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Pavement Roughness on Expansive Clays

M.O. VELASCO AND R.L. LYTTON

The roughness patterns of pavements on expansive-clay subgrades were mea-
sured by using the General Motors profilometer on 20 sections of pavement in
Texas. The roughness patterns are analyzed by means of two methods: the

Fast Fourier Transform and a technique that reproduces a rod-and-level survey.
The analysis shows that the roughness of expansive clays can be viewed as a
spectrum of sine wave amplitudes that vary directly with their corresponding
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wave lengths. The spectra for each pavement section are fitted by an equation
that has two constants: a coefficient and a power. The values of these two
constants are found by regression analysis to depend on the flexural stiffness
of the pavement, time, climate, and several physicochemical soil properties.
An equation that can predict loss of pavement serviceability index was also
determined by regression analysis to depend on the same pavement, climate,
and soil properties. An example of the use of this equation in the prediction
of the performance of a pavement on expansive clay is given, and its implica-
tions for pavement design are discussed.

The practical consequences of pavement roughness
caused by expansive clay are loss of riding comfort
and reduction in pavement service life.

The genesis of the waves observed on these pave-
ments can be understood by studying a common land-
form that develops in some climatic areas that have
expansive clays. This undulating surface, char-
acterized by a pattern of mounds and depressions,
has been called "gilgai". Beckmann and others (1)
have studied several types of this landform and
factors that influence their genesis. In addition,
Lytton and others (2) have described the stages of
development of normal gilgai in their study of two
gilgai fields in Texas. These authors conclude that
the cracking fabric of the soil is the principal
factor in the appearance and behavior of the gii-
gaied landform and that the crack spacing of the
soil depends on its mineralogy. When a roadway is
constructed on a soil that has the potential to
develop gilgai, its cracking pattern will usually
remain beneath the roadway. If water has access to
the soil mass, differential movements may take place
and then pavement roughness will appear. For ex-
ample, in the study of the two Texas gilgai fields
cited above, pavement roughness was also measured on
pavement sections adjacent to the fields. Statisti-
cal analyses of these data showed that the prob-
ability density functions of the pavement wave-
lengths were similar to those determined in the
gilgai fields, which indicated that the same rough-
ness patterns were developing beneath the pavement
(2).

It is clear that the first steps in dealing with
the complexity of pavement design on expansive soils
are to collect consistent measures of pavement
roughness and characterize them in a useful manner.
The results of the analysis of pavement roughness on
20 roadway sections located in nine Qdifferent areas
of central Texas are reported in this paper.

Central Texas belongs to the Atlantic and Gulf
Coastal Plain physiographic province, which is
underlain by a sequence of sedimentary rocks and
nonlithified sediments. In central Texas, this
sequence contains some highly expansive argillaceous
rocks (3). Soils included in the Vertisol order are
also abundant in this area. The climate varies
widely, as indicated by the range of mean Thorn-
thwaite Moisture Index values: normally between 20
and -20.

Study of the measured pavement roughness by using
Fast Fourier Transforms (FFTs) reveals that the
overall patterns of roughness can be characterized
as a function of only two parameters: a coefficient
c and a power n. The development of empirical
models to predict the values of these two parameters
as a function of the characteristics of the pave-
ment, time, climate, and several physicochemical
soil properties leads to a better understanding of
the factors that influence the appearance of rough-
ness. As a basis for a design procedure, the two
parameters are correlated with the reduction in the
serviceability index. An analysis of the dominant
wavelengths present in the roughness patterns shows
that there are several such wavelengths that are
common to all pavements.
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CHARACTERIZATION OF ROUGHNESS

The General Motors profilometer was used to measure
the profiles of the 20 pavement sections. Road
profiles for both right and left wheel paths were
converted to digital form and stored on magnetic
tapes. In this study, a segment of the available
profile in each section has been analyzed by using
the FFT. Basically, the FFT decomposes the road
profile into a family of sinusoidal functions at
discrete frequencies. A complete description of
this mathematical tool can be found in the litera-
ture (4,5). For this study, an FFT computer program
was designed to perform the following operations in
each profile:

l. Sample the profile at equally spaced intervals
of 0.82 £t (0.25 m);

2. Take 512 of those data samples, which repre-
sent a length of 419.84 ft (128 m);

3. Apply the FFT algorithm to that length, ob-
taining the distribution of one-half the amplitude
values (A/2) of sinusoids at the following fre-
quencies:
f=j/419.84 j=2,3,4,...,511 (1)
where £ is in cycles per foot;

4. Repeat operations 2 and 3 for 10 consecutive
lengths, with the first points of each separated by
164 £t (50 m), so that the 10 lengths cover 1896 ft
(578 m) of the road profile (in a few sections, the
available profile was less than 1896 ft long, and
for these a smaller number of lengths with a minor
separation were considered); and

5. Average the distributions of A/2 values calcu-
lated for the different lengths and print out the
results.

Besides having an easily understandable physical
meaning, these mean spectra of A/2 over the fre-
quency domain are a very useful representation of
the measured roughness of the pavement sections (see
Figure 1). Furthermore, the shapes of the spectra
that were obtained strongly suggested that they may
be fitted by curves defined by the following general
equation:

Af2=cf™? @

where A is the amplitude (in inches) of a sinusoid
with frequency £ and ¢ and n are parameters.

If one takes logarithms of both sides of the
equation, it becomes the general equation of a
straight line with slope equal to -n and intercept
equal to log c. Thus, 1linear regression analysis
was used, for the measured A/2 versus f spectrum in
each roadway segment, to determine the corresponding
n and log c¢ values. All of the R? values were
above 0.90. The values of the parameters completely
characterize the pattern of roughness in each pave-
ment section. In Figures 2 and 3, the straight
lines that represent the roughness spectra for the
right and left wheel paths of the different pavement
sections are shown, with wavelength instead of
frequency in the abscissa axis. The relation be-
tween wavelength (x) and frequency (f) isg
» o= 1/, For a specific roadway segment, it can
be seen from these two figures that the roughness
spectra of the right and left wheel paths are very
similar. Nevertheless, for most of the sections the
spectrum of the right wheel path indicates a
slightly greater roughness (greater amplitudes over
the wavelength domain) than in the left wheel path.
This point can be roughly illustrated by calculating
the average of the straight lines presented in
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Figure 2 and comparing it with the average of those
in Figure 3. This comparison is shown in Figure 4.
The fact that more roughness generally develops in
the right wheel path seems reasonable, since the
right wheel path is closer to the edge of the pave-

Figure 1. Frequency domain of amplitude values (Buckholts 1 test section).

FREQUENCY, f, IN CYCLES/METER
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ment, where greater variations in soil moisture are
likely to occur.

It appears that ¢ and n are not only comple-
mentary parameters of the same phenomenon but are
also not truly independent. To analyze this possi-
bility, the log ¢ values have been plotted versus
the correspondent n values for the right wheel path
of all of the roadway sections. Figure 5 shows a
general tendency of the absolute value of n to
decrease when the log ¢ value increases. Further-
more, in several roadway sections in the San Antonio

0.100 0.200 0.300 0400 area, roughness was measured on different dates.
035 4 0.80 The correspondent log ¢ and n values on different
Right Wheel dates for each section are fitted by straight lines
L os0 with the same slope. The general equation of these
030+ straight lines is
5. -1.34
" A/2 = 000026 070 log ¢ =logc +2.02n €y
% 0.25 =
z - o where log cj is the intercept in the log ¢ versus
E (080 Z n plot. If it is assumed that Equation 3 holds true
o S also for the rest of the roadway sections (where
a 0201 Jgq loso - roughness measures on different dates are not avail-
g ‘é able), it becomes evident that log ¢ and n are not
g E independent. Moreover, the intercept (log cj) in
i 0154 Dominant Wavelengths, in feet 0.40 %‘ Equation 3 is probably related to some of the fac-
2 = tors causing roughness that do not vary with time,
z z such as solil properties.
g F0.30 w
= J
o alo ~ Dominant Wavelengths
N >
- t0.20
Lytton and others (2) and McKeen {6) have suggested
0.05+ that the pavement-roughness spectra on expansive
r0.10 gsoils tend to show some dominant wavelengths.
Although the influence of these wavelengths will be
o] T - T : reflected in the values of log ¢ and n, it is also
0 0025 0050 0078 0100 0125 interesting to distinguish them specifically.
FREQUENCY, f ,IN CYCLES /FOOT A simple assumption is made that the measured
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Figure 3. Roughness spectra for left wheel path.
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Figure 4. Comparison between roughness spectra for right and left wheel paths.
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values of A/2 for the dominant wavelengths will

appear as peaks above the fitted curves in the
frequency~-domain plots (Figure 1). Based on this
assumption, the values of the dominant wavelengths
have been estimated for the right wheel path of the
different roadway segments and are given in Table

20 40 60 80 100 150

WAVELENGTH, IN FEET

Figure 5. Log c versus n for right wheel path.
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l. Even though the roadway sections have different
characteristics, it appears that some of the domi-
nant-wvavelength values are the same for a signifi-
cant number of sections. To illustrate this point,
a bar graph was prepared that groups all the values
included in Table 1 into 3-ft (l-m) intervals and
calculates the percentage of dominant wavelengths in
each interval with respect to the total number of
values (see Figure 6). It appears that dominant
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Table 1. Wavelengths of sinusoids with

peak amplitude for right wheel path. Section

Dominant Wavelengths® (ft)

Huntsville
1 9
2 8
Ben Arnold
1 -
2 R

3
Buckholts
1 .

2
Fairfield
1 .

2
Smithville
A -
1B -
Snook 1 -
Old San Antonio Road
1 8
2 -
3 -
Thrall 1 -
San Antonio
410-1 -
37 -
90-5 -
90-3 -

11 13 16 22 30 42 52 - -
11 14 17 - 28 38 52 70 -
- - - - - - 52 - 105
- - - - - 42 - - 105
. - R . 32 - R R .
- 12 - - . - - 84 .
- - - - - 42 - - 105
- - - - - . 47 - 105
- 12 - - - - - - 105
- . - - . 42 - - 105
- - 17 26 - 38 52 84 -

9 . - - 30 38 - . .
10 . 20 - 32 - - 60 -
10 12 - 26 35 - 52 - .

- - - - - - - - 105
- 12 20 - - - - - 105
- - . - 30 - 47 - 105
- - - - - 38 52 - -

- - - - - - - - 105

Note: 1 ft=0.3 m.

2From FFT analyses.

Figure 6. Distribution of dominant
wavelengths from FFT analysis. o 2 4 &

@

WAVELENGTH, IN METERS
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PERCENT OF THE TOTAL NUMBER

O 4=yt tq

This figure has been prepared
considering the sinusoids with
154 peak amplitude for all the
roadway sections

RIGHT WHEEL

|

wavelengths are more frequent in the following
intervals: 9-12 ft (3-4 m), 27-30 ft (8-9 m), 36-42
£t (11;-13 m), 51-54 ft (16-17 m), and 102-105 f£ft
(31-32 m).

It should be pointed out that the described
technique (referred to here as technique A) for
estimating dominant wavelengths has two drawbacks:

1. Since they are based on results of an FFT
analysis, the estimated values represent sinusoidal
components of the pavement roughness but not actual
waves present in the road profile.

2. Given the characteristics of the input (sam-
pling interval and number of samples) chosen in this
study for the FFT analysis, the output is a distri-
bution of sinusoids at discrete frequencies sep-
arated by 0.0024 cycles/ft (0.0079 cycles/m). With
this frequency interval, actual short waves in the
road profile will be distributed over several fre-
quencies (and their possible amplitude peaks shad-

O 6 12 18 24 30 36 42 48 54 60 66 72 78

84 90 96 102 108 Il4
WAVELENGTH, IN FEET

owed)} while, on the other hand, the "resolution" in
the lower frequency region is poor.

Because of these difficulties, it is convenient
to use another approach (technique B) that comple-
ments the analysis of dominant wavelengths. This
has been done by determining, directly on the road
profiles, the wavelength probability density func-
tions., A computer program with a special filter
that copies the effect of a field survey (2) was
used. The program scans through the profilometer
data, finds the high points, and measures the hori-
zontal distance between them. By using this infor-
mation for each pavement section, the section's
probability density functions of wavelength for both
the right and left wheel paths can be calculated.
One of these graphs is shown in Figure 7. It is
assumed that dominant wavelengths will appear as
relative maximums in the probability density func-
tions. The values of the most noticeable maximums
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in the probability density functions for the right
wheel path are given in Table 2. Again, it seems
that some of these values are the same for a sig-
nificant number of roadway sections. To enhance
this point, a bar graph was prepared that considers
all of the values presented in Table 2 and calcu-
lates the percentage of dominant wavelengths in each
3-ft (l-m) interval with respect to the total number
of values (see Figure 8). It appears that dominant
wavelengths are most probable in the following
intervals: 9-12 ft (3-4 m), 21-24 ft (6-7 m), 30-33
ft (9-10 m), and 45-48 ft (14-15 m).
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length multiples of 10 ft,
50 £t (9 and 15 m).

especially around 30 and

PREDICTION OF ROUGHNESS

It has been shown in this paper that pavement rough-
ness can be described as a function of only two
parameters, ¢ and n. Several investigators have
also noted this fact (5,7). Thus, the prediction of
the parameters ¢ and n is equivalent to the predic-
tion of the pattern of roughness.

It is assumed that the flexural stiffness of the

A comparison between the results obtained from pavement, climate, time, and properties of the
the two techniques used to distinguish dominant subgrade soils interrelate in the development of
wavelengths is given below (1 ft = 0.3 m): pavement roughness. Information about these factors
Technique Dominant Wavelengths (ft)

A 9-12 == 27-30 36-42 51-54 102-105
B 9-12 21-24 30-33 -- 45-48 —- Table 2. Most probable wavelengths for right wheel path.

A general conclusion might be drawn from these Section Dominant Wavelengths? (ft)
results: Pavement roughness on expansive soils in
central Texas seems to have dominant wavelengths of Huntsville
around 10 ft (3 m). Furthermore, these 10-ft waves , }82 _16'5 ggg ;“5
also seem to combine, giving dominant waves with Bsn Arnold ) : ’

1 10.5 - 22.5 - 46.5
2 10.5 - 22.5 - 49.5
3 10.5 16.5 28.5 - -
Figure 7. Probability density function of wavelength (Buckholts 1 test section). Buckholts
i 10.5 - 22.5 - 46.5
WAVELENGTH, IN METERS 9 105 - : 31.5 375
- 3 6 9 12 15 8 2l Fairfield
Z 20 ; , 1 105 195 - - 49.5
e amenes Right Wheel 2 o - 13.5 - 40.5 70.5
! Smithville
= = Left Wheel 10.5 19.5 - 37.5 -
] 1B 10.5 - - 34.5 46.5
o Snook 1 10.5 19.5 - - -
zZ Old San Antonio Road
z "\ 1 105 - 22.5 315 465
a 10 2 10.5 19.5 - 31. -
S 1) 3 10.5 - 22.5 - -
" \ Thrall 1 - 13.5 28.5 - 46.5
o / \ N San Antonio
£ s Ty ~ Y Y v 410-1 9.0 165 255 345 -
2 il \/\ 277N 37 105 - - 315 585
E / - K,':\A/— N\ /7 S 90-5 105 195 - - 52.5
1) ] 90-3 10.5 - 28.5 - 55.5
g o1 Vool NS—
] 10 20 30 40 50 60 70 Note: 1 ft= 0.3 m.
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Figure 8. Distribution of dominant wavelengths

aRelative maximums in probability density functions.
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was collected for the different roadway sections.

The stiffness of a pavement depends on the type
of materials and the depths of the surface and base
courses. The fact that pavements are multilayered
systems that have different materials complicates
their direct comparison. To overcome thig problem,
a simple approach was used: determining for each
pavement its "effective depth", a homogeneous quan-
tity related to stiffness (the greater the depth,
the stiffer the pavement). To define this quantity,
the following process was used:

1. The values of the modulus of elasticity were
assumed for the different materials involved.
Asphalt concrete was the material chosen as a basis

Figure 9. Pavement structure,

1 inch{cm)

a = surface depth, in inches {cm)

b = base depth, in inches (cm}

Figure 10. Equivalent pavement configuration based on moduli-of-elasticity
ratios.

ES/po+ in inches {cm)

/ a = surface depth,
4 in inches(cm)

b = base depth,
in inches{cm)

Ep/Eqs inches
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for subsequent comparisons. The assumed moduli of

elasticity are (a) for asphalt concrete (Ey),
200 000 1lbf/in? (1400 MPa): (b) for base (Eb) '
30 000 1lbf/in? (210 MPa); and (c) for surface
materials (Eg), as given below (1 1bf/in? =

0.007 MPa):

Material Eg (1bf/in?)
Asphalt concrete 200 000
Concrete 3 000 000
Double bituminous treatment 100 000

2. Given a pavement structure 1 in (2.5 cm) wide
(see Figure 9), an equivalent configuration is
defined based on the moduli-of-elasticity ratios
Eg/Eg and Ep/Eq . The dimensions of this
hypothetical configuration are shown in Figure 10.

3. The moment of inertia (I) for the equivalent
configuration is calculated. Finally, the "effec~
tive depth" (in inches) is defined as

DEPTH =3/(12 x /i im @

The calculated effective depths for the different
pavement sections are presented in Table 3.

The mean Thornthwaite Moisture Index (TH) values
for a 20-year period in the different counties where
the pavement sections are located have been recorded
and considered as environmental indicators. More-
over, the ranges of the TH values for the same
20-year period have been recorded and considered as
rough indicators of climate wvariability in the
different areas.

In addition, the dates of construction and sub-
sequent repair (if any) of the pavements are known.
This information is needed in the analysis of rough-
ness as a time-dependent problem.

The subgrade soils in 13 sections belong to the
Vertisol order. Alfisols underlie the remaining 7
roadway segments. All of these soils have been
evaluated by soil scientists as having a high or
very high shrink-swell potential. Soil samples were
taken adjacent to the roadway segments at depths of

Table 3. Calculated effective
depth of pavement test

Moduli-of-Elasticity

. Depth (in) Ratio
sections. Effective
Section Type of Pavement Base Surface Ey/Eg Bi/Eg Depth (in)
Huntsville
1 Concrete 8 8 15 20.5
2 Concrete 8 8 15 20.5
Ben Arnold
1 Asphalt concrete 14 2.3 0.15 1 10.9
2 Asphalt concrete 14 2.3 0.15 1 10.9
3 Asphalt concrete 14 2.3 0.15 1 10.9
Buckholts
1 Asphalt concrete 16 1.6 1 11.5
2 Asphalt concrete 16 1.6 i 11.5
Fairfield
1 Concrete 6 8 0.15 15 20.2
2 Concrete 6 8 0.15 15 20.2
Smithville
1A Asphalt concrete 24 1.2 1 15.6
1B Asphalt concrete 24 1.2 0.15 1 15.6
Snook 1 Asphalt concrete 7 1.1 1 5.4
Old San Antonio Road
i Double bituminous treatment 6 0.6 0 0.5 4.0
2 Double bituminous treatment 6 0.6 0.15 0.5 4.0
3 Double bituminous treatment 6 0.6 15 0.5 4.0
Thrall 1 Asphalt concrete 13 3.1 15 1 11.1
San Antonio
410-1 Asphalt concrete 21 -2 0.15 1 -
37 Concrete 8 8 0.15 15 20.5
90-53 Asphalt concrete 32 3 0.15 1 20.9
90-3 Asphalt concrete 23 3.5 0.15 1 17.7

Note: Iin=2.5cm.

a
Unknown.
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Table 4. Results of soils tests for roadway segments.

Percentage Liquid CEC

Section Clay?® Limit PI  (meq/100g) ESP (%)
Huntsville

1 27 33 15 25 6.0

2 50 71 49 46 2.0
Ben Arnold

1 65 82 51 74 10.0

2 69 88 54 6l 3.0

3 66 75 45 64 0.9
Buckholts

1 60 79 50 48 16.1

2 53 57 35 44 6.0
Fairfield

1 40 45 26 39 5.0

2 47 46 27 38 4.0
Smithville

1A 57 68 44 52 2.3

1B 69 84 56 54 9.7
Snook 1 57 71 44 58 0.5
Old San Antonio

Road

1 58 58 38 50 0.6

2 50 57 35 46 0.5

3 66 80 50 74 0.7
Thrall | 50 53 28 74 0.6
San Antonio

410-1 53 72 42 43 15.3

37 49 62 38 56 4.2

90-5 48 86 50 68 16.3

aPercemage smaller than 0.002 mm.

1, 2, and 3 ft (0.3, 0.6, and 0.9 m). The following
tests were performed: (a) Atterberg 1limits, (b)
determination of percentage clay (grain size less
than 0.002 mm), (c) cation exchange capacity (CEC),
and (d) exchange sodium percentage (ESP). The
average test results for each roadway segment are
given in Table 4, except for San Antonio 90-3, where
samples of the natural soils were not taken. Know-
ing the plasticity index (PI), CEC, and percentage
clay of a soil, 1its activity (PI ¢+ percentage
clay) and cation exchange activity (CEC + percent-
age clay) can be calculated. The chart developed by
McKeen (6) allows the estimation of the coefficient
of linear extensibility (COLE) of a soil as a func=-
tion of these two quantities. The chart is shown in
Figure 11,

Prediction Models

Empirical models to predict ¢ and n (for both the
right and left wheel paths) have been derived by
congidering 10 possible independent variables:

DEPTH = effective depth of pavement ({in),
TH = mean value of Thornthwaite Moisture Index
for a 20-year period,
RANGE = range of values of Thornthwaite Moisture
Index for a 20-year period,

TIME = time since construction or last rehabili-
tation before the roughness was measured
(years),

CLAY = percentage clay (grain size less than
0.002 mm),

AC = activity (PI/CLAY),
CEC = cation exchange capacity (meq/100 g),

CEAC = cation exchange activity (CEC/CLAY),

COLE = coefficient of linear extensibility, and

ESP = exchange sodium percentage.

To determine the prediction models, the SELECT
regression program (8) has been used. Given sets of
values for the dependent variable y and the
independent variables Xy, X2y ooy Xn s the
program uses a linear regression technique to find

85

Figure 11. Chart for COLE prediction.
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models using n, n~1, n - 2, and so on down to 1
indepen- dent variables. In this case, 17 sets of
values were input to the SELECT regression because
three sections were eliminated from the
regressions: San Antonio 410-1, where it was not
possible to estimate the effective depth; San
Antonio 90-3, which is on fill; and San Antonio
90~5, where the subgrade was ponded prior to
construction.

Simplicity, high multiple correlation, and physi-
cal meaning have been the criteria followed to
choose the best models to predict the parameters c¢
and n. These empirical prediction models are as
follows: For the left wheel path,

¢=0.0008 DEPTH -O7TIMEO30AC 1 04ESPO1?  (R? =0.78) (5)

n=-1.06 DEPTH*3CEC*17CLAY®32(TH + 35)%1°RANGE 030
(R? =0.86) ©)

For the right wheel path,

¢ =0.0004 DEPTH®8!' TIME®*? AC"-20ESPO 12 (R2 =0.77) (7

n=-0.79 DEPTHY®?CEC 16 CLAY®4ORANGE %16 (R? =0.83) (8)

To interpret these equations properly, it should
be noted that an increase in the ¢ value represents
a proportional increase in amplitude for all the
wavelengths in the roughness spectrum. An increase
in the absolute value of n represents a propor-
tionally higher amplitude increase of the 1long
wavelengths than of the short wavelengths. Begides,
n and c¢ are not truly independent. With these facts
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Figure 12. Sensitivity of Sl-reduction model to CLAY and DEPTH variables
{San Antonio 90-5 test section).
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in mind, several observations about the prediction
models can be made:

1. DEPTH influences the development of rough-
ness. An increase in DEPTH causes an appreciable
decrease in the ¢ values and a minor increase in the
absolute values of n. As a result, the stiffer the
pavement, the less roughness will develop, es-
pecially with the shorter wavelengths.

2. Roughness increases with time.

3. As RANGE increases, the absolute value of n
decreases. This fact seems to indicate that climate
variability enhances the relative importance of the
short wavelengths with respect to the long wave-
lengths.

4., TH is included only in the model for the
parameter n in the left wheel path. This probably
indicates that the long-term average climate, which
corresponds to equilibrium conditions, has a greater
influence on the roughness developed in the center
of the pavement than that at the borders.

5. The influence of the soil properties in the
models is reflected through the variables ESP, AC,
CEC, and CLAY. As ESP increases, roughness in-
creases. The other three soil variables are not
truly independent. Their effects should be con-
sidered as a group. Nevertheless, it appears that a
higher <c¢lay content causes high roughness, es-
pecially in the long waves. On the other hand, CEC
and AC (with minor influence) appear to have the
opposite effect. Thus, the models show the compli-
cation of the physicochemical phenomena that take
place in the development of roughness, which cannot
be explained only as a function of a single soil
property.

6. The values of the parameter n are probably
related to the soil crack spacing.

Correlation with Serviceability Index

Various highway departments decide to rehabilitate a
road when the serviceability index (SI) drops below
2.5-3.0. Then the prediction of the SI decrease
with time is a critical aspect in the definition of
the optimum strategy to follow in order to minimize
the overall cost of the expected life of the road.
Lu and others (9) have developed a methodology and
presented models to predict serviceability loss of
flexible pavements as a result of fatique, swelling
and shrinkage, and thermal cracking.

A simpler approach to estimation of the reduction
in the 8I (ASI) is presented here, based on the
correlation between ASI and the parameters c¢ and n
for the right wheel path, which in turn can be
predicted by using the models given as Equations 5-8.
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In eight roadway sections, the values of the SI

are known. Multiple regression analysis has been
performed to obtain the following equation:
A8 =2675.41 ¢"%n[62  (R2 =0.73) )
As expected, ASI increases as ¢ or ini in-
creases. Moreover, the right-wheel-path prediction
models for ¢ and n can be substituted in Equation
9. The obtained equation is then

ASI = 0,087 DEPTH %20 TIME®- 53 ESpO-13CEC 122
x CLAY30SAC 131 RANGE 122 (10)

Although riding quality depends on other factors
besides the roughness of the right wheel path,
Egquation 10 permits approximate prediction of the
decrease in S8I as a function of the characteristics
of the pavement, time, subgrade soil properties, and
climate. Thus, the equation can be used as the
basis of a design procedure. If one knows the
climate and subgrade soil properties, it is possgible
to estimate (by trial and error) the combination of
base and surface thicknesses needed to maintain the
SI above a specific value for a specific length of
time after construction.

Finally, to show the sensitivity of the SI-reduc-
tion model to the values of the DEPTH and CLAY
variables, three curves are shown in Figure 12, One
of the curves has been calculated by using the
actual values of the variables for the San Antonio
90-5 section and by assuming that the SI Wwas equal
to 4.25 at the end of construction. The second
curve has been determined by varying only the value
of CLAY (CLAY = 60 instead of 48 percent) and the
third curve by changing the values of CLAY and DEPTH
[CLAY = 60 percent and DEPTH = 15 in (38.1 cm)
instead of 20.9 in (53.1 cm)}. It can be observed
in Figure 12 that the variable CLAY has an appre-
ciable effect on the reduction of the SI whereas the
variable DEPTH has a less important influence.

CONCLUSIONS

1. The FFT method, used to study the road pro-
files in the frequency domain, is a powerful ana-
lytic tool.

2., Pavement roughness along each wheel path can
be characterized as a function of only two param-
eters, ¢ and n.

3. The parameters c and n are not independent.

4. Dominant waves in the pavements studied are
approximately 10 ft (3 m) long. Furthermore, these
10-ft waves seem to combine, giving also dominant
waves with length multiples of 10 ft, especially
around 30 and 50 ft (9 and 15 m).

5. Empirical models for predicting c¢ and n have
been developed. These models indicate how the
stiffness of the pavement, time, climate, and sev-
eral physicochemical soil properties interrelate in
the development of pavement roughness. Percentage
clay, time, effective depth of the pavement, and ESP
appear to be the more influential variables in the
development of roughness.

6. The values of the parameters c¢ and n for the
right wheel path have been correlated with reduction
in S8I. This correlation and the prediction models
for ¢ and n also make it possible to estimate the
reduction in SI.

7. The methodology presented in this study has
practical applications in the design of pavements on
expansive soils. A computer program can be designed
to calculate the combination of base and surface
thicknesses needed to maintain the SI above a spe-
cific value for a specific length of time after
construction.
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8. The prediction models have been obtained from
data collected on pavement sections in cut and at
grade with no protective measures to reduce swell-
ing. On the other hand, research is now under way
on some test sections where ponding was conducted
prior to construction or vertical moisture barriers
have been implemented. The models can help in the
evaluation of these measures by comparing the actual
roughness developed with that predicted. In the
future, when more data are available, the models can
be improved to account for the effects of protective
measures, pretreatments, presence of £fill, or re-
bound of deep excavations.
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Deep-Vertical-Fabric Moisture Barriers in Swelling Soils

MALCOLM L. STEINBERG

A deep-vertical-fabric moisture barrier has been placed on two Texas highways
that have been severely damaged by swelling-soil subgrade. Previous testing

of a ponding section has indicated the depth of the zone of activity. By devel-
oping additional mechanisms and making maximum use of prior developments,
the Texas State Department of Highways and Public Transportation is using
fabric on two San Antonio freeway rehabilitation projects: an 0.8-km (0.5-
mile) test section on Interstate Highway Loop 410 and a 3.2-km (2-mile) sec-
tion of 1-37. DuPont EVA-coated Typar T063 fabric has been placed 2.4 m

(8 ft) into the zone of activity. The goal is to minimize destructive pavement
movements over expansive clays by minimizing moisture change. Testing in-
cludes moisture-sensor readings, profilometer measurements computer con-
verted to serviceability indexes, photologging, elevation readings, and pave-
ment surface inventories. There are no reportable results for the recently com-
pleted 1-37 project. However, after a two-year testing span on Loop 410, profil-
ometer serviceability indexes and other favorable measurements indicate a bet-
ter riding surface on the fabric-protected lanes than on the adjacent control
section. The results are viewed with guarded optimism.

Expansive soils are estimated to cause between $7
and $9 billion/year in damages in the United States
(1, p. 596). More than half of these damages are to
transportation facilities, highways, railroads, air-
ports, pipelines, canals, and sidewalks (2).

The problems of swelling soils are worldwide.
Expansive soils occur in Australia, South Africa,
South America, India, Israel, Poland, Canada, and in
the United States, where they occur from border to
border and coast to coast.

These soils have spawned many tests, reports,
papers, international conferences, meetings, and
cures. One of the more complete literature reviews
was part of a study done by the U.S. Army Engineer

Waterways Experiment Station (WES) for the Federal
Highway Administration (FHWA) (3).

Texas has its share of swelling soils. Like many
other agencies, universities, and consultants, the
Texas State Department of Highways and Public
Transportation (TSDHPT) has tried many cures and
methods and has reported on them (4). The depart-
ment has continued to work cooperatively with Texas
A&M University, the Texas Transportation Institute
(TTI), the University of Texas, the Center for
Transportation Research, FHWA, and the WES project
to seek solutions to this problem.

Another significant contribution of the WES study
was the development of national and regional maps
that show the relative occurrence of swelling soils
(5). These are invaluable data. They must be
viewed, however, with an awareness that they provide
generalized information rather than a rigid rule.
For example, if one examines the WES map of Texas,
the El Paso area in the far western corner is noted
as being 1lightly impacted by swelling soils (see
Figure 1). Yet, in one residential development in
this area, more than 100 homes were severely damaged
as a result of expansive soils. These builders and
buyers did not feel "lightly impacted"!

Tests with the deep-vertical-fabric moisture bar-
rier (DVFMB) are being conducted by TSDHPT, in coop~
eration with Texas A&M University and TTI, in the
San Antonio area of south-central Texas (see Figure
2). The city is in Bexar County, 200 km (125 miles)
from the Gulf of Mexico. Since meteorologic and
geologic conditions are so closely related to the




