
SP
EC

IA
L 

R
EP

O
R

T
SP

EC
IA

L 
R

EP
O

R
T

9
6

-1
2

9
6

-1
2

PCC Airfield Pavement Response
During Thaw-Weakening Periods
A Field Study
Vincent C. Janoo and Richard L. Berg May 1996



Abstract
This investigation is part of CRREL’s on-going characterization of pavement
performance in seasonal frost areas. As part of the research, CRREL conduct-
ed several field studies for the Federal Aviation Administration (FAA) on the
response of airport pavements during thaw-weakening periods at three civil
airports in Wisconsin, where the design freezing index in the area was around
900 to 1100°C-days and frost penetration ranged between 1250 to 2000
mm. This study focused on the performance of Portland Cement Concrete
(PCC) pavements during the spring thaw-weakening period. The sites were
instrumented with subsurface thermocouples and Falling Weight Deflectome-
ter (FWD) tests were conducted during the spring thaw period at the center of
the slab and across the joints. An analysis of the FWD data and backcalcula-
tion of the layer moduli using ILLIBACK and WESDEF was conducted. Unique
relationships between the FWD deflections and the subgrade modulus and
coefficient of subgrade reaction were obtained. Additional relationships were
developed using the FWD deflections, PCC thickness and the horizontal ten-
sile stress at the bottom of the PCC layer. A relationship between load transfer
across joints and FWD deflections was also developed. On the basis of the
relationships obtained in this study, a methodology for evaluating PCC pave-
ments during spring thaw was developed. However, this methodology needs
to be verified for other subgrade types and areas with other design freezing
indices.

For conversion of SI units to non-SI units of measurement consult Standard
Practice for Use of the International System of Units (SI), ASTM Standard E380-
93, published by the American Society for Testing and Materials, 1916 Race St.,
Philadelphia, Pa. 19103.

This report is printed on paper that contains a minimum of 50% recycled
material.
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INTRODUCTION

In the spring of 1986, CRREL conducted a field
study for the Federal Aviation Administration (FAA)
on how airport pavements responded to frost action.
The emphasis was on thaw weakening. The study was
conducted at three regional airports in Wisconsin—
Central Wisconsin Airport (CWA), Outagamie County
Airport (OCA) and Wittman Field. The pavement sur-
faces at CWA and OCA were predominately Portland
Cement Concrete (PCC), whereas at Wittman they
were mostly Asphalt Concrete (AC). The results of a
study on AC airfield pavement structures during thaw-
weakening periods can be found in a previously pub-
lished report (Janoo and Berg 1991). This report exam-
ines PCC airport pavements during thaw periods.

It is accepted that in the winter the load carrying
capacity of pavements increases dramatically because
of freezing of the pavement structure. This is more dra-
matic in AC pavements because of the stiffening of the
asphalt at low temperatures. This increase is also seen
in PCC pavements because of a similar stiffening of
the base, subbase and subgrade.

During thaw periods, the pavement structure below
the PCC layer thaws and can become saturated with
water from the melting ice lenses and infiltration of
surface water from rain or melting snow. This satura-
tion of the material reduces the strength of the base,
subbase or subgrade, or all three, leading to reduced
bearing capacity of the entire pavement structure. In
addition, the large temperature differentials during
thawing periods can cause curling of the corners and
edges of slabs of PCC pavements, thus affecting load
transfer across joints.

The objective of the study was to determine any
structural changes in PCC airport pavements during
thaw-weakening periods. To evaluate these changes,
CRREL conducted Falling Weight Deflectometer
(FWD) measurements to quantify the changes in the
stiffness of the pavement structure and the load trans-
fer efficiency of the joints. In addition, subsurface

PCC Airfield Pavement Response
During Thaw-Weakening Periods

A Field Study

VINCENT C. JANOO AND RICHARD L. BERG

pavement temperatures were measured at selected lo-
cations at each airport. This report gives a general de-
scription of the airports and the pavement structures
and a comprehensive analysis of the FWD measure-
ments.

DESCRIPTION OF AIRFIELDS

Central Wisconsin Airport (CWA)
CWA is located in Mosinee, Wisconsin (Fig. 1).

The subsurface soils at CWA are silts, sandy silts and
clayey silts and can be classified as either SM or ML
using the Unified Soil Classification System, and as
F3 and F4 with respect to frost-susceptibility (Stark
and Berg 1989). F3 and F4 soils are very susceptible
to frost heave and thaw weakening. Stark and Berg
(1989) also reported that the subgrade was not uni-

Figure 1. Location of airfields.

* Mean Air Freezing Index (°C-days)

CWA
Mosinee

Appleton
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Figure 2. Pavement structure at Central Wisconsin Airport (CWA).

Table  1. Pavement structures at Central Wisconsin Airport.

Slab
Date Length Width size Longitudinal Transverse

Pavement constructed (m) (m) (m) joint joint

Runway 8/26
(original) 1968 2042 46 3.8 × 6.1 keyed & dummy doweled

Runway 8/26
(extension) 1973 244 46 7.6  ×  7.6 keyed doweled

Runway 17/35 1972 1737 46 7.6  ×  7.6 keyed doweled

Taxiway A 1969 297 23 3.8  ×  6.1 keyed & tied doweled

Taxiway B
(ramp to taxiway C) 1975 139 23 7.6  ×  7.6 keyed & tied doweled

3.8  ×  7.6
Taxiway B
(taxiway C to 17/35) 1977 954 15 3.8  ×  7.6 Butt, tied doweled & dummy

Taxiway C 1973 2256 15 7.6  ×  7.6 keyed & tied doweled
3.8  ×  7.6

Taxiway D 1973 88 20 7.6  ×  7.6 keyed & tied doweled
3.8  ×  7.6

Taxiway E 1973 88 20 3.8  ×  5.3 keyed & tied doweled

form, having clusters of rocks and boulders incor-
porated into the finer grained soils. Bedrock was re-
ported at uneven depths and at some locations it was
close to the pavement surface.

The airport pavements consist of two intersecting
runways, five taxiways and three ramps (Fig. 2). The
original airfield—runway 8/26, taxiway A and an air
carrier ramp—was constructed in 1968 and 1969. Be-
tween 1972 and 1973, runway 17/35 and taxiways C,
D and E were constructed. Also in 1973, runway 8/26

was extended by 245 m and the air carrier ramp ex-
panded. Taxiway B (between the ramp and taxiway C)
was constructed in 1975 and was extended to connect
the two runways in 1977. Portions of runway 8/26
were reconstructed in 1987. A summary of the con-
struction history, length, width and types of joints of
the different pavement structures at CWA is presented
in Table 1.

The airfield basically was constructed with PCC.
The original runway, taxiway and ramp, constructed



in 1968 and 1969, had 254 mm of PCC over 229 mm
of crushed stone base over subgrade. Later construc-
tion mostly used 305 mm of PCC over 229 mm of
crushed stone base over subgrade. The structure of the
different pavement sections as of spring 1986 is also
shown in Figure 2.

The slabs sizes were primarily 7.6 by 7.6 m; how-
ever, in some areas, the slabs were 3.8 by 3.8 m. Other
sizes used are shown in Table 1. Loads are transferred
across the transverse joints by dowels and aggregate
interlocks (Table 1) (CMT 1984). At longitudinal
joints, loads are transferred through keyways, aggre-
gate interlocks and tiebars (Table 1) (CMT 1984). The
primary types of aircraft using the airport are Convair
580 (24,766 kg), MD DC-9 (44,452 kg) and Boeing
757 (115,666 kg) (CMT 1984).

Outagamie County Airport (OCA)
OCA is located near Appleton, Wisconsin (Fig. 1).

The subgrade at the airport consists mostly of a low
plasticity clay (CL), some sand (SP) and silty sand
(SM). At OCA, bedrock was estimated to be 4.0 m
deep or more, on the basis of boring logs. ERES con-
sultants (1985) reported the subgrade under runway
3/21 as a highly frost-susceptible red silty clay. They
also reported that the subbase material may be frost-
susceptible because of a high amount of fines passing
the no. 200 sieve (8–10 %). Runway 3/21 has severe
frost heave problems (ERES 1985). Mead and Hunt
(1988) reported that the subgrade under runway 11/29

was a heavy clay (USC classification–CL; FAA clas-
sification–E7) with a design California Bearing Ratio
(CBR) of 4. They also reported clay migration into the
base course and trapped water under the pavement.

The airport pavements consist of two intersecting
runways, five taxiways and three ramps (Fig. 3). Run-
way 3/21 was constructed in 1967 and 1968, with 203
mm of PCC (254 mm in critical areas) over 203 mm of
crushed gravel over subgrade. Runway 11/29, recon-
structed in 1988 and 1989, had 178 mm PCC (229 mm
in critical areas) over 203 mm of crushed aggregate
base course over subgrade.

The PCC slabs were mostly 3.8 m wide by 6.1 m
long; but, in some areas, the slabs were 3.8 m wide by
5.3 m long. A typical transverse joint used aggregate
interlocks and dowels for load transfer.* Across longi-

tudinal joints, keyways, aggregate interlocks and tie-
bars were used for load transfer (ERES Consultants
1985, Mead and Hunt 1988). Richardson stated that
on the basis of a pavement evaluation done prior to
1986, the gross allowable aircraft weights on runway
11/29 were 27,200-kg single, 40,800-kg dual and
74,860-kg dual tandem. On runway 3/21, the gross al-
lowable aircraft weights were 38,570-kg single,
81,670-kg dual and 95,280-kg dual tandem.

3

Figure 3. Pavement structure at Outagamie County Airport (OCA).
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FIELD INSTRUMENTATION
AND TESTING PROGRAM

In the summer of 1985, several locations along the
airport runways and taxiways were instrumented with
moisture sensors and copper-constantan thermocouples
as temperature sensors. At CWA, six locations were in-
strumented for temperature measurement (Fig. 4a). At
OCA, there were two temperature measurement sites
(Fig. 4b). With a few exceptions, thermocouples were
placed to depths of approximately 5 m below the pave-
ment surface. The spacings of the sensors are given in
Table 2. At TC4, the hole could not be held open past
2.5 m from the surface.

The temperature measurements were made periodi-
cally by airport personnel during the winter months and
by CRREL personnel during the FWD testing period in
the spring. The measured temperatures at the two air-
ports are given in Janoo and Berg (1996).

In the spring of 1986, non-destructive testing using a
Dynatest 8000 Falling Weight Deflectometer (FWD)

4

b. Outagamie County Airport.

Table 2. Temperature sensor locations under pave-
ment surface (cm).

Sensor TC1, TC2 (CWA)
no. TC1, TC2 (OCA) TC3 (CWA) TC4 (CWA)

1 30.5 30.5 30.5
2 45.7 45.7 45.7
3 61 106.7 61
4 91.4 137.2 91.4
5 121.9 167.6 121.9
6 152.4 198.1 152.4
7 182.9 228.6 182.9
8 213.4 259.1 213.4
9 243.8 289.6 243.8

10 304.8 350.5 259.1
11 365.8 411.5 137.2
12 487.7 472.4 106.7

a. Central Wisconsin Airport.

Figure 4. FWD, temperature and moisture sensor locations.

was conducted at selected sites at the two airports.
The FWD test sites covered a large area of the airports
and included both AC and PCC pavements. As men-
tioned earlier, the analysis presented here is for only
the PCC slabs. Deflection measurements were made
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a. Central Wisconsin Airport.
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Figure 5. Daily maximum and minimum temperatures.

at the center of the slab, at transverse joints, longitudi-
nal joints and at a corner. The FWD test program con-
sisted of one drop at each of four height levels produc-
ing loads of 600, 900, 1100 and 1600 kN, respectively,
on the pavement surface. The deflection sensors were
located at 0, 300, 600, 900, 1200, 1500 and 1800 mm
from the center of the loading plate. The FWD loading
plate used was 300 mm in diameter. The location of the
FWD tests at the two airports are shown in Figure 4.

ENVIRONMENTAL DATA ANALYSIS

The environmental data used in this analysis were
the air temperature and subsurface temperatures. The
daily maximum and minimum air temperature at the
airports between 1 October 1985 and 30 April 1986 are
presented in Figure 5. The air temperature data used at

CWA were obtained from the nearest weather station,
which was located approximately 24 km north of the
airport at Wausau, since there was no meteorological
station at CWA. These air temperatures were used to
determine air-freezing indices (Fig. 6). The air-freez-
ing index was calculated in Celsius degree-days using

Air-freezing index =  
T T

n

max min+

=
∑

21

181

whereTmax = daily maximum temperature (°C)
Tmin = daily minimum temperature(°C)

(n = 1) = 1 October 1985
n = 181 = 30 April 1986.

The air-freezing index range was 1100 and 920°C
days at CWA and OCA respectively. The design freez-
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b. Outagamie County Airport.

Figure 6. Air-freezing indices.

ing index published in Army TM 5-818-2 for these
areas ranges between 830 and 1110°C days, which
means that the air-freezing index in the winter of
1985–1986 was close to that. The air-freezing season,
as indicated in the above two figures, ended around 24
March 1986 at OCA and 29 March 1986 at CWA.

Using the temperature measurements gathered
from the various thermocouple locations, we deter-
mined frost and thaw depth, which we assumed to be
where the temperature was 0°C. Frost depths at the
beginning of the winter were calculated for some of
the locations and are also presented in Janoo and Berg
(1966). A summary of the frost and thaw penetration
depths at CWA and OCA is presented in Figure 7. The
maximum measured frost penetration at CWA ranged

around 2000 mm and at OCA around 1300 mm. The
measured subsurface temperatures indicate that thaw
began at CWA around 29 March. The ground was
completely thawed by the second week of April. At
OCA, when subsurface temperature measurements
were made in the spring, thaw had already started. The
ground was completely thawed by the first week of
April.

FWD DATA ANALYSIS

Falling weight deflection measurements were con-
ducted at four locations on a slab. These were at 1) the
middle, 2) across the transverse joint, 3) across the
longitudinal joint and 4) across the diagonal on one
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Figure 7. Frost and thaw depths calculated from subsurface temperature measurements.

Transverse Joint

Corner Joint

Direction
of Travel

Longitudinal
Joint

D1

D0
D0

D1 D0

D1

corner of the slab. The placement of the sensors across
the joints and corner is illustrated in Figure 8. The
FWD measurements were alternated between the two
airports. At CWA, FWD deflection measurements be-
gan on 18 March and continued to 24 April 1986 (Table
3a). At OCA, FWD testing started on 15 March and
continued to 26 April 1986 (Table 3b). The FWD de-
flection measurements taken at both airports are pre-
sented in Janoo and Berg (1966).

The pavement surface temperatures at the time of
FWD testing for both airports are presented in Table 4.
Surface temperatures were measured with a thermo-
couple attached to a wooden dowel. The thermocouple
was placed against the pavement by the FWD operator.
At the time of FWD testing, the pavement surface at
CWA was dry except on 18 March and 14 April. At
OCA, the pavement surface was dry except on 5 April.
Subsurface temperature measurements indicated that
the pavement structures at CWA were frozen at the be-
ginning of FWD testing and completely thawed by the

Figure 8. Location of FWD sensors across joints and
corner of a PCC slab.
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Table 3. Types of FWD tests conducted.

a. Central Wisconsin Airport.

Date 1 2 3 4 5 6 7 8 9 10

18 Mar 86 — — — — — — — — — 1,2,3,4
20 Mar 86 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4 —
24 Mar 86 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4
27 Mar 86 1,2 1,2 1,2 1,2 1,2 1,2 1,2 1,2 1,2 1,2
4 Apr 86 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4
7 Apr 86 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4
10 Apr 86 1,2 1,2 1,2 1,2 1,2 1,2 1,2 1,2 1,2 1,2
14 Apr 86 1,2 1,2 1,2 1,2 1,2 1,2 1,2 1,2 1,2 1,2,3,4
17 Apr 86 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4 1,2
21 Apr 86 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4
24 Apr 86 1,2 1,2 1,2 1,2 1,2 1,2 1,2 1,2 1,2 1,2

Date 11 12 13 14 15 16 17 18 19 20

18 Mar 86 1,2,3,4 1,2 1,2,3,4 — 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4
20 Mar 86 — — — — — — — — — —
24 Mar 86 1,2 1,2 1,2,3,4 — 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3
27 Mar 86 1,2 1,2 1,2 — 1,2 1,2 1,2 1,2 1,2 1,2,3,4
4 Apr 86 1,2 1,2 1,2,3,4 — 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4
7 Apr 86 1,2 1,2 1,2,3,4 — 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4
10 Apr 86 1,2 1,2 1,2 — 1,2 1,2 1,2 1,2 1,2 1,2
14 Apr 86 1,2 1,2 1,2,3 — 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4
17 Apr 86 1,2 1,2 1,2 — 1,2 1,2 1,2 1,2 1,2 1,2
21 Apr 86 1,2 1,2 1,2,3 — 1,2 1,2 1,2 1,2 1,2 1,2
24 Apr 86 1,2 1,2 1,2 — 1,2 1,2 1,2 1,2 1,2 1,2

Date 21 22 23 24 25 26 27

18 Mar 86 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4 1,2
20 Mar 86 — — — — — — —
24 Mar 86 — — — — — — —
27 Mar 86 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4 1,2
4 Apr 86 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4 1,2
7 Apr 86 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4 1,2
10 Apr 86 1,2 1,2 1,2 1,2 1,2 1,2 1,2
14 Apr 86 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4 1,2
17 Apr 86 1,2 1,2 1,2 1,2 1,2 1,2 1,2
21 Apr 86 1,2 1,2 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4 1,2
24 Apr 86 1,2 1,2 1,2 1,2 1,2 1,2 1,2

b. Outagamie County Airport.

Date 1 2 3 4 5 6 7 8 9 10 11

15 Mar 86 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4
26 Mar 86 1,2 1,2 1,2 1,2 1,2 1,2 1,2 1,2 1,2 1,2 1,2
29 Mar 86 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4
5 Apr 86 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4
9 Apr 86 1,2 1,2 1,2 1,2 1,2 1,2 1,2 1,2 1,2 1,2 1,2
12 Apr 86 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4
16 Apr 86 1,2 1,2 1,2 1,2 1,2 1,2 1,2 1,2 1,2 1,2 1,2
23 Apr 86 1,2 1,2 1,2 1,2 1,2 1,2 1,2 1,2 1,2 1,2 1,2
26 Apr 86 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4

Date 12 13 14 15 16 19 20 21 22 23 24

15 Mar 86 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4
26 Mar 86 1,2 1,2 1,2 1,2 1,2 1,2 1,2 1,2 1,2 1,2 1,2
29 Mar 86 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4
5 Apr 86 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4
9 Apr 86 1,2 1,2 1,2 1,2 1,2 1,2 1,2 1,2 1,2 1,2 1,2
12 Apr 86 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4
16 Apr 86 1,2 1,2 1,2 1,2 1,2 1,2 1,2 1,2 1,2 1,2 1,2
23 Apr 86 1,2 1,2 1,2 1,2 1,2 1,2 1,2 1,2 1,2 1,2 1,2

1–Center of slab; 2–Transverse joint; 3–Longitudinal joint; 4–Corner.
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Table 4. Pavement surface temperatures (°°°°°C) at times of FWD tests.

a. Central Wisconsin Airport.

Date 1 2 3 4 5 6 7 8 9 10

18 Mar 86 — — — — — — — — — 2.2
20 Mar 86 –1.1 –1.7 –2.8 –2.8 –2.8 –2.8 –2.8 –2.8 –2.8        —
24 Mar 86 1.1 1.7 1.7 2.2 1.1 2.8 2.2 2.2 3.3 2.8
27 Mar 86 8.9 8.9 6.7 5.6 7.2 5.6 6.1 6.1 5.0 6.7
4 Apr 86 11.1 12.2 11.7 4.4 11.7 4.4 4.4 4.4 4.4 11.7
7 Apr 86 20.0 20.0 15.6 15.6 15.6 15.6 15.6 18.9 18.9 18.9
10 Apr 86 11.1 8.3 8.3 8.3 8.3 7.2 7.2 7.2 7.2 8.9
14 Apr 86 2.8 2.8 2.2 2.8 2.8 2.8 2.8 2.8 2.8 4.4
17 Apr 86 12.2 11.1 13.3 12.8 13.3 13.3 13.9 14.4 14.4 16.1
21 Apr 86 0.6 0.6 0.6 0.6 0.6 0.6 2.2 2.2 1.7 1.7
24 Apr 86 16.1 16.1 16.1 16.7 16.1 16.7 17.2 18.3 18.3 18.9

Date 11 12 13 14 15 16 17 18 19 20

18 Mar 86 2.2 2.2 2.2 — 6.1 6.1 3.3 2.2 1.7 1.7
20 Mar 86 — — — — — — — — — —
24 Mar 86 2.2 3.3 3.9 — 5.6 5.0 4.4 4.4 5.0 2.2
27 Mar 86 7.8 8.3 9.4 — 10.0 10.0 12.8 11.7 12.8 13.3
4 Apr 86 12.2 11.7 11.7 — 10.0 8.9 8.9 10.0 9.4 9.4
7 Apr 86 18.9 18.9 18.9 — 19.4 18.9 19.4 18.9 18.9 18.9
10 Apr 86 11.1 11.1 12.2 — 17.2 17.2 16.1 16.1 15.6 16.7
14 Apr 86 5.0 4.4 3.9 — 8.3 6.1 5.6 5.0 5.0 5.6
17 Apr 86 17.8 17.8 17.8 — 18.9 18.9 18.3 18.3 18.3 18.3
21 Apr 86 3.9 3.3 4.4 — 8.9 8.9 8.9 9.4 8.9 8.3
24 Apr 86 19.4 20.0 20.6 — 25.0 25.0 23.3 23.9 25.6 26.7

Date 21 22 23 24 25 26 27 28 29 30

18 Mar 86 1.7 1.7 1.7 1.7 1.7 1.7 2.2 3.3 3.3 3.3
20 Mar 86 — — — — — — — — — —
24 Mar 86 — — — — — — — 6.1 4.4 4.4
27 Mar 86 13.3 11.7 11.7 12.8 13.3 12.8 10.0 14.4 14.4 12.2
4 Apr 86 9.4 9.4 11.7 11.7 12.2 13.3 13.3 12.8 12.8 12.2
7 Apr 86 18.3 19.4 18.9 20.0 21.7 19.4 22.8 21.7 21.7 21.7
10 Apr 86 16.1 15.6 15.6 16.1 16.7 16.7 16.1 16.1 20.6 20.6
14 Apr 86 6.7 5.6 5.6 5.6 5.6 5.6 5.0 4.4
17 Apr 86 18.3 18.3 18.3 18.9 19.4 19.4 19.4 22.2 21.7 21.7
21 Apr 86 8.9 9.4 7.8 7.8 7.8 8.9 8.9 11.1 11.7 11.7
24 Apr 86 27.2 25.6 20.6 20.6 20.0 21.1 20.6 26.1 26.1 26.1

b. Outagamie County Airport.

Date 1 2 3 4 5 6 7 8 9 10 11

15 Mar 86 2.8 4.4 3.3 6.1 3.3 7.2 4.4 4.4 4.4 4.4 6.7
26 Mar 86 11.1 11.1 11.1 12.2 11.7 13.9 15.6 16.1 16.1 16.1 16.7
29 Mar 86 21.1 21.7 23.3 23.9 23.9 25.6 25.6 23.9 23.9 25.0 25.0
5 Apr 86 10.0 10.0 9.4 9.4 10.0 10.0 10.6 10.6 11.1 11.1 12.2
9 Apr 86 7.8 9.4 10.0 9.4 10.0 10.0 10.6 10.6 10.6 10.6 11.1
12 Apr 86 6.7 7.2 7.2 7.2 7.2 7.2 8.9 8.3 7.8 7.8 7.8
16 Apr 86 7.8 7.8 8.3 8.3 8.3 8.9 8.9 8.9 8.9 8.9 10.0
23 Apr 86 16.7 16.7 16.1 17.2 17.2 17.2 17.8 17.8 17.8 17.8 19.4
26 Apr 86 23.3 23.3 23.3 23.3 23.9 23.9 24.4 24.4 24.4 24.4 24.4

Date 12 13 14 15 16 19 20 21 22 23 24

15 Mar 86 4.4 4.4 4.4 4.4 4.4 4.4 4.4 4.4 3.9 5.6 5.6
26 Mar 86 16.7 12.2 10.6 12.8 13.3 13.3 12.2 10.6 15.6 11.1 11.1
29 Mar 86 25.0 22.2 23.3 23.3 23.3 26.7 27.2 27.2 27.2 25.6 25.6
5 Apr 86 11.7 10.6 10.0 10.0 8.9 10.0 10.0 10.0 10.6 10.0 10.0
9 Apr 86 10.6 8.9 8.3 9.4 10.0 8.3 8.9 10.0 10.6 8.9 9.4
12 Apr 86 8.3 6.1 6.1 7.2 6.7 10.0 9.4 9.4 9.4 6.7 6.7
16 Apr 86 11.1 8.3 8.3 11.1 11.1 11.1 11.1 10.6 6.7 8.3 8.3
23 Apr 86 18.9 13.3 13.9 15.0 15.0 18.9 18.9 19.4 17.8 14.4 14.4
26 Apr 86 25.0 27.8 26.1 27.8 27.8 — — — 26.7 26.7 26.7



end. At OCA the subsurface temperature measure-
ments indicated that the pavement structures were
partially thawed at the beginning of FWD testing and
completely thawed prior to the end. It should be noted
that no FWD data were obtained during the 6-day pe-
riod from 29 March through 4 April, which was un-
doubtedly the critical thaw-weakening period. This
was unfortunate; however, we will work with the data
that we have.

Bearing capacity analysis
Any change in the structural capacity of the pave-

ment during the thaw-weakening period was inferred
from the FWD data. We used both the deflection basin

10

Figure 9. Changes in basin area and impulse stiffness modulus during spring thaw at Outagamie County Airport.

b. Change in ISM.
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area concept and the Impulse Stiffness Modulus
(ISM) to characterize the changes in pavement perfor-
mance. The basin area method was a good indicator of
AC pavement response during thaw periods under
controlled conditions (Janoo and Berg 1990, 1991).
The deflection basin obtained from the seven-deflec-
tion sensor system is used to calculate the basin area
by the following equation

Basin Area i i+1 i+1 i= +( ) −( )[ ]
=
∑1

2 0

6
δ δ r r

i

where δi  is deflection at sensor (i), and r i is sensor (i)
distance from the center of the loading plate.
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Figure 10. Changes in basin area during spring thaw at Central Wisconsin Airport.

The ISM, used by the Corps of Engineers for char-
acterizing pavement structures, is analogous to the
spring constant (k) of a spring mass system. The ISM
is calculated from

ISM = P

δ0

where P is applied FWD load and δ0 is deflection un-
der the center of the plate.

Typical changes in ISM values and basin areas at
the centers of selected slabs are presented in Figures
9–11. The measured surface temperatures at the FWD
sites are also plotted in these figures.
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Figure 11. Changes in ISM during spring
thaw at Central Wisconsin Airport.

c. FWD locations 15 to 19.
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At the beginning of spring thaw, the basin areas are

low, indicating a stiff pavement structure. As expect-
ed, we observed that as the pavement structure
thawed, the basin areas increased. As mentioned
above, we have used plots of the deflection basin area
versus time to identify periods of thaw weakening and
recovery.

At FWD locations 3 and 7 (Fig. 9a), the basin areas
increase somewhat at the beginning of thaw and then
level off after 5 April. This suggests that the pavement
structure at these locations does not undergo substan-
tial thaw weakening. However, at other locations,
such as FWD sites 22, 23 and 24, the pavement struc-
ture undergoes more substantial
thaw weakening and recovery, as
shown by the shape of the basin
area curves in Figure 9a. If total
recovery is assumed to occur on 23
April, the bearing capacity of the
pavement structure at locations 22,
23 and 24 was reduced by 30 to
40%.

The changes in the ISM can
also be used to identify periods of
thaw weakening and recovery. The
changes in ISM with time for the
same FWD locations discussed
previously are shown in Figure 9b.
At the beginning of spring thaw,
the value of the ISM is large, indi-
cating a stiff structure. During
thaw, the ISM drops and at loca-
tions 3 and 7 it levels off, indicat-
ing no substantial spring thaw
weakening (Fig. 9b). As indicated
above, no FWD data were obtained
during the most critical period
from 29 March through 5 April. A
similar trend was seen in the basin
area (Fig. 9a). At the other loca-
tions in Figure 9b, some thaw
weakening was observed. If the
pavement structure is considered
to have fully recovered on 23
April, the amount of thaw weaken-
ing shown by the ISM is approxi-
mately 17 to 25%. This is lower
than that predicted by the basin
area method.

Central Wisconsin Airport
The same observations of the

increase in basin area as thaw pro-
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gressed were also made at CWA (Fig. 10a,b). At some
locations, we observed that the basin areas are a func-
tion of the pavement surface temperature during the
recovery period (Fig. 10c). As the temperature
changed, so did the basin area.

A study was made to see if there was any relation-
ship between surface temperature and ISM or basin
area. Figures 12a and 13a show that there is no rela-
tionship between either basin area or ISM with sur-
face temperature at OCA. The data around 5°C indi-
cate some form of relationship. However, we felt that
the decrease in basin area or increase in ISM was
probably attributable to the presence of frozen subsur-
face layers.

Figure 12. Relationship between surface temperature and basin area.
b. Central Wisconsin Airport.
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At CWA, however, it was apparent from Figure
12b that the basin area on both runways increased
with increasing surface temperature. The ISM (Fig.
13b) was fairly indifferent to surface temperatures
greater than 10°C. The earlier effects could be ex-
plained by the changes in subsurface layers as thaw
progressed.

Initially, we thought that the effect on the basin
area was attributable to curling of the PCC pavements
with temperature gradients, since the slab area on run-
way 17/35 was 7.6 m square and that on runway 8/26
was 6.1 by 3.8 m. However, we found that the slab
dimensions at OCA were also 6.1 by 3.8 m. The big
difference between OCA and CWA is the subsurface

conditions. At CWA, bedrock is
close to the surface in some loca-
tions. It is possible that, because
of the shallow bedrock locations,
the frozen and thawed layers have
a greater effect on the basin area,
as reflected by the surface temper-
ature. This does not explain the
change in the basin area in the re-
covery period, where the tempera-
tures were above 0°C.

Backcalculation of
layer moduli
   Layer moduli were backcalculat-
ed using WESDEF and ILLIBACK.
WESDEF was developed by the
Corps of Engineers (Waterways Ex-
periment Station). Although it is
considered to be a five-layer analyt-
ical tool, it can backcalculate a max-
imum of four layers at one time. The
fifth (bottom) layer has been “fixed”
to act as a rigid layer. From our ex-
perience, reasonable results are
obtained if the number of backcal-
culated layers is kept to three. We
attempted to backcalculate the
layer moduli of the PCC pavement
structures at OCA and CWA. The
pavement structure at OCA was
idealized as shown in Figure 14a.
The idealized pavement structure
used at CWA is shown in Figure
14b. The depth of subgrade to bed-
rock at CWA was estimated from
drawings found in a pavement
evaluation report (CMT 1984).
   In the first attempt at OCA, the
moduli of all three layers during

the spring thaw period were backcalculated. We found,
in most cases, that errors between the calculated and
measured deflections were large (more than 50%). We
also found that, in many instances, the PCC modulus
exceeded the upper limit of 69,000 MPa set in the pro-
gram (the modulus of PCC is usually in the range of
27,000 to 42,000 MPa) and the base course modulus
was near zero (in some cases it was zero). In the subse-
quent attempt, the PCC layer modulus was fixed at
27,580, 34,475 or 41,370 MPa. The following obser-
vations were made from the results:

1. Increasing the PCC stiffness from 27,580 to
41,370 MPa reduced the errors to more reasonable
(AA < 20%) differences between the measured and

Figure 13. Relationship between surface temperature and ISM.

b. Central Wisconsin Airport.

a. Outagamie County Airport.

Runway 8-26

Runway 17-35
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calculated the deflections (Fig. 15). The Absolute
Arithmetic (AA) error is the absolute sum of the errors
between measured and calculated deflections for the
seven sensors.

2. Changing the PCC modulus within the range did
not significantly affect the subgrade modulus (Fig. 16).
We also found that the subgrade modulus obtained
from the first attempt, i.e., when the modulus of the
PCC layer was not established at some particular val-
ue, was very similar to that obtained when it was. This
infers that, as far as the subgrade modulus is con-
cerned, large differences between the measured and
calculated deflections can be tolerated for PCC pave-
ment.

Changing the PCC modulus generally had a signifi-
cant effect on the base course modulus. Results gener-
ated by increasing the PCC modulus showed a de-
crease in the backcalculated base course modulus.
However, in general at OCA, the backcalculated mod-
uli were quite low, as shown in Figure 17. With the
exception of a few locations, the results were too errat-
ic to make any meaningful conclusions.

At CWA, we selected a number of sites (FWD sites
2, 6 and 9 on runway 8/26 and 15 to 19 on runway

17⁄35) and attempted to backcalculate the layer modu-
lus during the thaw period. While at OCA bedrock
was at least 4 m deep, at CWA bedrock was close to
the surface at some of the FWD locations. The sites
selected represented bedrock at various depths. Thick-
nesses of the subgrade layers are shown in Table 5. We

also attempted to backcalculate the base course modu-
lus under FWD location 3. Location 3 was different
from the other sites because the base course layer was
founded directly on top of the bedrock. The structure
at FWD location 3 was 330 mm of PCC over 1220
mm of base over bedrock. We were unable to get rea-
sonable agreement between the calculated and mea-

6.1 m

h1

Rigid Layer

PCC, E   , ν = 0.151

Subgrade, E   , ν = 0.403

2h

3h

Base, E   , ν = 0.352

a. OCA. b. CWA.

h1

Bedrock

2h

3h

PCC, E   , ν = 0.151

Subgrade, E   , ν = 0.403

Base, E   , ν = 0.352

Figure 14. Idealized pavement structures.
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Subgrade
FWD thickness

location (mm)

2 2435
6 1092
9 5613

15 610

16 1829
17 3785
18 3073
19 2743

Subgrade
FWD thickness

location (mm)

Table 5. Thickness of subgrade at back-
calculated FWD locations.
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a. FWD location 3.

b. FWD location 9.

c. FWD location 22.

Figure 16. Effect of PCC modulus on change in subgrade modulus from
WESDEF during spring thaw at Outagamie County Airport. Comparison
of subgrade modulus from ILLIBACK and WESDEF.
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FWD PCC Base Subgrade AA Error
Date location (MPa) (MPa) (MPa) (%)

20 Mar 2 27,580 54,148 433         —
24 Mar 2 27,580 6,807 214 26.7
27 Mar 2 27,580 5,096 97 12.0
4 Apr 2 27,580 2,123 70 12.3
7 Apr 2 27,580 1,832 56 17.1
10 Apr 2 27,580 2,002 70 16.0
14 Apr 2 27,580 2,791 65 21.4
17 Apr 2 27,580 2,284 56 16.9
21 Apr 2 27,580 4,087 56 15.0
24 Apr 2 27,580 2,402 47 16.3
20 Mar 9 27,580 4,965 825 13.3
24 Mar 9 27,580 1,935 455 17.4
27 Mar 9 27,580 1,373 162 20.6
4 Apr 9 27,580 643 139 14.5
7 Apr 9 27,580 526 62 14.4
10 Apr 9 27,580 1,050 107 16.9
14 Apr 9 27,580 1,495 111 9.5
17 Apr 9 27,580 1,200 81 13.8
21 Apr 9 27,580 1,547 116 16.9
24 Apr 9 27,580 1,612 99 18.3
18 Mar 17 27,580 5,956 425 31.6
24 Mar 17 27,580 4,802 589 12.8
27 Mar 17 27,580 2,071 157 11.6
4 Apr 17 27,580 2,821 131 5.9
7 Apr 17 27,580 1,747 51 10.9
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Figure 17. Backcalculated base course modulus using WESDEF (OCA).

10 Apr 17 27,580 1,520 58 8.4
14 Apr 17 27,580 3,717 133 3.9
17 Apr 17 27,580 2,416 57 8.7
21 Apr 17 27,580 3,560 50 8.9
24 Apr 17 27,580 18,212 18 129.2
18 Mar 18 27,580 149 595 —
24 Mar 18 27,580 3,216 367 23.0
27 Mar 18 27,580 3,645 32 10.8
4 Apr 18 27,580 4,027 39 9.6
7 Apr 18 27,580 3,499 26 4.6
10 Apr 18 27,580 4,713 29 9.1
14 Apr 18 27,580 2,611 82 5.2
17 Apr 18 27,580 2,035 39 7.0
21 Apr 18 27,580 — — —
24 Apr 18 27,580 2,572 35 8.9
18 Mar 19 27,580 5,648 272 11.4
24 Mar 19 27,580 5,133 316  —
27 Mar 19 27,580 — — —
4 Apr 19 27,580 — — —
7 Apr 19 27,580 2,163 29 8.2
10 Apr 19 27,580 1,852 32 7.0
14 Apr 19 27,580 — — —
17 Apr 19 27,580 1,482 29 9.3
21 Apr 19 27,580 — — —
24 Apr 19 27,580 1,891 30 8.8

FWD PCC Base Subgrade AA Error
Date location (MPa) (MPa) (MPa) (%)

Table 6. Backcalculated modulus at CWA using WESDEF.

lack of values in the base modulus, subgrade modulus
and error columns in Table 6 indicate that either it was
not possible to converge to a solution or that the base
course modulus was extremely low (less than 1 MPa).
When only the AA error column lacks values, it
means that we used the backcalculated results from
WESDEF but ignored the controlling layer modulus
range, i.e., the backcalculated modulus was either
above or below the prescribed range.

The effect of changing the PCC modulus is shown
in Table 7 for FWD locations 9, 17, 18 and 19. As

sured deflections. The AA error was in the vicinity of
450%.

Solutions could not be obtained for locations 6, 15
and 16. In many cases, WESDEF printed a “THIS
MATRIX HAS NO SOLUTION” message. At other
times, the backcalculated base course modulus was
zero, or very close to zero. It is interesting to note that
at these locations the bedrock was quite close to the
surface (less than 2 m). At the other locations, with a
few exceptional days, the error between the calculated
and measured values was acceptable (Table 6). The
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Table 7. Effect of change in PCC modulus on base and subgrade modulus.

FWD PCC Base Subgrade AA error PCC Base Subgrade AA error
Date location (MPa) (MPa) (MPa) (%) (MPa) (MPa) (MPa) (%)

20 Mar 9 27,580 4,965 825 13.3 34,475 3617 828 12.3
24 Mar 9 27,580 1,935 455 17.4 34,475 1045 463 12.8
27 Mar 9 27,580 1,373 162 20.6 34,475 529 165 17.7
4 Apr 9 27,580 643 139 14.5 34,475 81 155 10.3
7 Apr 9 27,580 526 62 14.4 34,475 16 81 11.5
10 Apr 9 27,580 1,050 107 16.9 34,475 255 110 14.3
14 Apr 9 27,580 1,495 111 9.5 34,475 537 113 8.9
17 Apr 9 27,580 1,200 81 13.8 34,475 387 82 11.7
21 Apr 9 27,580 1,547 116 16.9 34,475 685 118 15.1
24 Apr 9 27,580 1,612 99 18.3 34,475 749 100 16.2
18 Mar 17 27,580 5,956 425 31.6 34,475 4092 429 32.2
24 Mar 17 27,580 4,802 589 12.8 34,475 3038 595 9.7
27 Mar 17 27,580 2,071 157 11.6 34,475 — — —
4 Apr 17 27,580 2,821 131 5.9 34,475 1455 134 5.8
7 Apr 17 27,580 1,747 51 10.9 34,475 639 52 9.4
10 Apr 17 27,580 1,520 58 8.4 34,475 316 59 8.3
14 Apr 17 27,580 3,717 133 3.9 34,475 2282 135 4.2
17 Apr 17 27,580 2,416 57 8.7 34,475 — — —
21 Apr 17 27,580 3,560 50 8.9 34,475 2350 49 7.8
24 Apr 17 27,580 18,212 18 129.2 34,475 — — —
18 Mar 18 27,580 149 595 — 34,475 — — —
24 Mar 18 27,580 3,216 367 23.0 34,475 1750 373 19.4
27 Mar 18 27,580 3,645 32 10.8 34,475 2335 33 9.2
4 Apr 18 27,580 4,027 39 9.6 34,475 — — —
7 Apr 18 27,580 3,499 26 4.6 34,475 2241 26 3.5
10 Apr 18 27,580 4,713 29 9.1 34,475 2609 30 2.1
14 Apr 18 27,580 2,611 82 5.2 34,475 — — —
17 Apr 18 27,580 2,035 39 7.0 34,475 708 40 7.2
21 Apr 18 27,580 — — — 34,475 — — —
24 Apr 18 27,580 2,572 35 8.9 34,475 1473 36 9.7
18 Mar 19 27,580 5,648 272 11.4 34,475 3839 278 8.6
24 Mar 19 27,580 5,133 316 — 34,475 3195 319 11.5
27 Mar 19 27,580 — — — 34,475 — — —
4 Apr 19 27,580 — — — 34,475 — — —
7 Apr 19 27,580 2,163 29 8.2 34,475 830 30 8.0
10 Apr 19 27,580 1,852 32 7.0 34,475 551 33 7.4
14 Apr 19 27,580 — — — 34,475 — — —
17 Apr 19 27,580 1,482 29 9.3 34,475 444 30 8.2
21 Apr 19 27,580 — — — 34,475 — — —
24 Apr 19 27,580 1,891 30 8.8 34,475 591 31 8.3

Figure 18. Change in subgrade modulus during spring thaw (FWD loca-
tion 9, CWA).

800

600

400

200

0
19 Mar 24 29 3 Apr 8 13 18 23 28

Central Wisconsin Airport
27,580 MPa
34,475 MPa

S
ub

gr
ad

e 
M

od
ul

us
 (

M
P

a)



found at OCA, changing the PCC modulus did not sig-
nificantly affect the backcalculated subgrade modulus
(Fig. 18 for location 9). However, as was also found at
OCA, changing the PCC modulus had a significant ef-
fect on the base course modulus (Fig. 19). Trends in the
data indicate that the base was in a weakened state from
the end of March through about mid-April. The values
reported here for the base course modulus are still con-
sidered too large. By combining the change in the PCC
modulus with changing the different layer thicknesses,
singularly or simultaneously, we found that, in some
cases, we were able to reduce the base course modulus
to more reasonable values. However, we felt that
changing the layer thicknesses was introducing another
unknown variable into the analysis. Therefore, al-
though the base course moduli are high, we have opted
to present the results obtained for the reported
thicknesses. It is very clear that a small coring program
should be conducted with FWD testing to verify thick-
nesses. Irwin et al. (1989) reported that a 6-mm change
in layer thickness has a large impact on the backcalcu-
lated layer modulus. Also note that, although changing
the PCC modulus affected the base course modulus, the
change produced very small changes in the absolute er-
ror (Table 7).

ILLIBACK  was also used to backcalculate the layer
moduli. This procedure was developed by Ioannides
et al. (1989) as a closed form of backcalculation for
a two-layer rigid pavement system using principles of
dimensional analysis. For a given deflection sensor dis-
tribution, they found a unique relationship between the
FWD deflection basin area and the radius of relative
stiffness of the pavement subgrade system (l). They
then developed relationships between the ratios of non-
dimensional deflections and actual FWD deflections
and l for a constant FWD loading plate radius (300
mm). These relationships were used with the applied
load to calculate the coefficient of subgrade reaction
(k), PCC modulus (Ec) and subgrade modulus (Es).
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The elastic modulus of concrete (Ec), elastic sub-
grade modulus (Es) and the coefficient of subgrade re-
action (k) can be determined from
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where µ = Poisson’s ratio for concrete
ν = Poisson’s ratio for subgrade

 P = applied FWD load
Di = FWD deflection measurement at sensor i
 di = nondimensional deflection at sensor i
h = PCC layer thickness.

Additional information on this method can be found
in Ioannides et al. (1989) and Barenberg and Ioannides
(1989). Barenberg and Ioannides have developed fig-
ures to determine l from the deflection basin area; l is
then used to determine di . The base and subgrade were
modeled as a single composite structure at OCA. At
CWA, the base, subgrade and bedrock were combined
into a single layer.

Typical changes in the ‘subgrade’ modulus during
spring thaw at OCA are shown in Figure 16. The ‘sub-
grade’ modulus backcalculated from ILLIBACK  was
approximately 25% larger than that from WESDEF, as
shown in Figure 20. The backcalculated PCC modulus
for some of the FWD sites is shown in Figure 21. These
are typical results and are also representative of other
sites at OCA. They are also within the range of reported
values, varying between 21,000 to 42,000 MPa. The
data also indicate that the PCC modulus increased by
about 15% over the duration of the monitored period.

Based on the results, relationships between the sub-
grade modulus and the basin area or ISM were devel-
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Figure 19. Change in base course modulus
during spring thaw (FWD location 9, CWA).
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WESDEF and ILLIBACK.

Figure 21. Typical backcalculated PCC modulus from ILLIBACK (OCA).

oped. Basin area results from ILLIBACK  and WESDEF
are shown for both OCA and CWA in Figures 22 and
23. In Figure 22, the total basin area was calculated us-
ing all seven deflections. In Figure 23, the basin area
was calculated using the third to seventh deflections.

Previously, we had determined that the thaw depth
under AC pavements could be related to the partial ba-
sin area calculated using the third to seventh deflec-
tions (Janoo and Berg 1990). The current data indicate
that this partial basin area (A3-7) may be related to the
subgrade modulus. The figures show that as the total
basin area or partial basin area increased, the subgrade
modulus decreased. A power relationship was found to
best fit the total basin area or partial basin area and the
subgrade modulus. We also found that a better correla-
tion existed with the subgrade modulus obtained from
ILLIBACK. The use of the partial basin area (A3-7)
(Fig. 23) did not significantly increase the correlation
at OCA. We used other combinations of deflections to

calculate the partial basin areas and found that none sig-
nificantly increased the correlation with the calculated
subgrade modulus.

A similar relationship between ISM and subgrade
modulus is shown in Figure 24. A second-order polyno-
mial function provides the best fit to the data. Again, a
better correlation is obtained using the results from IL-
LIBACK .

The results from OCA and CWA are combined in
Figures 25 and 26. In Figure 25a presents a relationship
developed between the measured total basin area and
subgrade modulus calculated from ILLIBACK  for both
sites. An excellent correlation between total basin area
and subgrade modulus is found. In Figure 25b, the rela-
tionship developed between the total basin area and
subgrade modulus calculated from WESDEF for both
sites is presented. There are two distinct trends. This is
probably attributable to the separation of the base and
subgrade in WESDEF. Again, a power curve seems to
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Figure 23. Relationship between measured
partial basin area (third–seventh deflec-
tions) and calculated subgrade modulus at
Outagamie County Airport.

Figure 22. Relationship between measured total basin area and cal-
culated subgrade modulus.
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a. Calculated using ILLIBACK.

Figure 25. Relationship between total basin area and subgrade modulus at
Outagamie County Airport and Central Wisconsin Airport.
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b. Calculated using WESDEF.

c. Calculated using WESDEF with a single power trend.

Figure 25 (cont’d).
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Figure 26. Relationship between total basin area and coefficient of subgrade
reaction calculated using ILLIBACK at Outagamie County Airport and Cen-
tral Wisconsin Airport.
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Table 9. Gear information for computer simulations of the
MD-DC9 and Boeing 757.

Contact Contact Load on
Aircraft Tire Radius area pressure tire X-cord Y-cord

type no. (mm) (m2) (kPa) (kN) (mm) (mm)

MD-DC9 1 181.4 0.103 1103 114.1 –330.2 0
2 181.4 0.103 1103 114.1  330.2 0

Boeing 757 1 189.5 0.113 1172 132.1 –431.8 0
2 189.5 0.113 1172 132.1 431.8 0
3 189.5 0.113 1172 132.1 –431.8 1143
4 189.5 0.113 1172 132.1 431.8 1143

best fit the data, so for estimation, a single power
trend was applied to the data as shown in Figure 25c.
Figure 26 shows the relationship between the meas-
ured total basin area and the coefficient of subgrade
reaction (k) computed from ILLIBACK  for both sites
The following equations have been developed from
the ILLIBACK  results and can be used to estimate the
subgrade modulus and the coefficient of subgrade re-
action (k)

SM A= 240 185, T
–1.248 (R2 = 0.91)

k A= 741 480, T
–1.6662 (R2 = 0.86)

whereSM = subgrade modulus (MPa)
AT = total basin area (mm2)
k = coefficient of subgrade reaction

(MN/m3).
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Figure 27. Relationship between ISM and
subgrade modulus at OCA and CWA.

Table 8. Gear loading for the MD-DC9 and Boeing 757.

Aircraft Design load % of design load Load on main gear
 type (MN) on each main gear (MN)

MD-DC9 480 47.5 228.2
Boeing 757 1112 47.5 528.2

In Figure 27, the relationship of ISM and subgrade
modulus for both OCA and CWA is shown. Again, a
single power curve can be fitted to the data.

Current criteria for PCC pavements state that failure
occurs when the horizontal tensile stress at the bottom
of the PCC layer is equal to or greater than the flexural
strength of the slab. The flexural strength reported at
OCA and CWA was 4.5 MPa. The two types of aircraft
used for these simulations were the MD-DC9 and the
Boeing 757. The gear loads, tire spacings and radii
were obtained from the FAALEA computer program
and are presented in Tables 8 and 9.

Several FWD locations were selected from each air-
port for computing the tensile stress at the bottom of the
PCC layer on different days during the monitoring peri-
od. The damage (D) reported here is defined as the ratio
of maximum horizontal (tensile) stress to the flexural
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Figure 28. Configuration and location of stress calculations for Boeing 757 and MD-DC9.
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Figure 29. Amount of damage during spring thaw at Central Wis-
consin Airport.

Figure 30. Effect of pavement thickness on damage at Central
Wisconsin Airport.

strength of the PCC layer

D = σ
σ

tensile

flexural
.

Layer moduli from ILLIBACK  were used
to represent the pavement structures. The
computer program BISAR was used to calcu-
late the stresses at locations shown in Figure
28. The stress calculation points are the same
as those used in FAALEA. The results are
tabulated in Table 10 and damage is shown
for CWA in Figure 29. As thaw progresses,
the amount of damage increases until thaw-
ing is complete; then it levels off with time.
The results also indicate that the damage is a
function of pavement thickness, a linear rela-
tionship being found in the 24 April data
from CWA (Fig. 30).

The thinner pavements (178 to 203 mm)
at OCA showed potential near-failure condi-
tions during the spring thaw (Fig. 31). Some
pavements recovered somewhat, as typified
by location 9 (Fig. 31). The thicker section
(location 23, 254 mm) had a similar amount
of damage as those sections of similar thick-
ness at CWA; however, the OCA sections did
not exhibit the loss during the thawing peri-
od observed at CWA.

The horizontal stresses are plotted as
functions of the subgrade modulus, coeffi-
cient of subgrade reaction and the PCC mod-
ulus in Figures 32–34. With respect to the
PCC modulus, no trends were seen (Fig. 34),
and nonlinear trends were observed for all of
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FWD Damage ratio
Date location Boeing757 MD DC9

a. Central Wisconsin Airport
20 Mar 2 0.29 0.32
24 Mar 2 0.34 0.38
27 Mar 2 0.46 0.50
4 Apr 2 0.56 0.58
7 Apr 2 0.62 0.62
10 Apr 2 0.60 0.61
14 Apr 2 0.64 0.63
17 Apr 2 0.62 0.62
21 Apr 2 0.62 0.62
24 Apr 2 0.63 0.63
20 Mar 3 0.25 0.27
24 Mar 3 0.26 0.28
27 Mar 3 0.27 0.29
4 Apr 3 0.35 0.35
7 Apr 3 0.45 0.42
10 Apr 3 0.30 0.32
14 Apr 3 0.25 0.27
17 Apr 3 0.33 0.34
21 Apr 3 0.20 0.22
24 Apr 3 0.25 0.27
20 Mar 6 0.25 0.26
24 Mar 6 0.32 0.35
27 Mar 6 0.49 0.52
4 Apr 6 0.50 0.53
7 Apr 6 0.60 0.60
10 Apr 6 0.58 0.59
14 Apr 6 0.63 0.62
17 Apr 6 0.66 0.65
21 Apr 6 0.61 0.61
24 Apr 6 0.58 0.59
20 Mar 9 0.25 0.27
24 Mar 9 0.38 0.41
27 Mar 9 0.55 0.57
4 Apr 9 0.53 0.55
7 Apr 9 0.67 0.65
10 Apr 9 0.61 0.61
14 Apr 9 0.55 0.57
17 Apr 9 0.63 0.63
21 Apr 9 0.62 0.62
24 Apr 9 0.61 0.61
18 Mar 16 0.22 0.24
24 Mar 16 0.24 0.26
27 Mar 16 0.48 0.46
4 Apr 16 0.37 0.39
7 Apr 16 0.46 0.45
10 Apr 16 0.51 0.48
14 Apr 16 0.46 0.45
17 Apr 16 0.41 0.42
21 Apr 16 0.39 0.40
24 Apr 16 0.39 0.40
18 Mar 17 0.23 0.26
24 Mar 17 0.20 0.22
27 Mar 17 0.30 0.33

4 Apr 17 0.34 0.37
7 Apr 17 0.46 0.45
10 Apr 17 0.42 0.42
14 Apr 17 0.34 0.36
17 Apr 17 0.46 0.45
21 Apr 17 0.46 0.45
24 Apr 17 0.48 0.46
24 Mar 19 0.24 0.26
27 Mar 19 0.36 0.38
4 Apr 19 0.42 0.42
7 Apr 19 0.48 0.46
10 Apr 19 0.45 0.44
14 Apr 19 0.39 0.40
17 Apr 19 0.49 0.47
21 Apr 19 0.44 0.43
24 Apr 19 0.47 0.45

b. Outagamie County Airport
15 Mar 1 0.52 0.55
26 Mar 1 0.59 0.60
29 Mar 1 0.56 0.57
5 Apr 1 0.00 0.61
9 Apr 1 0.64 0.63
12 Apr 1 0.58 0.59
16 Apr 1 0.63 0.63
23 Apr 1 0.48 0.51
26 Apr 1 0.61 0.61
15 Mar 4 0.55 0.60
26 Mar 4 0.78 0.83
29 Mar 4 0.92 0.94
5 Apr 4 — 1.00
9 Apr 4 0.99 0.98
12 Apr 4 0.97 0.97
16 Apr 4 1.00 0.99
23 Apr 4 0.97 0.97
26 Apr 4 0.94 —
15 Mar 9 0.64 0.70
26-Mar 9 0.81 0.86
29 Mar 9 0.97 0.97
5 Apr 9 0.95 0.95
9 Apr 9 0.85 0.88
12 Apr 9 0.78 0.83
16 Apr 9 0.84 0.87
23 Apr 9 0.84 0.87
26 Apr 9 0.85 0.88
15 Mar 23 0.79 0.87
26 Mar 23 0.80 0.88
29 Mar 23 0.91 0.99
4 Apr 23 0.96 1.04
9 Apr 23 0.99 1.06
12 Apr 23 1.00 1.07
16 Apr 23 0.97 1.04
23 Apr 23 0.90 0.97
26 Apr 23 0.96 1.03

FWD Damage ratio
Date location Boeing757 MD DC9

Table 10. Ratio of maximum horizontal tensile stress to flexural strength during
spring thaw.
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a. Boeing 757.

b. MD-DC9.

Figure 32. Effect of subgrade modulus on the horizontal tensile
stress at the bottom of the PCC layer (OCA and CWA).
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Figure 31. Amount of damage during spring thaw at Outagamie
County Airport.
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Figure 33. Effect of the coefficient of subgrade reaction, k, on the horizontal
tensile stress at the bottom of the PCC layer.

Since we found damage to be a function of thickness, σh
was developed as a function of Es or k and the coeffi-
cient of thickness. We found that the correlations in-
creased when thickness was taken into consideration.

σh= 7360 – 1.5Es – 17t

or

σh= 7389 – 13.02k – 17.5t

where t is PCC thickness (mm).
The relationship between the total basin area and the

horizontal stresses (σh) at the bottom of the PCC layer is
shown in Figure 35. A linear trend was applied to the

the other relationships. Small differences were obtained
for the Boeing 757 and the MD-DC9.

The following equation could be used to estimate the
horizontal stress σh as a function of the subgrade modu-
lus Es (MPa) during the spring thaw

σh s
–0.549= 41 732, .E

We observed a similar trend between the horizontal
strain and the coefficient of subgrade reaction. The fol-
lowing equation could be used to estimate the horizontal
stress (σh) as a function of the coefficient of subgrade
reaction, k (MN/m3) during the spring thaw

σh
–0.411= 12 436, .k
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Figure 34. Effect of PCC modulus on the horizontal tensile stress at the
bottom of the PCC layer.

results. We used partial basin areas, but found no bet-
ter correlation. The following equation can be used to
determine σh from the total basin area

σh = 7.35 × AT R2 = 0.7.

The ISM can also be used to estimate σh, as shown
in Figure 36. A power relationship was found to best
describe the relationship between ISM and (σh)

σh = 357,068 × ISM–0.8165 R2 = 0.81.

LOAD TRANSFER EFFICIENCY (LTE)

Joints are generally weak points in jointed concrete
pavements. Although the load transfer across joints has
a great effect on the stress at the bottom of the slab, and
therefore on the performance of the pavement, it is
largely ignored in most evaluation schemes because of
the difficulty of measuring these stresses (Foxworthy
1985). The load transfer can be inferred from the
amount of deflection on both sides of the joint when a
load is applied on one side of the joint. The FWD, sim-
ulating a wheel load on one side of a joint, can be used
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Figure 35. Linear relationship between total basin area and maxi-
mum horizontal tensile stress at bottom of PCC Layer.

Figure 37. Load transfer efficiency across a joint.
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either side of the joint from an applied load. Load (or
stress) transfer is the ratio of amount of stress that is
transferred across the joint. For a perfect transfer,
50% of the stress is transferred across the joint.

From his study, Foxworthy (1985) reported the fol-
lowing:

1. JTE increased with increasing temperature and
the relationship between JTE and temperature was the
same whether he used air or pavement temperatures.

2. The type of joint construction affected the rate at
which LTE changed with temperature.

3. The JTE was not affected by the FWD load used
during the test.

4. The JTE was the same across transverse joints
when measured from the approach or leave slab on
airfield pavements (see Fig. 37). However, across lon-
gitudinal joints, the LTE values were higher when
measured from the leave slab.

Foxworthy (1985) developed relationships for pre-
dicting the LTE. He found that, in general, an S type
curve could be used to fit his results concerning load
transfer efficiency and temperature (Fig. 39). The
JTE–temperature relationships obtained by Foxwor-
thy were from tests conducted at different times of the
day where the only changes that were occurring were
in the PCC layer. Since the base and subgrade
strengths were changing very little with time, these
results may not be applicable to pavements during
thaw-weakening periods. So, we used the limited data
collected at OCA and CWA to study the effects of
changing subbase–subgrade stiffness during spring
thaw on JTE.

Loads were transferred across transverse joints
with dowels or aggregate interlocks and across longi-
tudinal joints by the use of keyways, aggregate inter-
locks or tiebars. Typical changes at CWA are shown in
Figures 40 and 41. We found two basic trends at CWA
and only the first at OCA:

1. In general, the transverse JTE increased with in-
creasing temperature, similar to that reported by Fox-
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Figure 39. Relationship between air temperature and transverse joint
transfer efficiency (after Foxworthy 1985).
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Figure 38. Placement of FWD sensors for load trans-
fer efficiency test.

to determine the amount of deflection on either side of
the joint as illustrated in Figure 37.

The Corps of Engineers’ method (TM 5-826-5, U.S.
Army, no date) for calculating the Joint Transfer Effi-
ciency (JTE) using the deflections obtained with the
FWD is

JTE = δ
δ

1

0

where JTE = joint transfer efficiency
δ0 = center plate deflection
δ1 = deflection measured across joint.

With the FWD, the center sensor was placed on one
side of the joint and the second sensor, located 300 mm
away from the center of the loading plate, was placed
across the joint. This is illustrated in Figure 38. The
JTE values across the transverse, longitudinal and cor-
ner joints, as calculated from the equation above for
both CWA and OCA, are presented in Tables 11 and
12. The JTE values presented in the tables are the aver-
age from the four drop heights (joint and load transfer
have been used interchangeably in the literature). In
this report, a distinction is made between joint (JTE)
and load transfer efficiency (LTE). Joint transfer effi-
ciency as shown above is the ratio of the deflections on
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Table 12. Joint transfer efficiencies at OCA (%).

a. Across transverse joints.

Date 1 2 3 4 5 6 7 8 9 10 11

15 Mar 86 38.1 22.4 57.1 30.3 27.4 19.5 39.6 69.7 57.9 36.8 48.3
26 Mar 86 58.3 16.2 64.7 — 28.1 11.6 37.6 96.8 76.1 36.3 58.8
29 Mar 86 71.7 25.8 62.9 84.0 88.5 25.3 48.2 98.3 94.8 91.5 93.6
5 Apr 86 64.4 22.9 63.3 70.8 73.8 21.3 42.3 44.5 66.6 40.1 81.0
9 Apr 86 54.4 15.0 57.8 20.5 39.4 12.6 42.1 12.3 33.0 22.7 61.8
12 Apr 86 75.3 13.8 62.0 31.0 51.0 13.3 45.7 12.9 51.2 50.2 82.5
16 Apr 86 63.9 20.0 56.7 42.3 43.0 49.1 37.7 21.8 47.2 58.0 77.2
23 Apr 86 77.2 27.7 63.5 93.3 85.7 27.9 42.8 34.1 89.1 90.2 97.2
26 Apr 86 94.3 41.2 77.8 94.7 94.7 76.3 54.2 76.2 92.6 93.7 100.6

Date 12 13 14 15 16 19 20 21 22 23 24

15 Mar 86 41.4 24.1 42.2 7.1 65.8 77.2 54.4 51.0 30.5 52.3 34.0
26 Mar 86 66.5 21.3 65.6 18.8 80.7 92.2 59.1 55.3 40.2 61.0 50.0
29 Mar 86 87.6 69.4 90.7 29.6 92.3 94.8 87.1 62.0 67.9 92.4 75.5
5 Apr 86 74.6 37.0 48.6 14.0 78.9 91.4 65.4 54.6 76.6 30.2 75.5
9 Apr 86 77.4 19.7 28.5 16.9 76.3 90.9 61.2 54.2 52.6 76.5 33.4
12 Apr 86 82.2 18.9 36.9 — 78.6 92.2 63.6 54.1 55.7 15.7 116.2
16 Apr 86 75.6 36.6 41.4 29.4 63.3 89.4 66.9 56.8 50.4 28.3 21.0
23 Apr 86 91.3 20.4 35.3 18.0 76.8 91.2 73.7 56.9 49.7 18.0 15.0
26 Apr 86 92.8 67.6 94.0 89.7 89.9 — — — 58.2 45.8 81.7

b. Across longitudinal joints.

Date 1 2 3 4 5 6 7 8 9 10 11

15 Mar 86 24.9 61.2 67.7 34.8 17.7 20.1 80.7 45.9 50.6 11.0 27.4
29 Mar 86 16.6 73.5 86.1 83.3 17.0 27.5 98.9 72.3 87.5 15.8 46.4
5 Apr 86 15.8 80.1 89.0 59.6 18.7 19.6 92.8 77.8 74.7 23.3 17.9
12 Apr 86 11.7 82.1 83.1 89.8 17.2 14.5 99.5 84.0 49.1 17.2 18.3
26 Apr 86 80.1 106.4 86.3 88.1 25.0 49.4 92.9 84.3 91.6 39.5 82.5

Date 12 13 14 15 16 19 20 21 22 23 24

15 Mar 86 14.4 14.6 11.1 14.7 70.3 70.3 64.8 20.7 45.2 32.7 74.4
29 Mar 86 16.8 49.8 13.0 21.5 87.3 89.7 76.1 76.8 93.5 90.0 99.4
5 Apr 86 31.7 32.3 26.4 27.2 53.9 81.8 62.7 68.0 80.7 88.6 99.4
12 Apr 86 16.1 32.4 24.8 20.5 99.0 83.7 37.4 89.1 20.9 75.9 89.6
26 Apr 86 28.1 35.0 27.3 64.0 81.8 — — — 52.4 93.4 97.8

c. Across corner joints.

Date 1 2 3 4 5 6 7 8 9 10 11

15 Mar 86 33.6 27.2 50.7 84.9 17.5 16.6 41.3 29.3 13.8 15.6 20.9
29 Mar 86 52.7 76.3 53.1 90.5 32.3 13.4 63.7 87.4 42.5 75.6 52.6
5 Apr 86 56.0 41.8 59.2 85.5 25.3 10.2 57.4 66.1 31.0 32.6 103.6
12 Apr 86 47.5 26.3 49.3 36.0 13.7 6.6 42.0 17.7 47.4 33.4 40.6
26 Apr 86 46.9 95.8 66.7 92.4 55.3 — 68.2 91.7 90.1 85.4 70.1

Date 12 13 14 15 16 19 20 21 22 23 24

15 Mar 86 27.4 5.2 87.0 4.4 52.7 84.6 31.1 27.5 22.4 13.2 29.3
29 Mar 86 73.5 85.1 93.7 11.9 72.8 90.0 71.7 29.9 61.1 21.3 69.2
5 Apr 86 66.3 17.8 69.8 4.2 79.2 94.6 65.5 113.1 23.2 41.7 69.2
12 Apr 86 82.1 29.7 47.4 5.1 87.2 96.5 66.9 53.3 80.5 22.4 18.2
26 Apr 86 90.4 78.4 96.7 31.4 84.4 — — — 90.0 91.9 72.0
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Figure 40. Change of transverse joint efficiency with surface temperature.
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Figure 41. Effect of subgrade modulus calculated with ILLIBACK on transverse joint efficiency.
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Figure 42. Change in transverse joint transfer with time on taxiway B.

worthy (1985) (Fig. 40). In addition, we determined
that increases in temperature did not cause increases in
JTE during the early thaw period; the JTE in most cas-
es decreased. As thaw progressed, the JTE recovered.
In the late thaw period, the JTE was basically a linear
function of temperature (Fig. 40b). The most signifi-
cant effect of thawing was related to the base–subgrade
modulus (Fig. 41).

2. At the CWA FWD locations where the base
course was 1.2 m thick, the effect of temperature on the
transverse joint efficiency was negligible (Fig. 42). It
should also be noted that the thickness of the PCC layer
is 330 mm compared to the other sites, where it ranged
from 254 to 305 mm. This increase in thickness may
also contribute to the negligible effect of surface tem-
perature on the JTE. This was not observed at OCA.

3. With a few exceptions, as shown in Tables 11b
and 12b, the JTE was low across the longitudinal
joints at CWA and OCA. The data infer that, in gener-
al, the longitudinal joints were weak with respect to
load transfer.

The LTE was determined for the transverse joints
both at CWA and OCA using the procedure outlined
in Hammons and Pittman (1993). The LTE across a
joint is estimated as a function of the radius of relative
stiffness (l) and the JTE. The JTE is determined from
FWD deflection data as discussed above. The radius
of relative stiffness (l) is determined from the normal-
ized basin area (AREA) from a unique relationship de-
veloped by Ioannides (1989). This relationship for a
dense liquid foundation is reproduced in Figure 43. A
sixth-order polynomial equation was developed for
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Figure 43. Relationship between AREA and l for a dense liquid foun-
dation, a = 5.90655 in. (after Hammon and Pittman 1993).
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Figure 44. Interpolated relationships between joint efficiency and load
transfer as a function of a/l (after Hammon and Pittman 1993).

Figure 45. Relationship between JTE and LTE for transverse joints.

Central Wisconsin Airport

OCA
CWA

Joint Transfer Efficiency (%)

T
ra

ns
ve

rs
e 

Jo
in

t E
ffi

ci
en

cy
 (

%
)

10

20

30

40

50

0 20 40 60 80 100

 Transverse Joints

this relationship and is in the form of

l AREA AREA AREA

AREA AREA

AREA

= − + −

+ −

+

0 5 1 24 1 21 0 1803

0 011098 0 0003075

0 000003198

2 3

4 5

6

. ( . ) . .

. .

.

and

 AREA = +






+






+


















6 1 2 21

0

2

0

3

0

δ
δ

δ
δ

δ
δ

wherel = radius of relative stiffness (inches)
δi= FWD deflections (inches)

AREA= normalized deflection basin area
i = deflection sensor number.

With the ratio of radius of the FWD loading plate (a) to
the radius of relative stiffness (a/l) and the joint effi-
ciency, Figure 44 was used to calculate the load transfer
efficiency. Figure 44 was developed by Tabatabaie et
al. (1979) and modified by Hammons and Pittman
(1993). The results of the load transfer across trans-
verse joints were determined at both CWA and OCA
and are presented in Figure 45. We found that the rela-
tionship below can be used to estimate the LTE of trans-
verse joints using FWD JTE data.

LTE (%) = 1.912e3.115(JTE)

where JTE is joint transfer efficiency (decimal).
We did not attempt to develop similar relationships

for the longitudinal joint because of the low JTE values
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Figure 47. Relationship between JTE and LTE.

Figure 46. Relationship between total basin area and subgrade modulus.

and also because of the small database. However, be-
cause of the unique relationship between JTE and LTE
shown in Figure 45, it may be possible to apply the
same relationship to longitudinal joints.

To meet the criterion that the LTE of the joint be not
less than 25%, the JTE should exceed 80%. If this is the
case, a review of Tables 11a and 12a indicates that
many of the joints at CWA and OCA were below capac-
ity during the thawing period. At the end of thaw, nearly
all of them met the 25% criterion. The results indicate that
most of the damage to transverse joints probably occurs
during the winter and spring thawing period.

PROPOSED PAVEMENT
EVALUATION PROCEDURE

A methodology is proposed for evaluating pave-
ment performance during the thaw-weakening periods
using FWD deflection data. From this study, we found

that, for PCC pavement, the composite subgrade mod-
ulus (base and subgrade) can be estimated from the de-
flection basin area and Figure 46 or from the following
equation

Esub = 154,319∆–1.1708

where Esub is the subgrade modulus (MPa), and ∆ is
deflection basin area (mm2). The horizontal tensile
stress at the bottom of the PCC layer was found to be a
function of pavement thickness and Esub or the coeffi-
cient of subgrade reaction (k) from the following equa-
tions for either a Boeing 757 or for a MD-DC9.

σtensile = 7360 – 1.5Esub – 17t

σtensile = 7389 – 3.02k – 17.5t

or, with respect to total basin area, an estimate could be
made using

σtensile = 7.35AT

whereσtensile= horizontal tensile stress at the bottom
of the PCC layer (kPa)

k = coefficient of subgrade reaction
(MN/m3)

t = PCC layer thickness (mm).
The LTE across transverse joints can be estimated from
the JTE from Figure 47 or from the following equation

LTE (%) = 1.912e3.115(JTE)

where JTE is the joint transfer efficiency (decimal)

JTE = δ
δ

u

i

and δu is FWD deflection on an unloaded slab and δi  is
FWD deflection on a loaded slab.
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CONCLUSIONS

During the spring thawing period, the JTE was a
function not only of the surface temperature but also
of subgrade stiffness. Near the end of thaw, the JTE
was basically solely a function of the surface tempera-
ture.

Unique relationships were developed between
FWD deflections and the subgrade modulus (Esub)
and between the FWD deflections and the coefficient
of subgrade coefficient (k). Additional relationships
were developed between the PCC layer thickness and
either Esub or k and the horizontal tensile stress (σtensile)
at the bottom of the PCC layer.

A relationship was also developed for determining
the load transfer across transverse joints on the basis
of JTE calculated from FWD deflection data. This re-
lationship could be also used for longitudinal joints.

The developed relationships allowed us to propose
a methodology for evaluating PCC pavement perfor-
mance during winter and thaw-weakening periods.
However, this methodology could be used at other
times of the year.

The relationships developed from this study should
be verified at other sites. In particular, although there
are only small differences in the horizontal stress rela-
tionships for the Boeing 757 and the MD-DC9, addi-
tional horizontal stress relationships may be needed
for other aircraft.

Field measurements of horizontal stress or strain
are necessary to verify these relationships.
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