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including the original one by Casagrande and Shannon 
(1), which assumed a straight-line phreatic surface 
and an impermeable subgrade. The influence of sub
grade drainage on drainage time and the influence of 
the use of the more theoretically correct parabolic 
phreatic surface, especiall y in deep base courses or 
on flat slopes, were found to be t<ubstantial. New 
models were developed to include these features, and 
the calculated results are generally in good agree
ment with field data from full-scale pavements. The 
new models are recommended for future subdrainage 
calculations. 
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Investigation of Moisture-Induced Variation in 
Subgrade Modulus by Cross-Correlation Method 

S.S. BANDYOPAOHYAY AND J.A. FRANTZEN 

ThD change In moisture content of Jubgrado 1olls and its resultant effects on 
structural pavement performance are of Interest to many highway engineers. 
One of tho primary sourcos of moisture in tho subgrade Is water from pre· 
cipitation. The purpose of this research was to ox.amine the feasibility of 
statistically relating tho variation in subgrade modulus with the oorrosponding. 
time history of precipitation. Two locations on KS-4 in northeast Kansas 
were monitored from March through November. Dynamic pavement surface 
deflections wore obtained each week by Dynallcct, ond lime histories of sub
gradc modull were constructed ftom normalized Dynaflect. deflection param
eters. A corrospondlng timo history of precipitation at tho locations was ob
tained from the local U.S. Weather Bureau nation. A crou·correlatlon study 
by computer of the two time series revealed e statistically significant correla· 
tlon between precipitation history and variation in subgradc modulus. The 
tlmo required for the subgrade to reach its woakest stato after a rainfall 
was found to be rather long-up to 3 weeks might be roquirod. The interrela· 
tionship of other factors, such as runoff characteristics and tempeiature, that 
might influence this time delay, was not considered in this study. 

The effect of moisture on subgrade strength is an 
important factor in the evaluation of highway pave
ment performance and for highway design problems. 
Variations in su.bgrade moisture, with corresponding 
changes in volume and strength characteristics of 
subgrade soils, may cause severe damage to pavement. 
The reduction in subgrade strength caused by an 
i nflux of moisture with the consequent increase in 

pavement deflection and decrease in bearing capacity 
is well documented in the literature (1-6). At
tempts to develop mathematical models to iredict the 
variation in pavement deflections with changes in 
subgrade moisture have also been made (7,8). 

Soil moisture migrates as a result -of any force 
that disturbs equilibrium of the soil-water system. 
Several different viewpoints have been expressed in 
the literature concerning forces that cause moisture 
to migrate. A few of the most widely discussed 
hypotheses are hydrostatic pressure, capillary pres
sure, disjoining pressure of aqueous films (often 
referred to as osmotic pressure), chemical poten
tials, and temperature gradients. Moisture may 
migrate through soil in the liquid phase, vapor 
phase, or in a combination of the two, depending on 
the forces that cause pore-water movement. 

Sources of free water must be present for mois
ture· migration to occur in subgrades. The primary 
source of moisture in the subgrade is undoubtedly 
precipitation, which can reach the subgrade in sev
eral ways--seepage of the water into t.he subgrade 
from higher ground, percolation of the water through 
the pavement surface, and mi.gration of the water 
from shoulder slopes or verges. 

Most of the published material is concerned with 
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loss of the load-carrying capacity of highways dur
ing the spring thaw period. The direct effect of 
rainfall on subgrade strength has received only 
minor consideration. Although variations in subgrade 
moisture are affected considerably by precipitation 
(4,5,9,10), no direct correlation has been developed 
because""""Of the complexity of the problem. The pri
mary objective of this study was to examine the 
feasibility of relating the variation in subgrade 
modulus statistically with the corresponding time 
history of precipitation. A secondary objective was 
to demonstrate the use of the cross-correlation 
method in geotechnical investigations. 

PROJECT HISTORY 

Two locations, about 1 mile apart, were selected on 
KS-4 in Jefferson County, northeast Kansas. The 
asphalt-concrete pavement was built in 1978 on a 
glacial till subgrade of the Kansas stagei the high
way traverses a region of rolling hills. The A-hori
zon soils have a plasticity index of about 18 and a 
standard Proctor density of 100 lb/ft'. The plas
ticity index of B-horizon soils ranges from 17 to 30 
and the standard Proctor density from 96 to 103 
lb/ft'. The ranges of plasticity index and stan
dard Proctor density for C-hor izon soils are 18 to 
39 and 98 to 111 lb/ft', respectively. Some of 
the B-horizon and C-horizon soils are moderately 
expansive in nature. The top 6 in. of the subgrade 
was lime-treated with 6 percent (by weight) lime. 
The asphalt-concrete pavement structure consists of 
a 4-in. surface course and a 7.5-in. base course at 
location 1, and a 2-in. surface course and a 7.5-in. 
base course at location 2. The pavement was virtu
ally free of cracks during the period of observation. 

EQUIPMENT AND DATA COLLECTION 

Pavement surface deflections were monitored weekly 
by Dynaflect at both locations for 9 months, March 
through November. The Dynaflect is an electrome
chanical system for measuring the dynamic deflection 
of a surface or structure caused by an oscillatory 
load. Measurements are independent of a fixed sur
face reference. 

The Dynaflect system consists of a dynamic force 
generator mounted on a small two-wheel trailer, a 
control unit, a sensor assembly, and a sensor cali
bration unit. The cyclic force generator uses a 
pair of unbalanced fly wheels that rotate in oppo
site directions at a speed of 480 rpm, or 8 cycles 
per second. The vertical component of the accelera
tion of the unbalanced mass produces the cyclic 
force that is applied to the ground through a pair 
of rigid wheels. The amount of fly wheel unbalance 
is chosen precisely to produce a 1,000-lb peak-to
peak variation of force during each rotation of the 
fly wheels at the proper speed. Considering the 
dead weight of the trailer, the resulting sinusoidal 
load ranges between 2, 500 and 1, 500 lb at 8 cycles 
per second. 

Deflections are measured while the trailer is 
halted for a brief time at the desired location. 
The displacement measurements are performed by using 
motion sensors located midway between the two load
ing wheels and spaced in the longitudinal direction 
at 1.0-ft intervals. There are five such sensors 
with an ex tr a one that can be used anywhere on the 
pavement, if desired, within 20 ft of the loading 
wheels. The sensor array and the deflection basin 
parameters associated with the Dynaflect measure
ments are shown in Figure 1. The five parameters 
associated with each Dynaflect measurement are de
scribed as follows (11-16): 

11 

1. Dynaflect maximum deflection (DMD), or the 
first sensor deflection, is a measure of the pave
ment structural character is tics and support condi
tionsi 

2. Surface curvature index (SCI), or the numer
ical difference of the first and second sensor de
flections, is predominantly an indicator of the 
structural condition of the surface layeri 

3. Base curvature index (BCI), or the numerical 
difference of the fourth and fifth sensor deflec
tions, measures the base support conditionsi 

4. Spreadability (SP), or the average deflec
tion as a percentage of maximum deflection, measures 
the load-carrying capacity and stiffness ratio of 
the pavement structurei and 

5. Fifth sensor deflection (W 5) is an indirect 
measure of subgrade modulus. 

The five parameters, considered either individu
ally or jointly, can provide an estimate of the 
structural characteristics of the measured pavement 
structure (11-16). Because deflection parameters 
are functions of pavement temperature, adjustment 
factors are needed to normalize measured deflections 
with respect to a base temperature (11). Temperature 
adjustment factors for Dynaflect parameters have 
recently been developed for Kansas road conditions 
(12) and are shown in Figures 2-4. No adjustment 
factors are found necessary for BCI and w5 ( 12) • 
A summary of deflection parameters obtained at the 
site and normalized with respect to temperature is 
given in Table 1. The adequacy of the sample size 
of Dynaflect deflection measurements was checked in 
the field by using the nomograph shown in Figure 5. 
This nomograph is based on appropriate statistical 
procedures described elsewhere (17-19). The pavement 
and the subgrade moduli may be estimated from values 
of DMD and SP (~). By using the normalized values 
of DMD and SP, weekly subgrade modulus values at 
locations 1 and 2 were determined and are shown in 
Figure 6. Daily precipitation data at the location 
were acquired from a U.S. Weather Bureau station 
located within 2 miles of the site. The precipita-

Figure 1. Dynaflect sensor array and deflection parameters. 
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Figure 2. Temperature adjustment factors for DMD (Q). 
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Figure 3. Temperature adjustment factors for SCI (Q). 
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Oynilflect Defl ection Parameters 

Date 

March 6 
March 14 
March 20 
March 27 
April 3 
April 10 
April 17 
April 24 
May 8 
May 15 
May 23 
May 30 
June 5 
July 3 
July 18 
July 25 
Aug. 15 
Aug. 28 
Sept. 11 
Sept. 19 
Sept. 26 
Oct. 3 
Oct. 16 
Oct. 31 
Nov. 13 
Nov. 26 

DMD(in. x 10-3) 

Location 
#1 #2 

0.57 
0.64 
0. 64 
0.58 
0.55 
0. 50 
0.62 
0.62 
0. 62 
0. 62 
0. 56 
0.68 
0.63 
0. 59 
0. 69 
o. 70 
0.61 
0.62 
0.55 
o. 59 
0. 57 
0.61 
0.65 
0. 51 
0.61 
0.55 

0.70 
0.69 
0.72 
0.58 
0.62 
0.56 
0.64 
0.59 
0.66 
0.63 
0.55 
0.62 
0.58 
0.59 
0.63 
0.68 
0.57 
0.60 
0.55 
0.57 
0.57 
0.60 
0.58 
0.55 
0. 70 
0.60 

SCl(in. x 10-3) 

Location 
HI #2 

0.05 
0.07 
0.08 
0.06 
0.06 
0.08 
0.06 
0.07 
0.10 
0.09 
0.09 
0.10 
0.08 
0.08 
0.13 
0.10 
0.09 
0.08 
U.07 
0.09 
0.07 
0.04 
0.11 
0.03 
0.05 
0.04 

0.07 
0. 07 
0. 08 
0.05 
0.06 
0. 07 
0.06 
0.06 
0.10 
0.07 
0. 07 
0. 09 
0.07 
0.08 
0.10 
0.10 
0.08 
0.08 
0.07 
0. 08 
0.07 
0.04 
0.08 
0.05 
0. 07 
0.06 

tion data corresponding to subgrade modulus values 
are also plotted in Figure 6. 

CROSS-CORRELATION 

Comparison of two time series--subgrade modulus and 
precipitation--was made by examination of the cross
correlation coefficient. The correlation coefficient 
summarizes in a single quantity the extent to which 
pairs of the data subsets vary linearly with each 
other. Because the correlation coefficient ranges 
from -1 to +l and indicates an increasingly large 
linear correlation as it approaches either end of 
its range, examination of the correlation coeffi-

SP( %) BCI(in. x 10- 3 ) 

Location Location 

~ ( i n. x 10-3) 

Locati on 
#1 112 #1 · 112 Cl 112 

0. 06 
0.06 
0.06 
0.06 
0.06 
0.07 
0.06 
0.08 
0.07 
0.09 
0.07 
0.08 
0.08 
0. 08 
0.10 
0.12 
0.08 
0.09 
0.07 
0.06 
0.07 
0.06 
0.08 
0.05 
0.01 
0.05 

0.07 69 
0.07 66 
0.07 66 
0.06 69 
0.06 68 
0.08 69 
0.07 66 
0.09 66 
0.09 66 
0.09 66 
0.08 67 
0. 07 65 
0.08 64 
0.08 66 
0.10 64 
0.11 66 
0.08 68 
0.11 69 
0.07 68 
0.07 66 
0.07 68 
0.06 67 
0.08 65 
0.06 68 
0.04 69 
0.06 67 

69 0.18 
67 0.19 
66 0.19 
69 0.20 
69 0.18 
70 0.19 
67 0.19 
70 0.20 
67 0.20 
68 0.20 
69 0.19 
67 0.22 
71 0.21 
67 0.19 
70 0.19 
65 0.23 
68 0.21 
70 0.23 
69 0.21 
68 0.21 
68 0.20 
68 0.19 
67 0.20 
67 0.18 
66 0.19 
66 0.17 

0.21 
0.21 
0.21 
0. 21 
0.20 
0. 21 
0.21 
0. 22 
0.21 
0.21 
0.20 
0.20 
0. 22 
0.20 
0.23 
0.22 
0.21 
0. 22 
0.22 
0.24 
0.20 
0.20 
0. 21 
0. 18 
0.19 
0. 18 

cients provides a simple way to compare data of 
different groups. 

One way of comparing two similar parts of a curve 
is to break the two segments apart and fit one to 
the other. The goodness-of-fit, measured in some 
manner, would be an index of their similarity. 
Autocorrelation, in effect, does this except the 
entire sequence is compared to itself at all pos
sible positions. The autocorrelation of a time 
series (Yi) at lag(L) is given by 

(!) 

where 
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Figure 4. Temperature adjustment factors for SP (121. 
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Figure 6. Time histories of subgrade modulus and precipitation 
at locations 1 and 2. 
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Figure 5. Nomograph to determine sample size at 95 percent confidence level for Dynaflect 
deflections (!!!). 
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being compared. 

To perform cross-correlation, however, the tech
nique for moving the sequences past one another must 
be modified. When two different series are being 
compared,· cross-correlations must be made. Because 
one sequence is being moved past the other rather 
than being lagged behind from a position of initial 
equivalence, the successive comparisons are referred 
to as match positions rather than lags. A plot of 
match positions versus cross-correlation is called a 
cross-correlogram. A typical example is shown in 
Figure 7, which explains the construction of a cor-
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relogram produced by two dissimilar sequences. 
The cross-correlation for comparison of two time 

series (Y1 and Y2) is defined as (~) 

Im =(nLY1Y2-LY 1 LY2)/{[nLYI-(LY1 ) 2) [nLY~ 

-(LY2)2) F' 
or 

where 

rm cross-correlation coefficient, 

(2) 

(3) 

n number of overlapped positions be
tween the two series, 
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covariance of the overlapped 
portions of the two sequences, and 
standard deviations of the over
lapped segments of sequences 1 
and 2. 

The summations are understood to extend only over 
the segments of the two sequences that are over
lapped at the match position. 

The significance of the cross-correlation coef
ficient can be assessed by the approximate test <11>, 

t =rm [(n - 2)/(1 - r~)] y, (4) 

which has n-2 degrees of freedom. This test has 
been derived from a test for the significance of the 
correlation between two samples drawn from normal 
populations. The null hypothesis is that the cor
relation is zero. 

DISCUSSION OF RESULTS 

A computer program CROSCR (21) is used to compute 
the cross-correlation between the two time series. 
The program slides the first chain past the second 
by an incrementing DO loop in which the correlation 
coefficient is calculated. Successive values of 
r 111 are printed with corr1111ponding values of the 
t-i;tatistic calculated by Equation 4. 

Figure 8 shows the cross-correlograms for loca
tions 1 and 2 and the corresponding t-statistic. 
Each series was represented by 90 data points with 
match position 1 defined by the overlap of the first 
three points of the precipitation series and the 
last three points of the modulus series. Because 
the effect of precipitation is to reduce the sub
grade modulus value, negative values of the cross
correlation coefficient need to be studied for a 
specified matching position. Match position BB 
defines the two time series with zero lag and match 
positions in its vicinity, but positions greater 
than position BB should be of interest for compari
son study. It is evident from Figure 8 that the 
highest correlation is obtained at match position 92 
for location 1 and match position 95 for location 
2. Because there are 3 days between two successive 
match positions, the inference could be made that it 
took 12 to 21 days for the subgrade at the locations 
investigated to reach its critical state after the 
corresponding precip.itation. 

The time lag between the precipitation and the 
critical ~tate of the subgrade seems tu be large and 

Figure 7. Example of correlogram produced by cross-correlation of two 
dissimilar sequences (correlogram is asymmetric unless both sequences 
are identical) . 
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must be interpreted cautiously within the limita
tions of the investigation. The frequency of the 
de.flection measurements is not less than 7 days, and 
the precipitation scale represents the amount of 
precipitation for 3 consecutive days. Furthermore, 
the subgrade modulus values are arrived at indi
rectly. Even with these limitations, the cyclic 
nature of the cross-correlogram, which is also true 
for other match positions not shown in Figure 8, 
certainly indicates the interdependency of the two 
time series. 

An estimate of the significance of the correla
tion can be made from the plot of t-statistic for 
each match position shown in the top part of Figure 
8. To determine the probability that the correlation 
coefficients represent causative rather than fortu
itous relationships or linkages between pairs of 
parameters, two confidence levels were selected. At 
the 95 percent confidence level, the null hypothesis 
(no correlation) can be rejected for match positions 
90 through 94, and at the 99 percent confidence 
level, the same conclusion can be drawn for match 
positions 92 and 93 for location 1. High confidence 
levels should be considered because there is some 
probability that even pairs of numbers selected 
completely at random will show some degree of cor
relation. 

The extent of the variation in subgrade modulus 
due to precipitation will depend, in part, on. the 
geotechnical properties of the subgrade soils and 
the topography of the location. The general topog
raphy around the test locations is rolling. Both 
test sites are located on a fill section S to 6 ft 
high. The subgrade soils are predominantly glacial 
and alluvial. The maximum, minimum, and average 
values of the subgrade modulus during the 9-month 
period were found to be 30,500, 25,000, and 27,375 
psi at location 1 and 30,000, 22,000, and 26,604 psi 
at location 2, respectively. In other words, the 
variation in the average subgrade modulus at loca
tion 1 ranges from +11.4 percent to -8.6 percent, 
whereas that at location 2 ranges from +12.8 percent 
to -17.3 percent. Although no extrapolation or gen
eralizations can be made from these values, the 
magnitude of variation probably would have been 
greater for the same pavement structure without the 
lime-treated subgrade. 

CONCLUSIONS 

Within the scope and limitations of this study the 
following conclusions can be advanced. The subgrade 
modulus is directly affected by precipitation. The 

Figure 8. Correlogram and !·statistics produced by 
subgrade modulus and precipitation data sequences 
at two locations. 
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time required for the subgrade to reach its weakest 
state after a rainfall is quite long: depending on 
local factors, it might be as long as 3 weeks. At 
the 95 and 99 percent confidence levels a correla
tion is found to exist between the two time series-
precipitation history and corresponding variation in 
subgrade modulus. The variation in the average 
modulus of the lime-treated subgrade ranges from 
+11.4 to -8.6 percent at location 1 and from +12.8 
to -17.3 percent at location 2. 
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