic Cone Penetrometer in Shallow Pavement Applications to 
determine dynamic penetration index (DPI) and calculate California bearing ratio (CBR) using 
Eq. 8. The DCP test results are presented in this report as CBR with depth profiles at each test 
location. The CBR values were calculation using Equation 5: 

12.1DPI
292CBR =

 (4) 
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Kuab Falling Weight Deflectometer 

Falling weight deflectometer (FWD) tests were conducted using a Kuab FWD setup with a 
300 mm (11.81 in) diameter loading plate by applying one seating drop and three loading drops. 
The applied loads varied from about 27 kN (6,000 lb) to 54 kN (12,000 lb) in the three loading 
drops. The actual applied loads were recorded using a load cell, and deflections were recorded 
using seismometers mounted on the device, per ASTM D4694-09 Standard Test Method for 
Deflections with a Falling-Weight-Type Impulse Load Device. The FWD plate and deflection 
sensor setup and a typical deflection basin are shown in Figure 17. To compare deflection values 
from different test locations at the same applied contact stress, the values at each test location 
were normalized to a 40 kN (9,000 lb) applied force. 

 

Figure 17. FWD deflection sensor setup used for this study and an example deflection basin  

FWD tests were conducted at the center of the PCC slab panels and at the joints. Tests conducted 
at the joints were used to determine joint load transfer efficiency (LTE) and voids beneath the 
pavement based on “zero” load intercept values. Tests conducted at the center of the slab panels 
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were used to determine modulus of subgrade reaction (k) values and the intercept values. The 
procedure used to calculate these parameters are described below. 

LTE was determined by obtaining deflections under the plate on the loaded slab (D0) and 
deflections of the unloaded slab (D1) using a sensor positioned about 305 mm (12 in.) away from 
the center of the plate (Figure 17). The LTE was calculated using Equation 5. 

100(%)
0

1 ×=
D
DLTE  (5) 

Voids underneath pavements can be detected by plotting the applied load measurements on the 
X-axis and the corresponding deflection measurements on the y-axis and plotting a best fit linear 
regression line, as illustrated in Figure 18, to determine the “zero” load intercept (I) values. 
AASHTO (1993) suggests I = 0.05 mm (2 mils) as a critical value for void detection. According 
to Quintus and Simpson (2002), if I = -0.01 and +0.01 mm, then the response would be 
considered elastic. If I > 0.01 then the response would be considered deflection hardening, and if 
I < -0.01 then the response would be considered deflection softening. 

 

Figure 18. Void detection using load-deflection data from FWD test 

Pavement layer temperatures at different depths were obtained during FWD testing, in 
accordance with the guidelines from Schmalzer (2006). The temperature measurements were 
used to determine equivalent linear temperature gradients (TL) following the temperature-
moment concept suggested by Jannsen and Snyder (2000). According to Vandenbossche (2005), 
I-values are sensitive to temperature induced curling and warping affects. Large positive 
temperature gradients (i.e., when the surface is warmer than the bottom) that cause the panel 
corners to curl down result in false negative I-values. Conversely, large negative gradients (i.e., 
when the surface is cooler than the bottom) that cause the panel corners to curl upward result in 
false positive I-values. Interpretation of I-values therefore should consider the temperature 
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gradient. Concerning LTE measurements for doweled joints, the temperature gradient is 
reportedly not a critical factor (Vandenbossche 2005). 

The k values were determined using the AREA4 method described in AASHTO (1993). Since the 
k value determined from FWD test represents a dynamic value, it is referred to here as 
kFWD-Dynamic. Deflections obtained from four sensors (D0, D2, D4, and D5 shown in Figure 17) 
were used in the AREA4 calculation. The AREA method was first proposed by Hoffman and 
Thompson (1981) for flexible pavements and has since been applied extensively for concrete 
pavements (Darter et al. 1995). AREA4 is calculated using Equation 6 and has dimensions of 
length (in inches), as it is normalized with deflections under the center of the plate (D0): 
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where D0 = deflections measured directly under the plate; D2 = deflections measured at 305 mm 
(12 in.) away from the plate center ; D4 = deflections measured at 610 mm (24 in.) away from the 
plate center; and D5 = deflections measured at 914 mm (36 in.) away from the plate center. The 
AREA4 method can also be calculated using different sensor configurations and setups, (i.e., 
using deflection data from 3, 5, or 7 sensors), and those methods are described in detail in the 
literature (Substad et al. 2006, Smith et al. 2007) 

In early research conducted using the AREA method, the ILLI-SLAB finite element program 
was used to compute a matrix of maximum deflections at the plate center and the AREA values 
by varying the subgrade k, the modulus of the PCC layer, and the thickness of the slab (ERES 
Consultants, Inc. 1982). Measurements obtained from FWD tests were then compared with the 
ILLI-SLAB program results to determine the k values through back calculation. Barenberg and 
Petros (1991) and Ioannides (1990) proposed a forward solution procedure based on 
Westergaard’s solution for loading on an infinite plate to replace the back calculation procedure. 
This forward solution presented a unique relationship between AREA value (for a given load and 
sensor arrangement) and the dense liquid radius of relative stiffness (L) in which subgrade is 
characterized by the k value. The radius of relative stiffness (L) is estimated using Equation 7:  
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where x1 = 36, x2 = 1812.279, x3 = -2.559, x4 = 4.387. It must be noted that the x1 to x4 values 
vary with the sensor arrangement and these values are only valid for the AREA4 sensor setup. 
Once, the L value is known, the kFWD-Dynamic value can be estimated using Equation 8: 

2
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where P = applied load (lbs), D0 = deflection measured at plate center (inches), and D0
* = non-

dimensional deflection coefficient calculated using Equation 9: 

cLbeeaD
−−⋅=*

0
 (9) 

where a = 0.12450, b = 0.14707, c = 0.07565. It must be noted that these equations and 
coefficients are valid for an FWD setup with an 11.81 in. diameter plate. 

The advantages of the AREA4 method are the ease of use without back calculations and the use 
of multiple sensor data. The disadvantages are that the process assumes that the slab and the 
subgrade are horizontally infinite. This assumption leads to underestimating the k values of 
jointed pavements. Crovetti (1993) developed the following slab size corrections for a square 
slab that is based on finite element analysis conducted using the ILLI-SLAB program and is for 
use in the kFWD-Dynamic: 

𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝐷𝐷0 =  𝐷𝐷0 �1 − 1.15085𝑒𝑒−0.71878�𝐿𝐿
′

𝐿𝐿 �
0.80151

� (10) 

𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝐿𝐿 =  𝐿𝐿 �1 − 0.89434𝑒𝑒−0.61662�𝐿𝐿
′

𝐿𝐿 �
1.04831

� (11) 

where L′ = slab size (smaller dimension of a rectangular slab, length or width). This procedure 
also has limitations: (1) it considers only a single slab with no load transfer to adjacent slabs, and 
(2) it assumes a square slab. The square slab assumption is considered to produce sufficiently 
accurate results when the smaller dimension of a rectangular slab is assumed as L′ (Darter et al. 
1995). Darter et al. 1995 suggested using 𝐿𝐿′ =  �𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿ℎ ×  𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊ℎ to further refine slab size 
corrections. However, no established procedures for correcting for load transfer to adjacent slabs 
have been reported so accounting for load transfer remains as a limitation of this method. 

AASHTO (1993) suggests dividing the kFWD-Dynamic value by a factor of 2 to determine the 
equivalent kFWD-Static value. The origin of this factor 2 dates back to Foxworthy’s work in the 
1980’s. Foxworthy (1985) reported comparisons between the kFWD-Dynamic values obtained using 
Dynatest model 8000 FWD and the Static k values (Static kPLT) obtained from 30 in. diameter 
plate load tests (the exact procedure followed to calculate the Static kPLT is not reported in 
Foxworthy 1985). Foxworthy used the AREA based back calculation procedure using the ILLI-
SLAB finite element program. Results obtained from Foxworthy’s study (Figure 19) are based 
on 7 FWD tests conducted on PCC pavements with slab thicknesses varying from about 10 in. to 
25.5 in. and plate load tests conducted on the foundation layer immediately beneath the 
pavement over a 4 ft x 5 ft test area. A few of these sections consisted of a 5 to 12 in. thick base 
course layer and some did not. The subgrade layer material consisted of CL soil from Sheppard 
Air Force Base in Texas, SM soil from Seymour-Johnson Air Force Base in North Carolina, and 
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an unspecified soil type from McDill Air Force base in Florida. No slab size correction was 
performed on this dataset. 

Data from Foxworthy (1985) yielded a logarithmic relationship between the dynamic and the 
static k values. On average, the kFWD-Dynamic values were about 2.4 times greater than the Static 
kPLT values. Darter et al. (1995) indicated that the factor 2 is reasonable based on results from 
other test sites (Figure 19). Darter et al. (1995) also compared FWD test data from eight long-
term pavement performance (LTPP) test sections with the static kPLT values and reported factors 
ranging from 1.78 to 2.16, with an average of about 1.91. The kFWD-Dynamic values used in that 
comparison were corrected for slab size. For the analysis conducted in this research project, the 
corrected kFWD-Dynamic values (for finite slab size) were divided by 2 and are reported as kFWD-Static-

Corr values. 

 
Figure 19. Static kPLT values versus kFWD-Dynamic measurements reported in literature 

The SCI, BDI, BCI, and AF measurements are referred to as deflection basin parameters and are 
determined using the following equations:  
 

SCI (mm) = D0 – D2 (12) 

BDI (mm) = D2 – D4 (13) 

BCI (mm) = 𝐷𝐷4 –  𝐷𝐷5 (14) 

Modulus of Subgrade Reaction from 30 in. static plate load test, 
Static kPLT (pci)
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Dynamic kFWD = 117.1 ln (Static kPLT) 
- 211.8, R2 = 0.72, 
Std. Error = 46.8, n = 7

AASHO Road Test Loop 1 
Data: Avg. Dynamic kFWD

versus range of Static kPLT

from Darter et al. (1995)

Univ. of Illinois, Willard 
Airport Data: Avg. Dynamic kFWD

versus Avg. Static kPLT

from Darter et al. (1995)

Foxworthy (1985)

AASHTO (1993): 
Dynamic kFWD= 2 x Static kFWD

Darter et al. (1995)
Lower and Upper Bounds from 
LTPP test sections:
Dynamic kFWD = 1.78 x Static kPLT

Dynamic kFWD = 2.16 x Static kPLT


