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Temperature and Suction Profiles Beneath 
Highway Pavements: Computed and 
Measured 

D. E. PUFAHL AND R. L. LYTTON 

A computer model ha been developed that compure the tem
p rature and suction profiles beneath highway pavement (or 
other similar covered area ) throughouL a pecified tim period 
of simulation . The model i referred to as the " integrated com
pmer model'' because several modules that were developed for 
specific ta ks have been brought together to form one complete 
package. Using 30 year of accumulated weather data as a basi , 
the model generates its own weather patterns th<1t are representa· 
tive of typical climatic condition for a particular region of the 
United States. A the pavement trueh1re and subgrade respond 
to the changing climatic conditions throughout th year, the model 
compute Lhe corresponding changes in temperature and suction . 

pecific boundary conditions at three locations ar' required: (a) 
the top pavement urface, (b) the bottom boundary- an ex
tended distance into the ubgrade, (c) an intermediate bound
ary-the top of the ubgrade. The pavement urface boundary 
u a beat and rn i ture flux condition that depends on climate. 
The bottom boundary requires temperature and moiswre con
dition that are either con tam or that may vary in a pecific 
manner. The intermediate boundary requires an initial temper
ature and a moisture condition that may be either suction (head) 
or moisture flux . The concept of a transfer coefficient between 
the granular ba e and the fine-grni.ned ubgrade has been devel· 
oped to describe the process by which water from the ba e cour ·e 
and ubbase infiltrates the subgrade. This transfer coefficiirnt ca n
not be measured xperimcntally. but the selection of an appro
priate valu control not only the change in moi ture conditio.ns , 
but nl o the temperature profile computed in the ·ubgrade. Three 
i.n trumenred ·hes in the Unifed ' tates with widely varying cli
matic and soil c nditions are used to provide comparisollS be
tween measured a11J cu111puted value · f temperature and uction 
profiles. 

Load response computer models have been used for a number 
of decades for highway pavement design and management. 
Although the import•rnce of environmental influences on 
pavement performance has been recognized for the last 50 
years or more, efforts to incorporate these factors into routine 
design have been less successful. Usually, the worst-case sce
nario, that being saturated conditions, was adopted for initial 
design. This approach was often ju tified by ob ·erving that 
aturation was the most severe condition, and that litlle or 

no information was available to perform and to verify other 
assumptions. Studies are now indicating that important cli
matic variables such as temperature, rainfall, wind speed, and 
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solar radiation can be used to model more complex and thus 
more realistic temperature and moisture conditions charac
teristic of the more arid regions of the world. Moreover, 
instrumentation required to measure base course and subgrade 
temperatures and suction are becoming increasingly reliable. 
These procedures coupled with powerful deterministic and 
stochastic analyses are providing meaningful results for cli
matic influences on highways over several years of computer 
imulalion. 

The integrated computer model has been developed by the 
Texas Transportation Institute under contract with FHW A to 
simulate typical weather patterns and to assess their effects 
on the ba e cour e ·ubba e, and ·ubgrad of highway 
throughout several years of operation. Although most em
phasis has been placed on the c ntinental United tate , the 
program may be used in any part of the world where first
order weather data are available. The program has been de
scribed by Pufahl et al.(/) and in more detail by FHWA (2). 

The model shown in Figure 1 is c mpos d of four major 
component . They are the precipitati n (precip) m clel 
(1 - 3); the infiltration and drainage (ID) model (1 ,2 ,4); the 
dimalic-materials·structural ( M ) model (I 2 .5): and the 
U.S. Army old Regions Research and Engineering Labo
ratory ( RREL) mode.I (1 ,2 6) . Those wishing to inve tigate 
Lh detail of the program are referred to the original pap rs, 
reports, and user's guides concerning them (1-6) . 

Preliminary results (1,2) have indicated that the boundary 
condition. selected within the program bave a major influence 
on the temp<::rature and ucti n profile that are generated 
during the course of simulation. One boundary in particular 
that between the ;ubbase and subgrade, is of particular . ig
nificance. Two different. moisture conditions that may be a -
sumed at this boundary in the simulation are described. The 
effects of these assumptions on the computed values of suction 
and temperature are compared with measured values for three 
different sites in the United States. 

BOUNDARY CONDITIONS 

Figure 2, which is a schematic of a typical pavement structure , 
shows where each of the modules in the integrated model are 
used during the course of simulation. The figure is separated 
into two temperature divisions: ab ve and below freezing. 
Additional divi ions are based on temperature and m i ture 
conditions. 
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The first boundary of moisture and temperature is encoun
tered at the surface of the pavement , the second at the top 
of the subgrade, and the third (or bottom) boundary is in the 
order of 10 to 15 ft into the subgrade. 

The pavement urface use a heat and moisture flux con
dition that depend on climate. The heat flux i determined 
by establi hing a heat balance a t the urface by a combination 
of measurements and calculations that consider net radiation. 
average wind speed , and maximum and minimum mean air 
temperatures. These calculati.ons are performed by the CMS 
model. The surface moisture in£1ux condi1ion u e the ID 
model to compute the amount of water infiltrali ng through 
the pavement and al.so handles the lateral drainage out of the 
base cour e. II also includes the precip model which generates 
realistic rainfall pattern (1-5). 

The bolt m boundary requires temperature and suction 
values that are either constant during the course of simulation 
or tha t vary in a speci fied manner. [f data from the site being 
considered are not available, techniques ba eel imply on geo
graphical location and soil type may be used as a first ap
proximati n (1 ,2) . 

The intermediate boundary requires initial temperature and 
suction conditions to be specified. These values must be pro
vided as part of the initial input data . T he original CRREL 
model uses a numerical solution of coupled heat and moisture 
transport to compute the change in tempe ralure and suction 
with time. For the most part, moi ture movement occurred 
from the bottom upwards. Downward vertical drainage could 
occur when the ice lenses thawed, but no moisture was as
sumed to infiltrate through the pavement surface; this con
dition represented a zero-gradient boundary condition. Al
though this assumption is convenient, it is not often realistic 
(2 ,6). 

MOISTURE FLUX AT THE SUBGRADE 
BOUNDARY 

In many region we 1 of the Mississippi River, in the outhern 
United States, in southern Canada and in other semiarid and 
arid reg.ions of the world, highway subgrades are frequently 
composed of fine-grained, low-permeability soils that remain 
unsaturated throughout the year. 

Infiltration of water through the pavement during or after 
a rainstorm will often produce free water in the base course 
and subbase (Figure 3). Thus , an abrupt boundary between 

FIGURE 3 Schematic sketch 
of pavement structure. 



270 

a positive water pressure in the subbase and a negative water 
pressure or suction in the subgrade will exist at the interface. 
The gradient at this boundary equals the sum of the positive 
pressure in the subbase plus the suction in the subgrade times 
a pore pressure transfer coefficient, r. The transfer coefficient 
has units of inverse distance. 

The concept has been adopted from the theory of an in
sulated, healed steel rod of initial uniform temperature with 
one end radiating heat to the air at a constant, lower tem
perature. The physical and thermal properties of the rod in 
comparison to the air are different and the formulation reveals 
that the transfer coefficient in the case of the heated rod is a 
function of the Steffan-Boltzmann constant of heat transfer, 
the absolute temper'ature of the rod, and the thermal con
ductivity of the rod. The unit of this transfer coefficient is 
also inverse distance. 

Mitchell (7) using thi analogy, found that a cylinder of 
soil of known constant suction enclo ed on all ides, but open 
on one end to the atmosphere at a higher suction, underwent 
increases in suction at the exposed surface and along it ' entire 
length i·n general accordance wit11 the theory used to predict 
the cooling of th steel rod. U ing a value of 0.54/mm as a 
transfer coefficient for a column of soil 68 mm long. Mitchell 
was able lo model the changes in uction with time throughout 
rhe length o.f the sample with acceptable accuracy. 1L i pos
tulated here that changes in suction in the subgrade will occur 
because of change in water pressure in the base and ubba e 
in general accordance with the theory f the coo ling steel rod 
or with the change in suction along the column of un aturated 
soil with one end exposed to the atmosphere. 

The appcopriate range of values for r in the inlegrated 
model appears to lie between 1.0 x 10 - 6/in. and 1.0/in. and 
is controlled by the magnitude of the permeabilities on each 
ide of the interface. Pre ent indications suggest that a max

imum value for r is numerically equal to the computed velocity 
of the water into the ubgrade under a unit hydraulic grndient. 

The gradient at the base course- ubgrade interface i · repre
ented as 

8
: = - r (p_ - h,) 
8~ "Yw 

where 

&hl&z = gradient, 
r = pore pressure transfer coefficient, 

"Yw = density of water 
h' = height of water in the base course, 
p = "Ywh', and 

(1) 

h, = negative pore water pressure in the subgrade at 
the interface. 

As the water builds up in the base course to a height, h', 
above the interface with the subgrade , the positive pore water 
pressure head in the base course at the interface is described 
as 

p_ = h' 
"Yw [ 

1 - t (1 - rh,)] 
1 + t rh' 

/j 

(2) 
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where k, is the permeability of the subgrade and kb is that of 
the base course. 

The velocity of flow into the subgrade is found by equating 
the velo ity of vertical flow in the base course to the velocity 
in the ubgrade. Th velocity in the subgrade, v, is 

(3) 

Substituting Equation 2 into Equation 1 yields the following: 

&h 
&z 

- r-------
1 + k, rh' 

kb 

(4) 

The size of the gradient and thus the velocity of flow int 
the subgrade is controlled by the size of the transfer coeffi
cient, r. 

The flux boundary condition has been programmed in the 
integrated model to allow the flux to be set either at the base 
c urse ubgrade interface (the intermediate boundary) or at 
the bottom boundary of the problem (lower boundary). The 
velocity at either boundary may be et independently of the 
other. 

When the pore waler pressures in the base and the ubgrade 
are fairly close together, the flux boundary condition will 
perform just like a suction boundary condition. The farther 
apart the two pore water pressures are, the more active the 
flux boundary condition will be in controlling the rate of flow 
of water into or out of the subgrade. 

The flux boundary condition with a p itive r valu impo es 
a velocity of flow from the base cour e int the ubgrade tha t 
carries heat with il. This con nection results in a cooling of 
the ·urface layer and base course. A negative value of the r 
imposes a velocity that flows upward and results in higher 
temperatures in the base and the surface courses. Thus, the 
measured temperatures are useful in adjusting the r values to 
fit the measured temperature and suction field data. 

COMPARISON OF RESULTS 

The integrated model has been used at three sites in the 
United States with widely varying climatic conditions. 

1. College Station, Texas: a wet, nonfreeze climate with a 
clay subgrade. 

2. Amarillo, Texas: a dry, freeze-thaw climate with a clay 
sub grade. 

3. Deland, Piatt County, Illinois: a wet, hard-freeze climate 
with a silty subgrade. 

The data from the first two sites were measured in a Na
tional Science F undation study at Texas Tech Unjversity in 
collaboration with Texas A&M Univer ity. Data a t the Illinois 
site were obtained by University of Illinois personnel. 
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The aturated permeability and the Gardner constants were 
selected from a compendium of data determined and collated 
by CRREL. This information is contained in the user's manual 
that accompanie the integrated model. 

The soils classifications fr m the three sites reported here 
were matched with similar soils in the CRREL document. 
The properties used to identify and compare the soils were 
based mainly on density, water content, gradation, and the 
Unified Classification. 

The measured and calculated suction and temperature val
ues are compared on the dates when the measurements were 
taken. 

College Station, Texas 

The test site is a covered area 24 x 40 ft (7 .3 x 12.2 m) 
placed on an expa nsive clay with a 6-in.-dcep (15-cm) sand 
cushion topped by a layer of poly thylene plastic. Surface 
elevations,. ucrions, and temperatures were mea w·ed monthly. 
with the latter two measurements being made to a depth of 
8 ft (2.4 m) . hanges in suction were more pronounced n ar 
the edge of the covered area than near the cen ter so that the 
suction mca mements which are u ·ed for comparison pur
poses were tho e in the center, 10 ft (3.0 m) from the cl sest 
edge and corresponding to the moisture condition expected 
beneath the inner wheel path of a pavement with a 4-ft ( 1.2-
m) boulder. 

The ·oil layers al the ollege tation site are shown in 
Figure 4 al ng with some measured and assumed soi l pr p
erties. Figure 5 shows the initial ·uction and temperature 

0 

"' 

l MATERIAL PROPERTIES 

2 in. 

·= 
<t 
N 

·= 
"' <t 

N ... 

ASPHALT 

SASE ' SANO 'K,: 4.0 cm/hr. 

Y 1 = 100.0 pcf, 'Ak • 0.01 ;•xk= 3.0 
n = 0-45 , 'Aw= 0 .5 ;•xw= 0 .3 

FILL, COARSE SILT MIXED WITH GRAVEL, ML 

Yt = 108.0 pcl 

n • 0.46 ,"K, • 0.9 cm/hr. 

,.,Ak = 0 .01 ;•Xk= 1. 9 

'Aw• O.OOl;•Xw• 1-05 

DARK GRAY MEDIUM STIFF SILTY CLAY, CL 

Yt = 118.0 pcf 

n = 0.44 ,'K 5 = 0 . 9 cm/hr . 

'Ak • o.002;'xk • 2. 2 
•Aw= 0.13 ;·xw"' 0 6 

MOTTLED GRAYISH BROWN SILTY CLAY. CH 

Yt • 122.0 pcf 

n = 0 . 40 ,~Ks,. Q.6 cm/hr . 

'Ak • 0.0003 ;'Xk• 2 . 0 
•Aw= 0.01 ;•Xw= 0.8 

n • POROSITY 

•ASSUMED VALUES 

FIGURE 4 College Station, Texas: Soil profile 
and properties. 

VI 
LU 
::t: 
u 
z 

::t: 
f-
Q. 
LU 
0 

INITIAL 
SUCTION, pF 

I 2 3 4 5 
0 ....-...---.--..---. 

50 

100 

150 

INITIAL 
TEMPERATURE, ° F 

30 40 50 60 70 80 

0 COMPUTED 

.& MEASURED 

1----i MEASURED RANGE 

FIGURE 5 College Station, Texas: Assumed and actual 
suction and temperature conditions on a typical 
January 1. 

271 

conditions assumed for a typical January 1 date. The com
puted temperature and suction value· are reported at 8:00 
a.m. in the morning of the date noted. a lculations are begun 
at midnight on January 1 and th' initial conditions shown in 
Figure 5 represent 8 hr of tepping forward in time. The 
boundary condition imposed bel\veen the base course and the 
subgrnd make a substantial difference in both the suction 
and temperalllre values c mputed in tbc base and the upper 
lev ls of the ~ubgrade. For the flux boundary condition, an r 
value of 0.01 wa. u ·ed i11 all of the runs reported here. The 
flux boundary condition re ·ulted in an initial temperatlLre 
profile that was con iderably co lder than the profile derived 
from the suction b undary condition and al o colder than the 
actual measured values of the temperature. 

Figure 6 show the measured and computed suction pro[jfes 
at eve ral different times of the year. Figure 7 shows the 
measured and computed temperature profiles at the same 
time. of the year. For the flux boundary condition, an r value 
of O.OJ was used in all of the run reported h re. The flux 
boundary condition resulted in an in.icial t mperature profile 
that was con iderably colder than the pro(i)e derived from the 
ucti o boundary condition and also colder than the actual 

mt:asured value of the temperature. The flux boundary con
dition with a positive r value imposes a velocity of flow from 
!"he base course into the subgrade that carries heat with it. 
This result in a cooling of rhe urface layer and base cour e. 
A negative value of r imposes a velocity that flows upward 
and will re ult in higher tempera tures in the ba e and the 
surface cour es. Thus, the mea ured emperatures are useful 
in adjusting the r value to fit the measured temperature and 
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suction field data. Additional simulations will establish more 
precisely the role of the selected r values. The effect of the 
flux boundary condition with a positive r value of 0.01 is 
evident in both Figures 6 and 7. The effect on suction dimin
ishes rapidly with depth . Figure 8 hows the computed vari
ation of suction throughout the yea r at a depth of 3 ft 
(0.9 m) together with the total simulated rainfa ll that fe ll 
during each month of the year. The measured suctions at the 
same depth are shown on the same figure. Suction measure
ments were taken with psychrometers and temperatures were 
measured with thermocouples. 

Amarillo, Texas 

The site at Amarillo , Texas, is imilar to the o llege Station 
site . lt i a c ve red area analogous to a sla b on an expansive 
clay ubgrade with the same 6-in. {15-cm) and laye r beneath 
a polyethylene plastic beet 24 X 40 ft (7 .3 x 12.2 m) in plan 
dimension . Suction and temperawre measurements to a depth 
of S fl (2.4 rn were made each month . Surface elevations 
were also determined . Suction and temperatures were meas
ured with psychrometers and thermocouples , respectively. 

The ·o il lay r at Amarillo <tre shown in Fi re 9. along 
with the total unit weight, poro ity and permeability prop
erties. Figure 10 show the initial ucti n and temperature 
profil es aSSllmed for a typical January 1 dat alo ng with mea
sured value of t11 ·ame profiles made in January. The dif
ference in temperature profile generated by the flux and 
uction boundary conditions is nor a trikingly different as 

wa t11e ca e in ollege Station , Texas. Thi i p robably be
cause the diffe rence in suction leve l at the boundary between 
1he base course and the subgrade i lower rhan wa the case 
in College Station , and this implies a lower velocity of flow 
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of both water and heat into the subgrade. Figure 11 shows 
the measured and computed suction profiles at several times 
during the yea r. Figure 12 shows the measured and computed 
temperature profiles at the ·ame times of the year. The dif
fe rence in temperature profiles between the flux and suction 
boundary condition cases brackets the actual measured tem
peratures indicating perhap that a diffe rent r value fo r the 
flux boundary condi tion may be able to match the field tem
perature data well while, a( the ame lime, falling within the 
mea ured suction range consistently. Figure 13 shows the 
computed variation of uction th roughout the year at the 
1-ft (0.3-m) depth in the il ty clay layers together with the 
simulated rainfa ll that fe ll during each month , and the 44-
year average monthly rain fa ll in Amarillo , Texas. The sim
ulated rainfall was 82 percent higher than the normal average 
rainfall accounting for the computed suctions falling toward 
the wetter side of the measured range of suctions . The years 
during which the site was monitored were all wetter than the 
average year. The range of suctions that were measured at 
the same depth are also shown in Figure 13. 

Deland, Piatt County, Illinois 

The instrumented site in Piatt County , Illinois , near Deland 
is on a rural road, FAS Route 537. The pavement consisting 
of a double bituminous surface treatment on an 8-in. (20-cm) 
aggregate base c urse , is 24 ft (7 .3 m) wide with 6-ft (1.8-m) 
unpaved shoulder . Suction, temperature, and frost depth 
measurements were made periodically with the measurement 
dates spaced at 3 to 4 m nths apart . Suc1i n was mea ured 
with ten ·iometers , moisture cells, and psychrometers . Tem· 
peratures were measured with thermocouple . At this site 
mainly because of the low suctions, the tensiometer readings 
were considered to be most reliable. 

The ii profi le i . hown in Figure 14 , along with assumed 
oil propertie for each layer. The water table fluctuated 

throughout the year from a high elevation of 46 in . (1.2 m) 
below subgrnde I vel to a low of 105 in. (2.7 m) below the 
subgrade . 

Figure 15 show the a sumed initial uction and temperature 
profiles fo r January 1 of the imulated year. In this ca e both 
the flux and the uction boundary condition between the base 
cou rse and ·ubgrade provide practically the ame pore water 
pre sures as an initial condition. This i because of the small 
difference of nega tive pore water pre ure at the interface 
between the ba e cour e and the ubgrade. The initiaJ
temperature profile is virtually the same with both boundary 
conditions. 

Figure 16 hows th measured and computed po.re water 
pre ure profiles at two differen t times during the year. The 
computed pore water pressure · are practically the same for 
bo t11 boundary condition . Both have the ame profi! pattern 
and are nearly the ·ame a the values measured with ten
siometers . 

Figure 17 hows the measured and computed temperature 
profiles at three diffe rent ti mes du ring the year. The computed 
temperature profile. are the same to three significant figures 
fo r the two boundary condition unlike the two previou 
cases. In the present case , both boundary conditions predict 
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FIGURE 11 Amarillo, Texas: measured ranges and computed suction 
profiles at different times of the year. 
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FIGURE 12 Amarillo, Texas: measured ranges and computed 
temperature profiles at different times of the year. 

a temperature profile that is fairly close to the values mea
sured in the field. 

Figure 18 shows the computed variation of pore water pres
' Ure throughout the year at a depth of 28 in. (0. 7 m) below 
the ubgrade level (which is in the brown ilty clay soil layers) , 
togetber with the simulated rainfall that fell during each month 
and the simulated snow melt. The measured pore water pres-
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FIGURE 13 Amarillo, Texas: Computed and 
measured suction at a 12-in. depth below the surface 
and monthly rainfall. 

sures at the same depth are also shown. The calculated neg
ative pore water pressures at that depth change rapidly with 
time, particularly at the end of January when the ground 
freezes and at the beginning of February when the snow begins 
to melt. The computed patterns match the measured rise and 
fall of pore water pressure although the magnitudes are slightly 
different. 
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FIGURE 14 Deland, Piatt County, Illinois: Soil 
profile and properties. 
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FIGURE 15 Deland, Piatt County, Illinois: Initial 
measured and assumed pore water pressure and 
temperature profiles, January 1. 

Figure 19 show the depth of fro. t penetration , both ob
erved and computed, together with ·the computed frost heave 

and the period of time during which either now or freezing 
tempernnires sealed off the penetration of water from the 
urface into the sublayers. T he depth of the frost zone ob

served in the field is matched better using the suction bound-
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FIGURE 16 Deland, Piatt County, Illinois: 
Measured and computed pore water pressure 
profiles at different times of the year. 
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FIGURE 17 Deland, Piatt County, Illinois: Measured and 
computed temperature profiles at different times of the year. 

ary condition than using the flux boundary condition. Tbe 
large t mean fro t heave i. nearly the same using both bound
ary condition but i more reali tic when using the sucti.on 
boundary condition because of the shallower depth of frost 
penetration . 

EVALUATION AND CONCLUSIONS 

The imulated temperature using tbe two boundary condi
tions, flux and suction, commonly bracketed the mea ured 
values. The simulated suctions and pore water pressure · fol
lowed the same patterns as in the measured data and were 
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FIGURE 18 Deland, Piatt County, Illinois: Computed and 
measured pore waler pressure and simulated rainfall and 
snowmelt. 
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FIGURE 19 Deland, Piatt County, Illinois: 
Computed and measured frost depths and frost heaves. 

geoerally within the measured range . The temperature pro
files were particularly ensitive to the base course subgrade 
boundary condition. Because of this sensitivity, ii' i po ible, 
by adjusting the flux by trial and error to get the measured 
and computed temperatures to match as closely as desired , 
but there is no guarantee that the ame boundary conditions 
and soil properties will provide as good a match to the tern-
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perature values observed in the following year. The suction 
values in College Station, Texas, and in Amarillo, Texas, had 
a much broader range at any given depth and time than the 
computed values. This is undoubtedly caused by the cracks 
in the clay soil subgrade which tran mit water faster along 
specific paths than is estimated by the program. There i a 
tendency for the computed subgrade suction beneath pave
ments in these areas to become irreversibly wetter with time. 

Reliable suction mea urements extending over signifkant 
periods of time are not ea ily obtained in the field. Temper
atures can be measured much more easily am! rdiably. Rel
atively high suctions such as those at the Amarillo site can be 
measured quite accurately with psychrometers. Low suctions 
such a those at the Deland site can be monitored rea onably 
well with ten iometers. Intermediate values may be more dif
fo:ull lo determine. Perhap the greate t difficulty is to main
tain the in trumentation and to keep it calibrated for more 
than a year. Areas of significant frost penetration represent 
even greater problems. To obtain field suction data of the 
extent and quality described in this paper is truly remarkable. 
Monitoring field suctions over long periods of time in a variety 
of soil climatic conditions remain an ongoing challenge. 

Both the positive and negative pore water pressures in De
land, Tllinoi , were predicted with reasonable accuracy. 

Although it i o l the objective of the imulation to dupli
cate field measurement exactly, it is rcasona le to as ume 
that adjusting the transfer coefficient r at the base course 
subgrade boundary will have a significant effect on the values 
of temperature and suction that are computed in the subgrade. 
The transfer coefficient r controls the magnitude and direction 
cf the flux at the upper boundary. Thi flux carries heat along 
with it. Thus , both the temperature and uction profile will 
be affected by the value of r selected for the analysis. T his 
effect was described at the College tati n site. It i hoped 
that ongoing simulations will establish a relation hip between 
subbasc and ubgrade p1opi;;rtie::s and the transfer coefficient. 
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