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Foreword 

The five papers included in this Record are of interest to pavement, maintenance, and 
operations engineers. 

Rutherford reports that reduction in the resilient modulus of the different layers of sec­
ondary roads, which is caused by the spring thaw, is responsible for increased deterioration 
and higher maintenance costs. Therefore, posting load restrictions during the thaw period 
benefits maintenance. 

Barcomb reports on the use of thermistors to collect data. The data have justified the 
posting of restrictions on traffic over asphalt roadways during spring thaw periods in the 
Kootenai National Forest in Montana. According to the author, this approach has significantly 
reduced the cost of maintenance of these roads. 

R. Alfelor and S. McNeil present a dynamic optimization approach for determining the 
optimum blading frequency for unpaved roads. The approach uses the principles of optimal 
control. They have formulated optimization equations for unpaved roads and have applied 
them to hypothetical cases. 

An integrated model is being developed at Texas A&M University that can predict the 
effects of air temperature, sunshine percentage, wind speed, rainfall, frost, and thawing action 
on the performance of pavements. D. Chandra et al. present a computer model that accounts 
for temperature and moisture effects on granular base course materials . Liang and Lytton 
report on a computerized method which simulates rainfall patterns, the knowledge of which 
is needed for pavement analysis and design. 

v 
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Pavement Response and Load 
Restrictions on Spring Thaw­
W eakened Flexible Pavements 

MARYS. RUTHERFORD 

Agencies faced with maintenance of secondary ~oads i~ frost ar~as 
often choose to restrict vehicle or axle loads durmg sprmg thawmg 
to minimize the detrimental effects of heavy loads on severely 
weakened pavements. Thirty-two summer pavement structures 
were defined to represent "typical" restricted pavements. Layered 
elastic analyses were performed for these pavements for different 
levels of reduction in resilient moduli at three different times dur­
ing spring thawing, including (a) base thawing, (b) 4 in. of subg~ade 
thawing, and (c) total thawing. Allowable loads for deflech?n, 
fatigue, and subgrade vertical strain were identified by comparmg 
the spring thaw response to the summer response. It was found 
that many thin pavements [2 in. asphalt concrete (AC)] reach~d 
critical conditions by the time of base thaw, and asphalt tensile 
strain was the critical response parameter for the majority of these 
pavements in spring. Four-inch AC pavements did not exp.erience 
strains or deflections in excess of those in summer until some 
subgrade thawing occurred; subgrade vertical strain was the crit­
ical parameter for these pavements. It was al~o. found th.a~ deflec­
tions are not a reliable indicator of when critical cond1t1ons are 
realized in a thaw weakened pavement. Finally, a method of eval­
uating the relative benefits of applying various levels of spring load 
restrictions is presented. 

During spring thawing the strength of the ground may be 
measurably weakened compared with its summer/fall state as 
a result of moisture migration into the soil during the pre­
ceding freezing period and, possibly, the development of excess 
hydrostatic pressure in base and subgrade materials as mois­
ture is liberated during thawing. 

Recognition of seasonal variation in material properties is 
necessary for realistic estimates of pavement performance. 
For primary road facilities it is necessary to minimize the 
detrimental effects of substantial thaw weakening because it 
is anticipated that these roads will perform at a high level of 
serviceability throughout the year under high traffic volumes. 
For many secondary roads with lower traffic volumes, how­
ever it is not economically feasible to provide adequate frost 
prot~ction throughout for spring thawing. Agencies faced with 
secondary road maintenance in frost areas often choose to 
restrict vehicle and/or axle loads during the critical period in 
the spring to reduce damage at this time. . 

Although the use of load restrictions is the only feasible 
pavement maintenance strategy for many ~econda_ry_ roa~s, 
restricting roadways is never a popular practice. As LI LS desu­
able to minimize load restrictions during periods of severe 
weakness, it is of some use to identify pavement response 

Department of Civil Engineering, Seattle University, Seattle, Wash . 
98122. 

during the thawing period. The location of segments of roads 
to be restricted is generally selected on the basis of experience. 
Pavement sections where excessive rutting, fatigue failures, 
or extensive potholing have occurred in the past during spring 
thawing are likely to be candidates for restrictions. 

Individuals who are responsible for restricting pavements 
during spring thawing have had very little information or 
guidelines available for selecting (a) the time to place spring 
load restrictions or (b) what magnitude of load restrictions 
would be beneficial without unduly restricting pavements (1) . 
The purpose of this work was to identify guidelines in these 
two specific areas. Often pavements are not restricted until 
some visible fatigue cracking or potholing has occurred. This 
practice does not result in optimal use of load restrictions 
because some permanent damage has already resulted. 

One of the first decisions made to perform the study was 
to select some criteria for evaluating allowable spring load 
levels. Some pavement design methods use deflection as a 
criterion for evaluating performance. Results from previous 
work on pavement response during spring thawing (2-4) sug­
gested that tensile strain at the bottom of the asphalt concrete 
(AC) layer and/or maximum vertical strain at the top of the 
base or subgrade material reached high levels before the 
development of large deflections. This occurs when one or 
more weak layers are present between stiffer materials, which 
is the case when only a small amount of thawing has taken 
place. From these observations it was concluded that several 
pavement response parameters (deflection, o; asphalt tensile 
strain, e,; and subgrade vertical strain , Evs) would be evalu­
ated. Further , it was decided that comparisons would be made 
of these response parameters between a reference time in the 
summer and several times during spring thawing rather than 
use some absolute value of strain or deflection levels as criteria 
for the need for load restrictions . The summer reference time 
selected was when the asphalt concrete temperature was at 
77°F and the unbound materials were performing optimally, 
with moderate moisture contents and saturation levels. This 
time was compared with three times during spring thawing 
when the greatest changes in resilient stiffness were occurring 
because of the movement of the thawing plane. Using this 
approach, the results obtained indicated the relative perfor­
mance of the pavement sections analyzed at selected times 
during spring thawing and summer. 

The analysis was performed by developing hypothetical 
pavement sections that represented typical pavements cur­
rently receiving load restrictions during spring thawing (J). 
Several different load configurations and load levels were 
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applied to these pavements, and the pavement response was 
obtained from layered linear elastic analyses. The results 
obtained from the elastic analyses demonstrated how the 
hypothetical pavement cross sections responded with respect 
to deflection, asphalt tensile strain, and subgrade vertical strain. 
The pavement sections developed for the study were analyzed 
at three different times during thawing to evaluate (a) when 
pavement performance relative to summer was compromised 
and (b) how long the pavement was in a weakened condition. 

The following questions are proposed to identify some of 
the issues to be addressed from the results of the analysis 
regarding the use of load restrictions and pavement response 
during spring thawing: 

1. After thawing began, when were the pavement cross 
sections analyzed in a weakened condition relative to the 
summer reference condition? 

2. To what extent was the load-carrying capacity of the 
weakened pavement compromised relative to summer? 

3. How did pavement response change during the thawing 
period for the hypothetical pavements analyzed? 

4. What response parameters resulted in the greatest re­
ductions in allowable loads for the pavement cross sections 
analyzed? 

5. How were deflections correlated with pavement 
weakening? 

6. How did pavement response vary for different wheel 
and axle configurations during spring thawing? 

7. Can we quantify the benefits of applying load restrictions 
on the pavements analyzed? 

8. What can be concluded about "real" pavements from 
these results? 

A description of the pavement cross sections and materials 
selected for the study, the analysis methods, and the results 
are presented next to provide some insights into these issues . 

DESCRIPTION OF ANALYSIS 

Hypothetical pavement cross sections were developed to rep­
resent, to the best extent possible, the types of road construc­
tion and subgrade materials existing in currently restricted 
pavements. Data obtained from a survey of pavement struc­
tures currently receiving spring load restrictions (1) were 
weighed heavily in the development of these sections. The 
data suggested that pavement cross sections on which load 
restrictions are currently being applied range as follows: 

Asphalt surface, in. 
Aggregate base, in. 

Range 

11/2-6 
4-18 

Normal 

2-4 
6-12 

On the basis of this information 2- and 4-in. asphalt surfat:t! 
courses and 6 and 12 in. unbound aggregate base courses were 
selected for the cross sections for the analysis. 

The predominant subgrade material present where load 
restrictions have reportedly been applied was clay. Silts, grav­
els, granular materials, and tills were also mentioned as sub grade 
types requiring restrictions in the survey of current practice 
(1). Because of this information, both fine and coarse subgrade 
materials were modeled in the analysis. The material prop-
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erties required for the elastic analyses are the resilient mod­
ulus and Poisson's ratio . The resilient moduli selected to model 
fine subgrade materials for the summer reference condition 
were 8 and 12 ksi. The resilient moduli selected for coarse 
subgrade materials during summer were 15 and 25 ksi. These 
values were selected to represent low- to medium-range resil­
ient stiffness properties of unbound fine and coarse materials. 
It was anticipated that unbound coarse and fine materials with 
low to average resilient stiffness properties would be the most 
likely candidates for significant reductions in resilient stiffness 
during spring thawing. Resilient modulus values for pavement 
subgrade materials compiled by Rada et al. (5) suggest that 
these values are reasonable. The values of Poisson's ratio 
assumed for the analysis were 0.45 and 0.40 for fine and coarse 
subgrades, respectively. 

The hypothetical pavement sections were analyzed using 
ELSYM5, a layered elastic pavement analysis program devel­
oped at the University of California at Berkeley (6) . The 
variation in pavement response during the spring thaw period 
was evaluated relative to the summer pavement response, as 
described earlier. Material properties for the layers in each 
pavement structure were selected to represent the behavior 
at three distinct times during the spring thaw period when the 
most significant changes in material properties were expected 
to occur. The times selected were the following: (a) when 
thawing reached the bottom of the base material, (b) when 
the thawing plane was 4 in . into the subgrade material, and 
(c) when thawing was complete. The total thickness of the 
frozen material was assumed to be 4 ft before the start of 
thawing. 

The material properties for each pavement layer for the 
summer reference condition are given in Table 1. The resilient 
modulus (M,) assumed for the asphalt concrete was 300 ksi. 
Two unbound base materials were included with assumed M, 
values of25 and 50 ksi . Four subgrade materials were assumed 
for the analyses with resilient moduli of 8, 12, 15 , and 25 ksi 
in summer to represent a range of resilient response. 

Tables 2 through 4 give the material properties for the three 
analysis times during spring thawing. The asphalt concrete 
resilient stiffness in spring was assumed to be 1,200 ksi . The 
change in resilient stiffness from summer to spring was based 
on a change in average temperature of the asphalt layer from 
77°F in the summer to 40°F in spring (7). Base M, values were 
reduced by 25 and 50 percent during early thawing and by 15 
and 40 percent at total thaw (see Tables 2 to 4). The reduction 
in base course resilient stiffness from summer to spring assumed 
for the analysis was based on M, values from nondestructive 
field evaluation of base course resilient stiffness (5) and lab­
oratory results of the change in resilient behavior (S,) for 
granular materials in dry (S, :S 60 percent) and wet (S, ;;=: 85 
percent) conditions (8) . 

Subgrade M, values for fine-grained materials (8 and 12 ksi) 
were reduced by 75 and 90 percent relative to summer levels 
at early subgrade thawing and by 65 and 75 pem:nt at total 
thaw. Coarse subgrade materials (15 ksi and 25 ksi) were 
reduced by 50 and 75 percent at early thaw and by 40 and 65 
percent at total thaw. Many studies both in the laboratory 
and the field have been performed on the resilient response 
of frozen and thawed materials (7) . The results have indicated 
that resilient stiffness may be reduced up to 99 percent 
depending on the material type, moisture content, saturation 
level, and other factors. The reductions in resilient stiffness 



TABLE 1 PAVEMENT STRUCTURE MATERIAL PROPERTIES, SUMMER CASE 

Layer Material Thickness Resilient Modulus 
(in) (psi) 

Surface BST or ACP 2 300,000 
ACP 4 300,000 

Base Unbound 6 25,000; 50,000 
Unbound 12 25,000; 50,000 

Subgrade Fine-grained <40 8,000; 12,000 
Coarse-grained <40 15,000; 25,000 

Bottom Rigid Infinite 100,000 

TABLE 2 PAVEMENT STRUCTURE MATERIAL PROPERTIES, BASE THAW 

Layer Material Thickness Resilient Modulus 
(in) (psi) 

Surf ace BST or ACP 2 1,200,000 
ACP 4 1,200,000 

Base Unbound 6 50%, 75% summer 
Unbound 12 50%, 75% summer 

Subgrade Fine-grained <40 50,000 
Coarse-grained <40 50,000 

Bottom Rigid Infinite 100,000 

TABLE 3 PAVEMENT STRUCTURE MATERIAL PROPERTIES, 4 IN. 
SUBGRADE THAW 

Layer Material Thickness Resilient Modulus 
(in) (psi) 

Surf ace BST or ACP 2 1,200,000 
ACP 4 1,200,000 

Base Unbound 6 50%, 75% summer 
Unbound 12 50%, 75% summer 

Subgrade Fine-grained 4 10%, 25% summer 
Coarse-grained 4 25%, 50% summer 

Subgrade Frozen <36 50,000 

Bottom Rigid Infinite 100,000 

TABLE4 PAVEMENT STRUCTURE MATERIAL PROPERTIES, TOTAL THAW 

Layer Material Thickness Resilient Modulus 
(in) (psi) 

Surface BST or ACP 2 1,200,000 
ACP 4 1,200,000 

Base Unbound 6 60%, 85% summer 
Unbound 12 60%, 85% summer 

Subgrade Fine-grained <40 25%, 35% summer 
Coarse-grained <40 35%, 60% summer 

Bottom Rigid Infinite 100,000 
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assumed for the study were selected to represent a range of 
resilient behavior for coarse and fine material types. 

When an elastic analysis is performed on a pavement system 
with a stiff base course over a weak subgrade, tensile stresses 
may be obtained within the unbound base mat rial. Such 
results are considered to be unreali t ic in view of the lack of 
abiEty of unbound materials to sustain tensile tres e . There­
fore a limit on the ralio of ba e M, to ubgradc M, of 4 was 
imposed, ba ed 00 the work of Klomp and Dorman (9), to 
avoid developing unrealisti · stress distributions in these 
materials. 

The EL YMS program u ed for the analyses incorporates 
linear elastic material behavior. It has been demonstrated that 
resilient behavior of the layers within pavement systems is 
typically not linear. Stress-dependent re ilient properties have 
been used to model respons more accurately . Because hypo· 
thetical pavements were developed for this analysis, it was 
felt that it would be sufficient to identify resilient moduli and 
relative values of these moduli at the different analysis times 
in pring and summer. Adding more complexity to the analy i 
by introducing nonlinear behavior would not neces arily ha e 
resulted in improved result , given the natur of this analysis . 

Three primary respon e variables used to evaluate flexible 
pavemel)t performance are deflection B, maximum asphal t ten­
sile train, E,, and maximum subgrade vertical strain ,£...,.. These 
parameters were selected to observe the respon e through the 
spring thaw period . In addition , estimates of remaining life for 
fatigue using the equation developed by Finn et al. (10) and 
estimate f rut life using the Shell equation (J 1) were obtained. 

0.20 5000 

0.16 4000 

~ 

<9 
0 
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This was done (a) to assess the impact of spring thaw weakening 
on long-term pavement performance and (b) to compare the 
performance of different pavement structures. 

The standard load used in the analysis was a single tire, 
ingle axle load of 20,000 lb. In addition, dual tire , single axle 

loads of 20,000 lb and dual tire, tandem axle loads of 34,000 
lb were analyzed. Surface deflections and subgrade vertical 
strain were obtained for 20 percent and 100 percent of the 
total load for each load configuration for each hypothetical 
pavement cros section to devel p load-deflection and load­
strain relation. hips at each analysis time in the spring. The 
deflection and strain from the summer reference condition 
were then compared wi.th the spring load-deflection or load­
strain response at each anal is time in pring. U ing thi 
procedure the spring pavement re ponse wa identified in 
terms of tile a llowable pring load, which wa the load tbat 
corresponded to the summer deflection or strain parameter 
level. The critical parameter at each analysis time in the spring 
was the response parameter that resulted in the greatest 
reduction in allowable load. This is shown schematica lly in 
Figure 1. 

Asphalt tensile strain has been used as a pavement response 
parameter since it ha been correlated with asphalt concrete 
fatigue fa ilure in both the laboratory and field (10). Jn addi­
tion to obtaining primary response parameters ( train and 
deflections), estimates of remaining life for the hypothetical 
pavement cross sections were made to om pare the pavement 
performance in summer and ·pring as w II as that of different 
pavement se.ction ·. The equation for remaining fatigue life 
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g0.12 
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3000 ••• - - - - - - -· - - - - - - - - - •• - • - • - - -
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:a .Q 

0.08 t: 
't: ~ ::s 
(fl 

QI 

2000 

i ::s 
(fl 

0.04 1000 

0 

0 

Ii (Summer) 
..................... 

' ' ' ' ' ' • Allowable ' 
sprin_g load : 
for Ii : 

I 
I 

' , 
I 
I , 
I 
I 

t Allowable 
1 spring load 
' for £vs 

2000 4000 6000 8000 
Critical Spring 

Load 

10000 
Tire Load (lbs) 

FIGURE 1 Selection of allowable spring load levels for deflection and subgrade vertical strain. 



Rutherford 

used for this study, developed by Finn et al. (1 O), is the 
following: 

log N1 = 15.947 - 3.291 log (e,110 - 6) - 0.854 log (£*/103) 

where 

N1 = the number of load applications of constant stress to 
cau e the initiation of fatigue cracking, 

e, = the initial tensile strain for the applied stress, and 
E* = the complex modulu" in p i. 

The form of thi equation indicates that fatigue is a fun ction 
of resilient sliffnes (M,) and maximum asphalt ten ile strain , 
e,. In this analysis the asphalt concrete resil ient modulu · var­
ied in spring and summer becau e of rhe variation in average 
pavement temperature at these lime . Becau ea phalt tensile 
strain re ponse wa obtained to predict fatigue, it seemed 
more defeo ible to compare fatigue life in pring and ummer 
than asphalt ten ile strain directly. Therefore, allowable load 
for asphalt ten ile strain were actually based on fatigue life 
computed u ing tbe Finn equation with AC M, values of 300 
and 1200 k i for ummer and ·pring, re pectively , as follow : 

1 E, '" 0.854 ( M, •P) og- = -- log--
e, 'P 3.291 M, ... 

The relationship of spring and summer fatigue life and asphalt 
tensile strain is shown in Figwe 2. 

RESULTS 

The results described in this section are for a ingle tire, single 
axle loading. Re ults for other load configurations assumed 
for the analy es are presented later . 

........ 
c 
'­.£ 
ID 1E+04 
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............ , 

......... .......... 
................... 
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The results suggested that the 2-in. thick and 4-in. thick 
pavements modeled responded quite differently when pring 
and summer re p nses were compared. The majority of 2-in. 
pavement developed asphalt tensile train that resulted in 
significanl reduction in fatigue life by the time thawing had 
reached the bottom of the ba ·e course. Allowable load were 
reduced up to 9 percent for all 2-in .-thick pavements with 
an average reduction of 50 percent. The greate t load reduc­
tions were obtained for the pavement m deled wi.th base 
materials with summer M, value of 50 ksi {the . tronger base 
material u ed for the study). 

When thawing proceeded into the subgrade asphalt ten ile 
strain in all 2-in. AC pavements increased further. The aver­
age allowable pring load for a phalt ten ile strain at this lime 
was 47 percent of the maximum load, with allowable. load 
ranging from 0 to 4 percent for fatigue. Asphalt tensile train 
was the critical parameter for the majority of the 2-in. pave­
ment modeled for the study at early ubgrade thawing. How­
ever, thin pavement (2in. AC) with ' ummer ba e M, value 
of 25 ksi that were modeled with reduction. in ubgrade mod­
ulus of 75 to 90 percent at early subgrade thawing resul~ed in 
the greatest .reductions in allowable loads from increases in 
subgrade vertical train rather than a phalt tensile strain and 
fatigue. 

At total thaw , AC tensile train wa the critical parameter 
for 42 o.f the 48 thin pavements analyzed. At lhi time, a phalt 
ten i.ie train and fatigue life were relatively unchanged com­
pared with early subgrade thawing, whereas ubgrade vertical 
strains decrea ed an average of 19 percent for these pave­
ments. The change in allowable loads during the spring thaw 
period obtained from the analy e for deflection, asphalt ten­
sile train and subgrade vertical ' train for one of the 2-in. 
pavement ca e is sbown in Figure 3. 

By comparison, the 4-in.-thick pavements modeled did not 
develop strain or deflections resulting in a reduction in allow-

1E+03 .s 
Ct summer ............ 

::::=::=:::::==:::::::::~:S;L Ct . , . ..,...._ Summer 0 
.b 
Vl 

~ 
Ul 
c 1E+02 
~ 

~ 

1E+01 

spring 1 • .... 
1 ................ Mr = ~00 ksi 
I Spring ........ 

For NI summer = Nf spring, 

Ct spring = .7 ct summer 

.......... 
Mr = 1200 ksi ·" 

Equivalent fatigue 

life for spring 

and summer 

................ .... 
.............. 

1E+OO 1E+01 1E+02 1E+03 1E+04 1E+05 1E+06 1E+07 1E+08 

Number of Load Repetitions , Nf 

FIGURE 2 Comparison of spring and summer fatigue life using the fatigue model by Finn et 
al. (10). 
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Early Spring Mr Reduction: 
Base= 50% 
Subgrade = 75% 

Total Thaw Mr Reduction: 
Base= 40% 
Subgrade = 65% 

Strains and/or deflections 
less than summer 

'---- Subgrade Vertical Strain 

Strains and/or deflections 
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o ~~~~~~~---1--~~~~~~-+-~~~~~~~~~~~4-~~ 
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Thaw 
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FIGURE 3 Allowable load versus time for a 2-in. asphalt concrete pavement. 

able loads when thawing reached the bottom of the base mate­
rial. It was not until some thawing of the subgrade mater.ia1 
occurred that strains in excess of the summer levels were 
obtained. Not all of the 4-in.-thick pavements resulted in 
increased strains at this time. Those that did, however, resulted 
in the greatest calculated reductions in load-carrying capacity 
as a result of increased subgrade vertical strain leading to rut 
development. Allowable spring load obtained at 4 in. of 
subgrade thawing ranged from 29 to lOO percent. 

At the time of total thawing all 4-in.- thick pavements expe­
rienced a reduction in maximum subgrade vertical strain rel­
ative to the time of early subgrade thawing. This reduction 
ranged from 9 to 49 percent for the pavements chat required 
some load reductions, with an averag decrea e in ubgrade 
vertical train of25 percent since early subgrade thawing. The 
change in pavement re ponse during pring tha\\iing expressed 
i·n allowable load for one of the 4-in. pavements analyzed is 
shown in F'igure 4. The results for allowable loads for all 
pavement modeled for the three analysis times in spring can 
be found elsewhere (7). 

Many agencies have deflection te ting capabilitie that may 
be used for identifying the critical spring thaw period . It wa 
found that, with the exception of the mo t severely weakened 
pavements reductions in load-carrying capacity occurred before 
the time that deflections ref'lched or exceeded ummer levels. 
Figure 5 shows the deflection at the time of base thaw versus 
the allowable load forfatigu for all 2-in. pavements modeled. 
Deflection for 2-in.-thick pavements with accelerated fatigu 
consumption at base thaw (load reduction up to 89 percent 
were required for these pavements) ranged from 37 to 100 
percent of summer deflection levels . 

When thawing had advanced 4 in . into the subgrade, 2-in. 
pavem nts that experienced some reduction in load-carrying 
capacity due to fatigue or subgrade vertical strain (calculated 

load reductions up to 100 percent were obtained) had deflec­
tions that ranged from 66 to 279 percent of ummer deflection 
levels with the majority of the e pavements resulting in 
deflection that were still less than in summer. Similar findings 
were reported by tub tad and onnor (2) on actual pave­
ments in Ala ka and in Minnesota (4). These results were 
based on deflection measurement obtained during thawing 
using the Falling Weight Deflectometer (FWD). 

The earliest time that calculated spring response for 4-in. 
pavement resulted in the need for load reduction due to 
deflection was at 4 in . of subgrad thawing. Deflections at 
thi time for the 4-in. pavements that needed som level of 
load reductions because of fatigue or ubgrade vertical ' train 
ranged from 55 to 144 percent of summer level . 

As a r sult of the accumulation of. train in 1he weakened 
unbound materials with time in spring, all pavements resulted 
in calculated deflections equal to or greater than summer 
level at total thaw in this analy ·i . For 4-in. A pavement 
wher ubgrade vertical train produced the greatest reduc­
tion in allowable load a relationship be1ween the allowable 
load needed to maintain subgrade vertical strain at their 
summer levels and deflection was btained from a linear 
regression of the data from th analy es at total rhaw. The 
relationship is the following: 

P.,, = 0.17 + 0.90 (osumme/oto <al thaw) 

where 

P.,, = the allowable load for subgrade vertical strain, 

o,ummer = the deflection for the summer reference 
condition, 

ototal thaw = the deflection at total thaw. 
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FIGURE 7 Allowable load for asphalt tensile strain versus spring ACM, at total thaw. 

The data points for the 4-in . p:wement and the relationship 
obtained are shown in Figure 6. By comparison, the 2-in. 
pavements modeled resulted in th greatest calculated reduc­
tions in allowable loads at total thaw because of continued 
accelerated fatigue consumption. No useful correlation of 
allowable loads for fatigue and deflection at total thaw was 
found from the calculated response obtained for the 2-in. 
pavements. 

Only one value of asphalt resi lient modulus was assumed 
for the surface layer in the analysi . Becau e asphalt tensile 

strain was the critical parameter for thin pavements, the sen 
itivity of a phalt tensile . train to ACM, was considered. A 

2-in. pavement with a 6-in. base layer was elected as a ref­
erence ca e to consider the sensjtivity of the result for dif­
ferent AC M, values. The reduction in base resilient modulus 
assumed for the reference case was 50 and 40 percent for early 
and late thawing, respectively. The corresponding reduction 
in ubgrade resilient modulus assumed was 75 and 65 percent. 
Summer AC M, values selected for the sensitivity ana lysis 
ranged from 200 to 500 ksi . The corresponding spring M, 
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values were four times the summer M, values, as in the pre­
ceding portion of the analysis. The variation in allowable l.oad 
for fatigue at total thaw (which was the critical parameter for 
these pavements) ver ·us A Mr i hown in Figus 7. A 42 
percent variation in allowable load for fatigue resulted for the 
range of ACM, investigated for the different subgrade cases. 
The effect of the variation in AC M, on allowable loads for 
deflection and ubgrade vertical train was ub tant.ially le s. 
The maximum variation in allowable pring load for deflec­
ti n and maximum subgrade vertical train wa 9 and 17 p r­
ccnt, re pectively. 

MULTIPLE LOAD CONFIGURATIONS 

Heavy vehicle typically are configured with both single and 
tandem axles. Single axles are typically f und on the steering 
axle on lass 8 heavy vehicles, and tandem axle often support 
the drive axle and the payload portion of the vehicle . ln light 
of this, both axle configurations were included in the analysi . 

The analyses for dual tire on ingle axl s and dual tire on 
tandem axles were performed when thawing had proceeded 
4 in . into the subgrade, because this was when allowable loads 
reached critical levels for all hyp th tical pavement · that 
required some load reductions for the ingle tire, ingle axle 
load case. It was found that for dual tire load configurations 
subgrad vertical train was always the parameter that resulted 
in the greatest reduction in allowable load at thi time. In the 
ca e of the single tire load di cu sed previously, fatigue 
life (and a phalt tensile strain) wa · the critical parameter for 
the majority of 2-in. AC pavements. 

Allowable loads for dual tire , single axle and dual tire, 
tandem axle loads were very clo e to the allowable loads for 
the same pavement structures loaded with single tire, single 
axle loads. The difference in allowable loads for the three 
load ca es for a given pavement structure ranged from 0 to 
11 percent. It was also found that the maximwn subgrade 
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vertical strain and maximum deflections for both dual tire 
ca e always occurred between the tire during pring. 

A compari on of the absolute value of maximum ubgrade 
vertical strains when thawing wa 4 in . into the ubgrade 
showed that trains were con istently less for multiple load 
configurations compared with ingle tire load . Figure 8 shows 
remaining rat life in a 2-in. AC pavement with a 6-in. base 
for the three load case tudied at early subgrad thawing. It 
can be seen that the calculated remaining rut life when spring 
thaw conditions prevailed was evernl time· greater for dual 
lire loads for aU cases of ubgrade moduli included in the 
study. 

EVALUATING THE BENEFITS OF APPLYING 
SPRING LOAD RESTRICTIONS 

The results obtained from the analyses indicated that load 
restriction up to 100 percent were required to maintain pave­
ment performance during spring thawing at summer levels for 
the hypothetical pavement cro. · sections selected for the study. 
Current load restriction practices in the United States and 
Canada (/) indicate that agencies are currently impo ing load 
restrictions that reduce allowable load to 50 to 80 percent of 
the legal maximum loads. It i believed that the discrepancy 
in the allowable load applied in practice and the allowable 
loads found for the hypothetical pavements is due to the fact 
that agencies do not intend to restrict pavements to the extent 
required to maintain summer performance levels. It is more 
likely that the objective in applying spring load restrictions is 
to reduce the need for major rehabilitation and/or to prolong 
serviceable life. 

Based on these observations the calculated response from 
all of the analyses for fatigue and subgrade vertical strain was 
merged into two figure to evaluate the benefits of applying 
different levels of spring load re trictions for the hypothetical 
pavements. The remaining life for rutting was calculated for 
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• 
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FIGURE 8 Comparison of remaining rut life for three load configurations at 4 in. subgrade thawing. 
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FIGURE 9 Rate of consumption of rutting life (relative to summer) versus required spring load 
reduction for subgrade vertical strain. 

all pavement sections analyzed at 4 in . of subgrade thawing 
using the Shell equation (11) . Figure 9 shows the rate of 
consumption of remaining rut life in spring compared with 
summer consumption as a function of the load reduction level 
required to maintain ummer rutting levels . The benefit of 
applying some amount of load restrictions can be obtained 
from thi £iguie for the pavement that require load restric­
tions based on ubgrade vertical trains which in this analysis 
was primarily the 4-in. AC pavements. For example , if an 
analysis of spring conditions suggested that the allowable spring 
load should be reduced to 40 percent of the legal maximum 
load to maintain summer conditions, the figure shows that 
the rut life consumption for this case with no load reduction 
would be about 7V2 times as great as in summer. However, 
if a load restriction of 20 percent was applied, a load reduction 
of (40 - 20) or 20 percent would stiJI be required. The rate 
of consumption of rut life for a required load reduction of 20 
percent according to th figure i · about 2V2 times the summe.r 
consumpti.on. Although thi i clearly in exces of ummer 
consumption a considerable benefit has been realized by 
applying ome level of spring load re triction. 

Figure 10 present the rate of consumption of remaining 
fatigue life a a function of load reduction for fatigue . This 
figure i used in the same way as the previou figure presented 
for rut life consumption- however it should be used for pave­
ments where asphalt tensile strnin is the critical pavement 
response parameter during spring thawing, which typically 
was the case for the 2-in.-thick pavements analyzed. 

CONCLUSIONS 

The results obtained in this study suggest that single tire, 
single axJe loads re ult in the greate t reduction in all0wable 
spring loads c-0mpared with that in summer as well as largest 
ab olute values of strains and deflections. Therefore, the fol­
lowing conclu i.on are based on this load case. Further, it 
would appear to be reasonable to suggest that an agency might 

use this load case as a basis for formulating load restriction 
policies as most Class 8 heavy vehicles have steering axles 
that are configured with single tires. 

The conclusions drawn from this study are the following: 

1. Some thin pavements (2 in. AC) required load reduc­
tions at the time of base thaw to maintain the pavement at 
its summer response level. 

2. All pavements that required some load reductions had 
reduced load-carrying capacity by the time of early subgrade 
thawing, and allowable loads were us1rnlly at their lowest 
levels at this time . 

3. Four-inch pavements modeled typically experienced 
critical conditions as a result of maximum subgrade vertical 
strain during thawing. 

4. Two-inch AC pavements resulted in load reductions at 
early subgrade thawing, usually because of asphalt tensile 
strain, but for many cases subgrade vertical strain was the 
critical parameter. At the end of thawing, however, asphalt 
tensile strain was the critical parameter for nearly all thin 
pavements analyzed. 

5. A correlation was found between allowable loads for 
subgrade vertical strain and deflection for 4-in. AC pavements 
at the end of thawing. 

6. In general it was found that deflections relative to sum­
mer were not a reliable indicator of the need for load restric­
tions during spring thawing. Tht: rt:sulls on the hypothetical 
pavements suggested that using summer deflection level as 
a basis for when to apply load restrictions would generally be 
unconservative and would not result in the optimal use of 
spring load restrictions . 

7. The most severe conditions with respect to fatigue and 
subgrade vertical strain occurred in the pavements analyzed 
during early thawing when deflections were less than summer 
levels. 

".'-ctual pavements will have their own unique material prop­
erties and relative changes in resilient response between sum-
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FIGURE 10 Rate of consumption of fatigue life (relative to summer) versus required spring load 
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mer and spring thawing. Further, the re ponse of these pave­
ments will vary from year to year becau e of variations in 
prevailing climatic conditions during the freezing and thawing 
period. The choices for layer thicknesses and resilient prop­
ertie were intended to represent a broad range of resilient 
behavior that would be encountered in "real" pavements. If 
this has been accomplished, then the conclusions presented 
may be useful to individual making decisions about the timing 
and magnitude of spring load Testrictions. The a sumptions 
made with respect to the change in resilient stiffness of mate­
rials from summer to spring conditions require further field 
testing and verification. This is clearly an area of further 
research. 

In conclusion , it is important to recognize the need to rely 
on the judgment of experienced per onnel in the decision­
making process regarding the application of spring load 
restrictions. Site-specific topography, groundwater condi­
tions, drainage, and annual variations in winter and spring 
climatic conditions result in considerable variation in the 
response of unbound materials underlying pavements. Obser­
vations by experienced individuals of the range of response 
of pavement sections that are particularly susceptible to dam­
age during spring thawing should continue to be weighed 
heavily when making decisions regarding the application of 
spring load restrictions. It is intended that the research reported 
in this paper be used to enhance and not replace this 
experience. 
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Use of Thermistors for Spring Road 
Management 

JoE BARCOMB 

The purpose of this pap r i 1(1 discuss the use of subgradc tent· 
pcraturc data measured by permanently in ·talled temi>eralure 
sensors called lhermistol's, to administer s11ring road re triction 
on asphalt surface roads within the Kootenai National Fore t 
(northwestern Montana). The rcslriclions normally apply to log­
ging trucks (three axles plu two axle trailer -approximately 
80 000 lb gros . The interpretation of the data from the thermistor 
installations has provided an acceptable rational approach lo lim· 
ing the spring rcslt'ictious. At present there :ire about 70 thermistor 
strings caltercd over 300 miles of roads. Data are collected on 
I.be thermistor strings starling in December on a weekly basis, a 
schedule that is stepped up to daily readings as thaw conditions 
approach. The readings Crom just below the asphalt mal and the 
average 1·eading ror the whole tring are analyzed with weather 
forecasts for use in predicting the need for load restrlcli-011 . The 
aclual restricti"ons are placed when lhe thermistors located just 
be.low tbe mat on one or more string indicate a !hawed or nearly 
thawed condition. The success of the program can be attributed 
to the effort put into an information and education program aimed 
at the principal u er and Forest managers. Problems with in tal· 
talion have been minor. Each thermistor string installation ranges 
in cost between $250 and $450; however, during the past 3 yr, 
surface maintenance repair costs have been reduced significantly 
(up to 50 percent annually on some roads). 

The purpose of this paper is to di.scuss how the data collected 
from thermistor installations on the Kootenai National Fore ·t 
are used to determine when road restrictions should be placed 
in the spring. It is a report on the effectiveness of the ther­
mistor program that ha been working si.nce it was initiated 
in 1984. Those interested in the technical details on materials 
equipment, testing, procedures, research, and installation 
hould read the paper prepared by McBane and Hanek in 

1986 (1). This paper minimizes the duplication of technical 
details covered in their paper. 

The thermistor program on the Kootenai National Forest 
has provided road managers with a cost-saving tool. The idea 
to use thermistors on the Kootenai was brought to the Fo'fest 
by Hanek and McBane in the early eightie . They were trying 
to find a way to lower road maintenance cost due to spring 
break-up. The succes of the program on the Forest can be 
attributed to their information and education efforts. 

Currently, there are nearly 70 installations on paved roads 
used by timber haulers (see Figure 1). These installations 
are monitored periodically during the winter months and the 
data are collected. The data are interpreted and used to de­
termine when to apply haul restrictions on specific roads or 
road segments. The timeliness of the recent restrictions has 
resulted in reduced road maintenance costs. On the whole, 
the program has been very successful, with only a few minor 
problems. 

U .S. Forest Service, Kootenai National Forest, 506 Highway 2 West, 
Libby, Mont. 59923. 

BACKGROUND 

The Kootenai National Forest is located in northwestern Mon­
tana, with a small portion occupying northeastern Idaho. On 
the north it is bounded by British Columbia, Canada. Fig­
ure 1 is a map showing the general location of thermistor 
strings on the Kootenai National Forest. In all, about 2.5 
million acres (LO million hectares) of federal lands are man­
aged by the Fore l. These land are intermingled with pr.i· 
vately O\vned lauds and are accessed by more than 6,600 mile 
(11 000 km) of Forest Service roads plus many county and 
private road . Federal R ute 2 and 93 and Montana State 
Routes 37, 56, and 508 provide access to county and Forest 
Service roads. Elevations range from the lowest in Montana, 
about 1,800 ft , to over 8,700 ft (540 to 2650 m) . Precipitation 
ranges from 14 in. to 120 in. (35 to 300 cm), with much o.f it 
falling as snow during the winter months. Frost penetration 
often exceeds 5 ft (1.5 m) . 

The Forest Service is in a unique situation to manage its 
road system because technically it is not a public road agency. 
It not only has the administrative authority to restrict size, 
weight, speed, and type of vehicle, but it can also clo e roads 
to all motorized vehicles. With the ability to close roads or 
severely restrict their use, the Forest Service very seldom 
designs roads to support traffic loads for all-season use because 
of the additional cost required to provide for the few weeks 
of worst subgrade conditions. Most low-volume roads else­
where in the world are not built to provide all-season, full 
traffic load support for the same economic reason. 

In addition to the 6,600 miles (11,000 km) of existing road 
under Kootenai National Forest's jurisdiction, about 180 miles 
(300 km) are added annually. Most of the roads were and are 
being built to accommodate timber hauling. The roads include 
narrow single-Jane, nati ve surfaced (5 to l mph-8 to 25 
kph) ; single and double lane, aggregate surfaced (10 to 35 
IJlPh-17 to 58 kph) ; and single and double lane, asphalt 
paved (15 to 55 mph-25 to 92 kph). About 6 percent of the 
Forest's roads are paved. Pavements vary from a penetration 
treatment with a single chip seal to 4 in. (10 cm) of asphalt 
concrete mats. 

Higher volume road in the Kootenai Nati nal Forest may 
have ea onal daily traffic volumes of up to 300 vehicles, of 
which one third are log haul vehicles (typical five axle, 18 
wheels with a gross weight of 80,000 lb, or 36 metric tons). 

REASON FOR PROGRAM 

The Kootenai National Forest has 420 miles (700 km) of asphalt­
paved roads, of which only about 10 percent are capable of 
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FIGURE 1 Thermistor locations on Kootenai National Forest. 

handling year-round traffic. Tho e road capable of handling 
year-round traffic were built by the Corps of Engineer in 
conjunction with the Libby Dam Project and were later turned 
over to the Forest Service. None of the roads has been designed 
to prevent fro t heave. R ads can be constructed to prevent 
fro t action if free draining aggregate are u ed but the Kootenai 
National Fore. t could not economjca lly ju tif)' the aggregate 
thlcknesses needed. To protect roads during periods when 
thawing is occurring in the top few feet wh re the strnctura.l 
strength is weakest, haul restrictions have been applied for 
many years. In the past, decisions to restrict the roads were 
based on visual observations of the pavement surface and 
ambient air temperature conditions. 

Visual observations normally detect damage only at the 
pavement surface. During break-up, initial damage that is not 

visible occurs to the underlying tructure. In the past, there 
were disagreements with timber haulers when Forest Service 
management wanted to restrict road use, because the haulers 
were normally trying to build up their mill inventories in 
anticipation of haul restrictions. As a result, haul wa most 
often allowed until visual surface damage was noted ; there­
fore maintenance co t for paved road were excessive. 

Reducing the maintenance costs for paved roads was deemed 
paramount. It was perceived that, by mea. uring the pavement 
structural capacity during the thawing period, Fore ·t Service 
management would have better information from which to 
determine more accurately when to apply restrictions before 
seriou damage occurred to the road structure. Actual mea­
surements of the pavement deflection were either expensive 
cumbersome, or untimely. It was decided that temperature 
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measurement of the base and sub grade could be used to estab­
lish in a timely manner when a road was thawing, and haul 
restrictions could be placed accordingly. 

The road tructure initially starts to weaken when the frost 
starts to leave the base just under the asphalt mat and before 
all the base and subgrade was thawed. At this time th mois­
ture from the melting ice i trapped between the impervious 
frozen layer below the edges of the pavement structure , and 
the asphalt mat above. Even the ba e, normally constructed 
of free draining rock, may become supersaturated a snow on 
the shoulders can insulate it, retarding thaw and thus pre­
venting free water from escaping to the ditch line. The weak­
ened condition often persists until the whole structure i totaUy 
thawed and the exce s water can drain from the base and 
subbase. Several destructive conditions can occur when the 
road is in thi weakened condition: contamination of the base, 
rutting of the base and ubgrade, and cracking or breaking 
up oi the asphalt mai. 

INFORMATION AND EDUCATION PROGRAM 

There was trong suppoft for reducing the costs of maintaining 
paved roads, but there wa n commonly understood quan­
titative basis for con i tently and fairly placing the necessary 
limits on timber hauling. The designer of thesy t m, McBane 
and Hanek performed their greatest service by developing 
an excellent info.rmational and education program. Through 
their efforts in making presentations to Forest Service man­
agement, timber haulers, and county personnel they were 
able to sell their concept and get a consensus on what mea­
sured condition would cause administrative baul restrictions 
to occur. Cooperation was excellent when it came time to 
restrict roads in tbe spring on the basis of the thermi tor 
readings. 

The information and education program was primarily based 
on the narrated slide program but together by McBane ant.I 
Hanek. lo thei.r program they covered past re earch, calibra­
tion testi:ng of actual thermistors (ice water bath ) , laboratory 
testing of soils (determination of freeze-thaw temperature for 
typical soils in the area) , typical installation of thermistor 
strings, use of the Benkelman beam (to correlate road struc­
tu.re strength and depth of thaw), and how the temperature 
data collected could be analyzed and interpreted. Their thor­
ough explanation left little doubt in their audience's mind of 
the program's soundness. 

Generally the cooperation has been good throughout the 
Forest Service and by users of the road ystern. There i , 
however a continuing need to keep newcomers info.rmed 
about the process. 

GLOSSARY 

Thermistor sensor is a small semiconductor where the elec­
trical resistance varies with temperatu.re fluctuations. 

Thermistor string is a multistrand electrical cable with ev­
eral Lhermi tor sensors attached and ealed at specified 
intervals. 

Thermistor installation consist of a thermistor string placed 
in a vertical hole below the road surface, lead cable, a ther-
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mistor sensor for air temperature, and a readout box to which 
the electric thermometer can be attached. 

Electric thermometer measures electrical resistance in a cir­
cuit through a thermistor sensor and displays the correlated 
temperature reading. 

INSTALLATIONS 

A thermistor string used on the Kootenai National Forest is 
made of multistrand cable, eight or more thermistors, and an 
electronic box for taking data readings (see Figure 2). The 
thermistors are soldered and sealed to the last 3 to 5 ft of the 
cable. This portion is then inserted vertically into a CQ're drill 
barrel after the inner barrel has ea r 111 ved (cave-in is 
often a problem). The pacing of thermistors on a string has 
been standarized for preassembly; however, they are not spaced 
for all the varied conditions that could be found. At any 
·pecific site, spacing can easily be varied to meet the condi­
tions that are determined to be necessary for monitoring. 

The Kootenai National Forest has determined that reliable 
information can be obtained when the top thermistor is placed 
in the a phalt mat· the econd is placed just below the asphall 
mat; the third is placed 6 i11. below the asphalt urface; the 
fourth , fifth, and sixth are placed 12 18, and 24 in. below the 
surface; and the remaining are normally placed at 1-ft interval 
below the sixth. One thermistor i · mounted in the hade 
(referred to as #0 on figures) to record air temperatures near 
the readout box. Twenty to 40 ft of cable separate the ther­
mistor from the data collection box. 

At the present time there are 67 thermistor string instal­
lations on paved roads used by timber haulers. Thirteen of 
these are on county roads and the remainder on Forest Service 
roads. The installations have been placed only under bitu­
minous surfaces. These are the Forest Serice heavy-use roads 
that are more often in the valley bottom where thawing first 
occurs. 

With the lower elevation and heavy-use roads restricted, it 
was determined that the higher elevation and branch roads 
did not need to be monitored through the use of thermistors . 
There are several reasons why it was felt that branch roads 
and higher elevation roads need not be monitored. Invest­
ments in the branch roads are considerably less. Normally 
they are not paved and excess moisrure is readHy visible on 
the surface, easily permitting a decision to restrict hauling to 
be made on these observations. When the higher elevations 
begin to thaw. timber harv tis normally curtail d as a result 
of excess moisture in the forest soil . Therefore, timber haul­
ing normally ceases. The locations for individual thermistor 
installation have been selected with care. Normally, at lea t 

two sites are selected for each segment of road-one to try 
to match the earliest thaw and the other, the latest thaw. 
Elevation and the amount of exposure to the sun are m11jor 
criteria i·n selectmg locations. Often two ites ar~ de ted 
close together one in a sunny ·pot and the other in a haded 
area. This give a better indication of how the overall road is 
thawing. 

Initial restrictions are placed at the time thaw begins or 
hortly after thaw begin in the warmer sites. Som time the 

damage that occurs on the 200- to 400-ft (60- to 120-m) stretch 
of road around the warmest site i m re acceptable than to 
restrict the entire road a few days earlier. After the subgrade 
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CABLE 

DEPTH IN INCHES 

0 .0 

3.0 

6.0 

9.0 

IB.O 

24.0 

DATA 
READ OUT 

BOX 

. _- ·. .., .- I 

-- - -
ONE THERMISTOR FOR EACH FOOl 

UP TO 60 INCHES -- - -- -

FIGURE 2 Typical thermistor string installations. 

has thawed on the colder sites, consideration is given to lifting 
the restrictions. 

DATA AND INTERPRETATION 

Data readings of the individual thermistors normally start in 
December and continue through March. Higher elevation 
installations are read even later. Frequency of readings may 
start biweekly or weekly and then be increased to daily read­
ings as weather conditions and thermistor data indicate that 
thaw conditions are imminent. A hand-held electric ther­
mometer is plugged into the circuits, and individual sensor 
readings are taken and recorded manually. The collected data 
are then entered in a computer. 

The temperature at which thawing starts is the critical infor­
mation sought. This happens at around 31.7°F ( - .2°C) , because 
of the chemical consistency of pore water in the area soils (J). 

The temperature data from individual sensors on a ther­
mistor string are aggregated to produce a weighted average 

(J). Graphs of the average readings of individual installations 
are used for ease in spotting warming trends (see Figure 3). 
By putting a trend line on the temperature plots and pro­
jecting it through the thaw point, an estimate of the beginning 
of thawing at the site can be made. The interpreted trends, 
combined with the weather forecast, are used to make pre­
dictions on when break-up will occur. Typical data printouts 
are shown in Figures 4 and 5. The data readouts can be traced 
from December into March. 

The actual decision to restrict a section of road is made 
when one or more strings show thawing temperatures in the 
sensor located just below the asphalt pavement. Figure 4 shows 
that thawing occurred just below the mat on 11 February (see 
box). Haul restrictions were placed starting 12 February on 
this road. 

"THAW WEAKENING MONITORING RECORD­
SITE NUMBER D6-36-2.8" has two thermistors not working 
(see Figure 5). It is still capable of supplying useful data, 
however. By adjusting the weightings for temperature read­
ings to compensate for the missing thermistors, an average 
temperature can be calculated. This string would be consid-
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FIGURE 3 Average temperature graph for Site Number 06-763-0.95 used for predicting trends. 

ered nonfunctional if the sensor just below the mat failed, or 
if any more sensors on the string failed. 

When it appears that break-up is coming, notices are sent 
to personnel in the county, timber haulers, and Forest Service 
organizations. This can be related to the sequence that a 
racing starter goes through: "On your mark, get set, go." The 
"go" phase is when the haul restrictions are placed. Figure 6 
shows a series of three messages that led up to restricting haul 
on certain roads. 

BENEFITS 

The benefits that the program has bruughl lite Kootenai 
National Forest are a better basis for placing haul restrictions 
in the spring and a significant lowering of maintenance costs 
on paved roads. In addition, some of the timber haulers have 
become strong proponents of the thermistor program. They 
have seen annual maintenance costs of paved roads reduced 
(more dollars in their pockets in cases whe~e they were the 
principal road maintainers) . They now no longer pester the 
Forest management to keep roads open for "just another 
week." 

The savings from reduced maintenance costs on one 17-
mile (28-km) segment of road during the first year of oper­
ation paid for the development and installation costs . The 
savings amounted to about 50 percent of historical annual 
maintenance costs (see Figure 7). This convinced the Forest 
management team to expand the program to cover the 
remainder of the asphalt-paved roads in the Forest. 

A typical thermistor string costs between $150 and $250 to 
construct or buy. This includes a readout box, 5 to 6 ft (about 
l. 75 m) of electrical conduit, 30 to 45 ft (9 to 13.5 m) of 
multistrand cable, 8 to 10 thermistors, and miscellaneous 
materials. Installation costs run between $100 and $200 for 
sawing the pavement, drilling the hole, installing the ther­
mistor string, and sealing the saw cut and hole. The large 
variation in costs are due to the availability of different drilling 
equipment, site conditions, and skill and cost of labor. 

PROBLEMS 

There are some problems with the system as described. About 
5 percent of the individual sensors fail annually. Whole strings 
are replaced when either a sensor just below the asphalt pave-



Enter TIHE in •ilitary ti•• 
Enter TEMPERATURES in degrees F. to the nearest tenth Gf a degree 
Average soil temperature will be automatically calculated 
<<C•15J•1.s>+<C•16J•7.5>+<C•17J•12>+<C•1aJ•9>+<<C•18J+C•,9J>•1.5>>133 

DATE TIME OCAIR> 1 (MAT> 2CBASC:> H6. O> 4(18.0) 5(30.0) 6(42. 0) 7(43.0) 8(54.0> 9(60.0) AVE. TEMP. 
LY BLANll 

NOV 181 87 1232.0 24.7 30.1 30. 3 3~. 8 38.2 42.4 45.3 4:..) 47.5 48.4 38.3 
DEC 081 87 1120 .o 31.3 31.3 31.4 H. 3 3 7 .1 3 8. 7 4J.3 41.4 4Z.4 43.3 36.9 
DEC 151 d7 1312.0 26. 0 B.4 28.0 3).9 34.2 37.1 39.4 40.6 41. 6 42.6 34.3 
DEC 291 87 1142.0 21. 9 23.5 23.1 25. 5 31.4 34.2 36.7 37.? 39.1 40.1 30.11 
JAN OS1 88 1142.0 9.9 15.1 15.7 2). 7 23.5 33.0 35.5 "36. 7 37.9 39.0 27.9 
JAN 111 88 1255.0 35.3 27.6 26.3 2~. 2 2 '3. 4 32.0 34.5 35.d 37.0 38.1 29.3 
JAN 141 88 1302.0 36.8 31.1 30.1 23. 6 29.0 31.3 34.2 35.4 36.6 3 7. 7 30.1 
JAN 151 88 1345.0 37.j 31.8 31.J 3J.1 2 9. !j 31.8 34.1 35.3 3o.5 37.5 30.8 
JAN 171 88 1109.0 29.5 z 5. 3 2 7 .1 2,,. 1 30.3 31.d 34.0 35.1 36.3 37.3 30.5 
JAN 191 88 1308.0 25.j 22.5 19.J 2). 3 27.8 31.8 33.9 35. <l 36.1 37. 2 27.2 
JAN 22, 88 1144.0 2t>.2 22.2 20.Z 21. 4 26.7 31.3 33. 7 H.3 35.9 36.9 27.0 
JAN 25, 88 1235.0 34.2 B.5 25.~ Zit. 2 27.3 31. 1 33.5 34.6 35.7 36.7 28.0 
JAN 29, 88 1306.0 43.7 33.7 31.J 2~. 7 2J. 4 31.0 33.1 34.3 35.3 36.3 30.2 
FEB 01, 88 1332.0 21.7 1 6.1 14. 7 H.1 23.3 31.2 33.1 34.1 35.1 36.1 26.7 
FEB IJ51 88 1245.0 24.1 24.0 22.4 2Z. 1 25.7 29.8 32. !I 3 :5. 9 34.9 35.9 26.4 
FEB 081 88 12't6.0 39.7 30.8 2d.5 2~. 2 26.3 30.3 22.6 33. 7 34.7 35.7 28.2 
FEB 091 88 1131. 0 37.0 31.4 30.7 2~. 6 2~.9 30.4 32.5 3~.6 34.6 35.6 29. 8 
FEB 101 88 1155.0 37.d 3 2. 0 30.i JJ. 1 29.6 30.6 32.5 33. 6 34.6 35.5 30.Z 
FEB 111 88 1119.0 46.3 35.0 -q@- 3). 7 30.0 30.8 32.5 33.6 34.5 35.5 30.6 
FEB 12, 88 14 33. 0 Sd.1 44.9 31. 1 30.3 31.0 32.5 33. 5 34.5 35.4 31. 2 
FEB 1:51 88 1115.0 41.2 34.9 3 J. ·) 31. 2 30.5 31.0 32.5 33.5 34.5 35.4 31.0 
FEB 141 88 1324.0 40.4 :n.1 31.o 31.4 30.6 31.1 3Z.5 33.5 34.4 35.3 31.1 
FEB 15, 88 1154.0 3~.o 3a.1 35.4 31. 4 30.7 31.2 H.5 33. 5 34.4 35.3 31.3 
FE!5 161 88 1056.C 32.5 31.0 31.2 31. 5 30.8 31.2 32.5 3 3.5 34.4 35.2 31.2 
FEB 171 88 1023.0 36.5 31.3 31.J 31. 5 30.3 31.3 H.5 3 J.4 34.3 35.2 31.2 
FEB 191 88 1104.0 31.5 31.3 30.7 31. 5 30.9 31.3 32.5 33.4 34.3 3:5. 2 31.2 
FEB 221 88 13 35. 0 46.8 44. 6 35.j 31. 6 31.1 31.4 32.5 33.4 34.J 35.1 31.6 
FEB 261 88 1330. 0 49.9 47.0 36. 7 31. 5 31.2 31.5 32.6 33.4 34.3 35.0 31.7 
HAR 041 88 1310.0 43.7 46.5 41.) 32.1 31.2 31. 6 32.6 33.4 34.2 34.i) 32.0 
MAR 111 88 1240.0 43.2 45.7 35.7 31. 8 31.4 31.6 32.7 33.4 34.1 34.8 .31. ti 
HAR 181 88 1252.0 55. 7 54.7 4 5.,) 33. 3 31.5 31.7 32.7 33.4 34.1 34.d 32.7 

NOTES: 
1. Road haul rest~ictions were effective 12 Febru~ry ~8. 
2. Ther11istors 1 through 9 are followed by depth belo~ road surface in inches. 
3. There is an apparent error in the data entry of ther•is~or number 6 on 8 February of ten degrees. 
4. HaxiMum frost depth a~ this site mas beteen 30 a~d 42 inches C75 and 105 c•>. 

FIGURE 4 Thaw-weakening monitoring record (data printout), Site Number D6-763-0.95. 



Enter TIME in military ti•• 
Enter TEMPERATURES in degrees F. to the nearest tenth of a degree 
Average soil te•perature •ill be automatically calculated 
(([•,5]•3.7)+([•,71•8.3)+([•,8)•6>•<[•,9]•9)•((•,10]•6))/33.0 

DATE 
LV BLANK 

NOV 18, 87 
DEC: 3, 87 
DEC: 15, 87 
DEC: 29, 87 
JAN 5, 88 
JAN 11, 88 
JAN 14, 88 
JAN 15, 88 
JAN 17, 88 
JAN 19, 88 
JAii 22, 88 
JAN 25, 88 
JAN 29, 88 
FEB 1, 88 
FEB 5, 88 
FES g, 88 
FEB 9, ae 
FEB 9, 88 
FEB 10, 88 
FEB 11, 88 
FEB 12, 38 
FEB 13, 88 
FEB 14, 88 
FEB 15, 88 
FEB 16, 88 
FEB 17, 88 
FEB 19, 88 
FEB 22, 88 
FEB 26, 88 
HAR 4, 88 
HAR 11, 88 
HAR 18, 88 

NOTES: 

TIME 

1404.0 
1146.0 
1337.0 
1241.0 
1238.0 
1324.0 
1327.0 
1411.0 
1138.0 
1333.0 
1235.0 
1336.0 
1335.0 
1359.0 
1312.0 
1310.0 
1237.0 
1730.0 
1245.0 
1148.0 
1454.0 
1144.0 
1347.0 
1313.0 
1203.0 
1126.0 
1225.0 
1412.0 
1352.0 
1416.0 
1314.0 
1324.0 

Q(AIR) 

Z7.4 
3z.1 
za.s 
Z4.4 
8.5 
34.1 
3>.3 
40.0 
26.8 
z5.1 
za. o 
31.9 
41. 0 
19.1 
24.4 
38.1 
36.3 
33.5 
36.1 
46.7 
51.1 
39.Z 
40.4 
39.6 
39.3 
32.5 
39.0 
47.4 
50.5 
47.4 
45.3 
57.iJ 

1(HAT) 

-110.6 

2(3.JJ 

21. > 
32.') 
2 8. 4 
24.1 
12. 7 
25.3 
30. ·) 
31.4 
25.~ 

21.1 
22.7 
24.6 
31.~ 
16 • . ~ 
23.> 
26.7 
29.1 
30.l 
30.3 
32.) 
35.~ 
34.4 
36.9 
3 .~. 2 
31.3 
31.7 
31.> 
3 >.:I 
3 3. 2 
43. 7 
42.i 
51.i 

3(6.0) 

15. 5 
21. 6 
H.4 

1. Road haul restrictions were effective 12 F~bruary ~8. 

4<1Z.O> 

34.D 
36.2 
31.2 
25.1 
H. l 
25.0 
27. '!S 
29.9 
29.2 
23.3 
22.6 
24.7 
29.8 
22.6 
21.a 
27.9 
30.7 
30.9 
31.4 
32.7 
32.9 
32.2 
32.3 
32.7 
33.3 
32.5 
32.0 
32.1 
32.0 
33.S 
35.0 
37. ~ 

5 <1 a.a> 

36. 5 
37.6 
32.9 
26.3 
21.4 
25.7 
27.8 
29.6 
29.9 
25.6 
24.5 
25.8 
2 9. 5 
25.5 
24.5 
2 B.Z 
29.5 
29.6 
30.2 
30.9 
31.4 
31.6 
31.8 
31.9 
32.2 
n.o 
31.8 
31.8 
31.9 
33.4 
35.6 
38.0 

2. Thermistors 1 through 7 are follo•ed by depth belo• road surface in inches. 

6(24.0) 

39.1 
38.5 
34.5 
28.3 
24.7 
26.8 
28.3 
29.6 
30.l 
21. 8 
26.4 
27.1 
29.i 
za. 5 
26.3 
28.9 
29.6 
29.7 
30.0 
30.7 
31.1 
31. 3 
31. 5 
31. 6 
32.1 
32.J 
31. 8 
31. 8 
31.8 
Jl.5 
35.l 
37.5 

7<36.J) 

43.2 
39.~ 
36.5 
31.1 
29.0 
29.1 
29.7 
30 .1 
30.7 
30.2 
29.2 
211 .3 
30.3 
30.6 
28.8 
H.9 
30.2 
30.3 
30.4 
30.8 
31.2 
31.0 
31.2 
31.2 
32.0 
3Z.O 
31.3 
3Z.O 
33.0 
33.S 
35.2 
37.9 

Ave. Te11p. 

37.0 
37 .1 
H.1 
27.3 
21. 9 
26.5 
28.5 
30.0 
29.5 
26.0 
25.2 
26.4 
30.0 
25.5 
25.S 
28.5 
29.9 
30.2 
30.6 
31.5 
32.2 
31.9 
32.3 
32.4 
32.3 
3Z.0 
31.7 
32. 3 
3Z.2 
34.4 
36.1 
39.3 

3. Thermistors nuwber 1 (mat> and 3 C~.O> are not fun:tioning but data from the string is still providing useful infor••tion. 

FIGURE 5 Thaw-weakening monitoring record (data printout), Site Number D6-535-0.35. 
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ON YOUR MARK 

Postmark: Feb o 1,88 9:26 AM 

The prerecorded phone message ts up and running. The recorded message 
can be checked out by calllng 293-7421. I sent the Information to all 
Interested parties and the papers In Libby, Eureka, and Kallspel. I'll give 
you copies of the news release that you can give to the purchasers. Mike 

GET SET 

Postmark: Feb 08,88 7:28 AM 

Weather forecasts project days @I mid 40's and nights @hi 20's for the 
rest of the week. Provided there is no change, current proposal is to post 
Fisher "1 P 80,000" and Fisher "2 at 10,000" on Wed. 2-1 O; followed by 
Wolf ·Creek & Mc Killop@ 10,000 on Thurs. 2-11. We will be monitoring 
thermistors daily. If a cold spell sets in and the road subgrade firms up 
restrictions may be delayed. Larry 

60 

Postmark: Feb 11,88 5: 17 PM 

Effective Friday 2-12, log haul will be restricted on entire Fisher River 
system (80,000 " weight on Fisher • 1; 1 o,ooo• on Fisher •2, Mc Killop, 
and Wolf Creek). Message is on phone answering service. I have advised 
state, Champion, and purchasers. Information will be posted on the ground 
Friday morning. Restrictions will be lifted if colder weather sets in and 
the thermistors verify frozen road conditions. Larry 

FIGURE 6 Copies of informational messages leading up to placing 
restrictions on Kootenai National Forest roads for spring break-up. 

ment fails or too many fail on a single installation. Entire 
thermistor strings are being replaced at about 10 percent 
annually as a result of failure of thermistors, damage during 
road maintenance activities, and periodic reconstruction of 
roads. Also, a few strings have been discontinued in favor of 
a new location that is perceived to yield more reliable data. 
This past field season (1988) the Forest installed 14 strings. 
None were installed in the 1987 field season. 

Initial acceptance of the thermistor program could be a 
major administrative problem if a good information and edu­
cation program is not undertaken. Every change in manage­
ment, whether Forest Service, timber hauler, or county, requires 
that the information and education program be repeated. 

The biggest drawback to the thermistor program is that 
interpretation of the data cannot be used with all soil types 
to indicate when to lift the hauling restrictions. The Forest 
still uses visual observation of moisture conditions in the ditch 
line and cracks in the pavement. It has not been a significant 
problem on the Kootenai because the timber haulers do not 
usually want to resume hauling for approximately 2 to 3 months 
after initial restrictions. By then, the roads have had time to 
drain the excess moisture and regain strength. A study in 
Region 6 of the Forest Service (National Forests in Oregon 
and Washington) on different moisture-sensing devices may 
aid the Kootenai Forest in selecting a system to determine 

when pavement strength has returned and restrictions can be 
lifted. 

APPLICATIONS FOR OTHERS 

The Forest Service is unique in that it has the option of being 
able to place varied load restrictions, including total road 
closure. Most road agencies do not have that option and can 
only place haul restrictions that are much less stringent than 
those often \ISed on the Kootenai National Forest. Initially, 
thermistor temperature data need to be correlated with either 
pavement deflections or other road strength tests to define 
the interaction of depth of thaw and road strengths. On the 
basis of pavement structure strengths at different thaw depths, 
agencies should be able to determine when to institute partial 
haul restrictions on their roads. 

Many variations in the spacing and number of thermistor 
sensors on a thermistor string are acceptable. The Kootenai 
National Forest has tried to standardize spacing of sensors for 
its own use. Good temperature data are still available even 
after the failure of one or two sensors placed in the subgrade. 
Economically it makes more sense to place extra sensors at 
$10 each and allow for some failure than to replace a whole 
string for $300. The computer spreadsheet program used to 

I 
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MACHINE AND HAND PATCHING YAAK VALLEY ROAD 92 
MILE POST 12 5 TO 29.5 

YEAR AMOUNT IN $1,000 

1981 54 
1982 37 
1983 34 
1984 121 
1985 35 

USE OF THERMISTORS ON YAAK 92 AS A MANAGEMENT TOOL ESTABLISHED 

1985 
1987 

17 
15 

FIGURE 7 Annual pavement maintenance costs. 

develop a weighted average can easily be adjusted to account 
for the sensor spacing. 

SUMMARY 

Two individuals perceived a need and provided a cost­
effective method for the Kootenai National Forest to prevent 
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road damage and to lower asphalt road maintenance costs 
through timely restrictions at the beginning of the spring break­
up period. The method involves installing thermistor strings 
in and below the pavement and monitoring the temperature 
changes before and during the spring break-up period. Success 
has been documented through on-the-ground field applica­
tion. Information and education efforts were very important 
in establishing the new program. Information is continually 
sent to groups and individuals as it appears the roads are 
reaching a thaw stage. The data collected and interpreted 
provide a rational approach to restricting hauling on asphalt­
paved roads. 

The Kootenai Forest is still replacing thermistors and add­
ing a few new installations each year. The problems encoun­
tered with the system have been fairly minor and the benefits, 
worthwhile. The program will continue until a better system 
can be found. 
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Method for Determining Optimal 
Blading Frequency of Unpaved Roads 

ROEMER M. ALFELOR AND SuE McNEIL 

Management systems for unpaved roads are often viewed as 
unwarranted because of the low levels of traffic normally found 
on these roads. However, unpaved roads in many developed and 
developing countries represent the larger portion of mileage in the 
network. Even at the low cost of maintenance per mile of unpaved 
roads, the total cost resulting from multiplying this value by the 
overall road mileage corresponds to a large financial outlay. There­
fore, the efficient management of these roads is justified. Recog­
nizing the need to optimize the blading and regraveling frequencies 
of unpaved roads, some agencies tried to develop methodologies 
for determining the appropriate maintenance strategies. The pro­
cedures vary from road classification-based maintenance to eco­
nomic analyses of alternative maintenance frequencies. However, 
the general approaches used in solving the maintenance problem 
are unsatisfactory as they either require restrictive assumptions 
or do not give closed-form solutions. This paper presents a dynamic 
optimization approach for determining the optimum blading fre­
quency for an unpaved road using the principles of optimal control. 
The model is based on a procedure developed for setting overlay 
frequency and thickness for paved roads. The optimization equa­
tions are formulated for unpaved roads and applied to hypothetical 
cases. A sensitivity analysis is performed to evaluate the param­
eters in the model. The study indicates this approach is appropriate 
for determining optimal blading strategies for unpaved roads. 
However, further research is required to develop suitable dete­
rioration and user cost functions and to include the frequency of 
regraveling. 

For low-volume unpaved roads, loose gravel or plain earth is 
the primary riding surface. These roads are designed to pro­
vide low-cost highways for accommodating low traffic vol­
umes. They are found in many agricultural areas where access 
is needed for the transport of farm products. In many devel­
oping countries, unpaved roads constitute a significant portion 
of the total road mileage and play a major link in the overall 
economy. Some of the routes connecting major cities in these 
countries are unpaved, owing to the economic infeasibility of 
transforming these roads into hard-top, all-weather surfaces. 
Most third-world economies rely on farm-based industries, 
but several developed countries also have substantially exten­
sive farming activities, giving rise to a large number of earth 
and gravel roads. The proportions of unpaved roads in rep­
resentative developed countries in 1978 ranged from 5 to 63 
percent, whereas for developing countries they are as high as 
70 to 97 percent of the network (J). 

Maintenance of unpaved roads involves blading using a 
motor grader or a modern tow-type blade to restore the shape 
and surface of the road to ensure drainage and enhance ride­
ability. Regraveling is also performed for gravel-surfaced roads 
when the gravel thickness falls below a minimum value. The 
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major difference between paved and unpaved roads with regard 
to maintenance is that the former, once built, will exist for a 
number of years with minimal or no maintenance whereas the 
latter deteriorate faster and require frequent maintenance. 

Compared with that of paved roads, very little attention 
has been given to the maintenance of unpaved roads. As 
significant portions of the road network are unpaved in both 
developed and developing countries, even low-level mainte­
nance consumes valuable resources. The development of 
management systems for unpaved roads aims at the efficient 
allocation of these resources. Existing systems either use 
unrealistic simplifying assumptions or do not give closed-form 
solutions. 

This paper develops an analytical method to determine opti­
mal blading frequencies for unpaved roads. The dynamic 
optimization technique optimal control is used. This proce­
dure was applied by Tsunokawa (2) in solving for the optimum 
frequency and thickness of overlay in the rehabilitation of 
highway pavements. Tsunokawa's formulation, however, 
assumed that the performance of a pavement can be expressed 
in terms of a single measure, which is roughness, and that 
there is only one maintenance activity to correct for roughness 
at various levels. Deterioration of the pavement is manifested 
in many ways and is corrected or remedied by maintenance 
activities that vary with the extent and type of deterioration. 
For an unpaved road, roughness is the primary indicator of 
condition, and routine maintenance is limited to blading. Using 
performance functions derived from previous studies, a dynamic 
optimization model is formulated using roughness as the state 
variable and blading frequency as the decision or control 
variable. 

The following section presents measures of condition for 
unpaved roads and reviews studies of performance and exist­
ing management systems. Then, the optimal control model 
for unpaved roads is developed and a case study, including 
sensitivity analysis, is presented. This research demonstrates 
the applicability of optimal control technique for determining 
blading frequencies and identifies areas for further research 
to determine its feasibility. 

BACKGROUND 

Previous research on the maintenance of unpaved roads has 
focused on measures of condition or deterioration, perform­
ance, and maintenance systems (3). Measures of condition 
and the performance of unpaved roads are fundamental ele­
ments of any maintenance management system as they are 
used to quantify the impacts of maintenance. The relation-

I 
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ships between condition and impacts have been developed in 
many of the existing maintenance management systems. A 
comprehensive review is presented in Alfelor (4). These rela­
tionships are briefly reviewed in this section as they are used 
in the determination of optimal blading frequencies. Some 
representative approaches to maintenance management are 
also described to illustrate the limitations of existing approaches. 

Measures of Condition 

Deterioration of unpaved roads is manifested and quantified 
in terms of the following measures of condition: 

1. Surface roughness, 
2. Gravel loss of the wearing surface, 
3. Rut depth, and 
4. Depth of loose surface materials . 

Roughness is the primary component of serviceability of 
the road (5), and the way it is perceived by the road user is 
very important. In terms of profile, roughness can be defined 
as the summation of variations in the surface profile. For a 
gravel-surfaced road, traffic and environment act together to 
cause reduction in gravel thickness. This change in gravel 
height measured over a period of time is called gravel loss. 
Excessive gravel loss results in earth riding surfaces that become 
impassable during the rainy season. Ruts decrease the service­
ability of the road because they cause vehicle displacements. 
The operating speed of the vehicle is substantially reduced 
because the vibration increases with speed. Loose material 
on the road leads to loss of traction and was found to increase 
fuel consumption for a wide spectrum of vehicles in the Kenya 
study (6). The present study focuses only on roughness because 
for unpaved roads, all other measures of condition contribute 
to surface roughness. 

Roughness measures are classified as either profile numeric 
or summary numeric. For profile numerics, the longitudinal 
elevation profile of the road is measured and then analyzed 
to obtain one or more roughness indices. High-speed and 
manual profilometers are in use. The most popular measures 
of roughness using statistics from profiles are the root-mean 
square deviation (RMSD) and the Quarter Car Index (QI). 
The former was developed by the British Transport and Road 
Research Laboratory (TRRL) using an instrument for stati­
cally measuring profiles called the TRRL beam ( 7). The Quarter 
Car Index, on the other hand, was developed for the Brazil 
road cost study and was originally measured by the General 
Motors Surface Dynamics Profilometer. The research team 
in Brazil later adopted a simplified method of obtaining the 
index using rod and level. 

Summary numerics are measured using instruments known 
as Response-Type Road Roughness Measuring Systems 
(RTRRMS). For these systems, a vehicle is instrumented with 
a road meter that produces a roughness reading as a result of 
the vehicle motions that occur while traversing the road. 
RTRRMS provide means to acquire roughness data using 
relatively low-cost equipment. The main disadvantage of these 
systems is that the roughness measure is intimately tied to the 
vehicle response, which varies among vehicles and likewise 
with time, vehicle condition, and weather. The quarter car 
model is a response-type system that produces the quarter car 
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index and is used as a standard measure. The most popular 
RTRRMS in the United States is the Mays Road Meter because 
it is simple and cheap. 

The condition measures just described are used in studies 
of the performance of unpaved roads and in the development 
of management systems. 

Studies of Performance 

The majority of research on unpaved roads was performed 
as part of a larger study that included paved roads. Hence, 
the focus of the study was not necessarily on unpaved roads 
themselves. These major studies were conducted in devel­
oping countries with the objective of establishing rational, 
quantitative bases for highway decision-making in those coun­
tries. The World Bank realized that situations in developing 
countries (i.e., economic, labor, and technology) are different 
from those of developed countries where pavement manage­
ment systems exist , and concluded that those systems are not 
appropriate for use in entirely different environments. For 
this reason the World Bank initiated collaborative research 
with institutions in several countries, and took a share in 
funding this research. The original research was conducted in 
Kenya and included both paved and unpaved roads . This was 
followed by studies in the Caribbean, Brazil, India, and Bolivia, 
among others. The result is a large data base and empirical 
models that can be used for economic evaluation of unpaved 
roads. Included in the studies of performance are deteriora­
tion and vehicle operating costs as well as impacts of main­
tenance on condition. The result of this study was used in 
some of the existing management systems described next. 

Existing Approaches to Maintenance Management 

Maintenance management systems provide data for planning 
as they determine maintenance needs and the cost of exe­
cuting a desired level of maintenance. Two types of manage­
ment systems are currently used for unpaved roads-namely, 
the road-classification based and mathematical optimization 
techniques . Road classification is a simple way to assign main­
tenance to a road. The procedure is to divide the roads into 
different classes based on characteristics such as traffic vol­
ume. For each class a level of maintenance is defined. One 
example is the Ontario Road Classification System (8). In this 
system, roads are divided into three classes based on four 
quality-of-service characteristics: (a) average daily traffic, (b) 
visibility, (c) ease of passage, and (d) all-season travel. The 
main criterion used is the average daily traffic. The overlaps 
in the classification are taken care of by the other character­
istics. The purpose of the classification is to establish a basis 
for distributing maintenance funds. A formula w·as developed 
that relates maintenance costs to each class in a linear manner. 
Given the ratios of maintenance costs among the classes, the 
portion of budget to be allocated to each class is computed. 
This system does not attempt to come up with optimal main­
tenance strategies, as it is designed only for allocating main­
tenance funds. It is also not clear how the other criteria (i.e., 
visibility and ease of passage) can be quantified as they are 
very subjective. The assumption on linearity of cost with aver­
age daily traffic is very unrealistic . 
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The more elaborate procedures applied in setting mainte­
nance frequencies for unpaved roads consist of analysis of 
quantitative relationships describing the road's performance 
and determination of the most economic strategy using a cer­
tain objective function. Kerali and Snaith (9) proposed a sim­
ple analytical model that aims at minimizing the total costs 
involved after a road is constructed. The performance rela­
tionships are taken from the Kenya Study that predicts dis­
tresses on unpaved roads as functions of cumulative traffic 
and surfacing materials (6). The same study determined that 
roughness was the surface condition measure by which road 
user costs can be predicted. Assuming that the geometric and 
traffic characteristics of the road remain fixed, Kerali con­
cluded that the vehicle operating cost incurred on a given 
road per vehicle-kilometer will change only if the road rough­
ness changes. The relationship between unit vehicle operating 
cost and cumulative number of vehicles (and roughness) is 
graphed for a particular type of vehicle and surfacing material 
and a maintenance activity assumed to be repeated several 
times after a constant traffic interval. Assuming zero traffic 
growth, the cumulative increase in postconstruction cost (VOC 
+ maintenance cost) is drawn against the cumulative traffic. 
Cost of maintenance is a fixed vertical line every time main­
tenance is performed. A Total Cost Line (TCL) connects the 
total cost coordinates for each maintenance cycle. The slope 
.of the TCL will depend on the shape of the excess VOC curve 
and on the unit cost and interval of maintenance activity. The 
optimum maintenance interval is given by the TCL with the 
least gradient. The major flaw in the analysis is the assumption 
that roughness is brought back to the constructed value every­
time maintenance takes place. Maintenance cost was also 
assumed fixed no matter how rough the road is before blading. 

A model called Maintenance and Design System (MDS) 
that evaluates alternative regraveling and blading strategies 
for unpaved roads was developed by Visser (1) using the 
performance relationships estimated in the Brazil study but 
calibrated for South African conditions. The criterion used 
in the evaluation was total transport costs, including road 
maintenance and road user costs. The model generates blad­
ing alternatives expressed in number of bladings per year. 
Annual average roughness is computed by integrating the 
roughness-time relation for every grade/curvature combina­
tion and obtaining the weighted average over the road link 
using as weights the proportion of the road link in each grade/ 
curvature combination. This annual average roughness is used 
in the user cost computations. The total costs of maintenance 
and vehicle operation are computed for each maintenance 
strategy. The program terminates by ordering the strategies 
in terms of increasing discounted total costs. The MDS model 
is one of the most comprehensive ever applied to unpaved 
roads. The main disadvantage of using the model is that it 
has no closed-form solution: the user has to define several 
alternatives, simulate each alternative, and pick the one with 
the least cost that is not guaranteed to be the optimal solution. 

From the results of the Brazil study, the World Bank devel­
oped a comprehensive model for evaluating investments on 
highway design, construction, and maintenance in developing 
countries. The system is called Highway Design and Main­
tenance Standards Model (HDM) (10). It performs financial 
and economic analyses of user-defined alternatives for both 
paved and unpaved roads. In the present working model (HDM 
III), sets of design, construction , and maintenance options 
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are input as alternatives and analyzed by calculating their life­
cycle costs. For unpaved roads, maintenance options are entered 
as number of bladings per year (blading frequency). A steady­
state roughness cycle is assumed that represents an equilib­
rium condition given a specific blading frequency. The anal­
ysis period used is equal to one regraveling cycle. The HDM 
model is designed to evaluate new construction instead of 
exclusively the costs involved after the road is constructed 
(which include maintenance and road user costs). Manage­
ment systems are generally applied to already constructed 
highways , and HDM is not the appropriate tool for this 
purpose. 

In general, the existing maintenance management systems 
applied to unpaved roads could be improved by applying a 
technique that generates the optimal blading frequency as a 
function of the road characteristics and their actual relation­
ships with vehicle operating costs and maintenance costs. An 
ideal system is that which does not require the user to define 
alternatives, which is the more rigorous solution approach. 
In view of this, the optimal control technique is worth 
exploring. 

OPTIMAL CONTROL MODEL 

The maintenance of unpaved roads can be characterized as a 
dynamic system where both condition and performance change 
over time. For unpaved roads, dynamic optimization tech­
niques have the advantage of giving a closed-form solution to 
the highway maintenance problem compared with a simula­
tion model like the MDS, described previously. The inter­
action among maintenance, deterioration, and performance 
can also be modeled more realistically in the dynamic optim­
ization framework, avoiding such restrictive assumptions as 
constant roughness after blading or constant maintenance cost, 
which were assumed in the graphical model. 

A review of highway literature indicates extensive studies 
dealing with dynamic optimization of routine maintenance 
and rehabilitation of paved roads. Probabilistic dynamic pro­
gramming was used by Carnahan and colleagues (11) in deter­
mining optimal maintenance decisions for a pavement system. 
Balta (12) formulated a dynamic control model using the prin­
ciples of optimal control to compute the optimum time for 
rehabilitation of either flexible or concrete pavements. How­
ever, the jump in the performance function resulting from 
application of maintenance is difficult to model in the dynamic 
control framework because of the discontinuity over time of 
the state and control variables . This difficulty constrained 
Balta to consider only single overlay in his formulations. In 
a later study, Tsunokawa (2) proposed a procedure for 
approximating the discontinuous performance function by a 
continuous curve, and solved the maintenance problem using 
optimal control. This procedure is applied to determine the 
optimal blading frequency for unpaved roads. 

In optimal control problems , variables are divided into two 
classes: state variables and control variables (13) . The simplest 
form of the control problem is to choose the continuous con­
trol function u(t), t0 ::::: t ::::: t1 , to solve 

J
,, 

max 7T = f[t, x(t), u(t)] dt 
0 

(1) 
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subject to x'(t) = g[t, x(t), u(t)] 

t0 , t1, x(t0) = x0 fixed; x(t1) free (2) 

The functions f and g should be continuously differentiable. 
The control function u(t) is required to be piecewise contin­
uous with time and affects both the performance function 'TT 

through its own value and the change in the state variable 
x(t). Equation 2 is called the state equation. Solution of this 
type of optimization problem involves forming the Hamilton­
ian function (H) as follows: 

H[t, x(t), u(t), !1(t)] = f (t, x, u) + !1* g(t, x, u) (3) 

where !1(t) = dH/dg is called adjoint, auxiliary, or co-state 
variable. The Hamiltonian function is similar to the Lagran­
gian equation used in solving a nonlinear programming prob­
lem, with n as the Lagrangian multiplier or shadow price. 
Tnis variable represents the marginal contribution of the change 
in the state variable to the performance or objective function. 
To determine the optimal control variable u*(t), the derivative 
of the Hamiltonian function with respect to u, dH/du, is equated 
to zero. The formulation presented in Equations 1 and 2 is 
equivalent to a formulation for determining the optimal main­
tenance strategy where the function f is the discounted user 
and agency costs, x(t) is the condition of the road, and u(t) 
is the maintenance strategy. 

Roughness Trend Curve 

The extension of the general control problem to highway 
maintenance poses some problems because of the disconti­
nuity in state and control variables. Figure 1 shows the state 
variable (roughness) as a function of time under a mainte­
nance strategy (blading). This problem may be overcome by 
the use of the concept of roughness trend curve, which is a 
continuous approximation to the roughness sawtooth curve 

Roughness 

Ro 

t 2 

Time (Days) 

FIGURE 1 Sawtooth roughness trajectory curve. 
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shown in Figure 1. The times t1 , t2 , and t3 represent the blading 
times. The reduction Gin the roughness after the first blading 
is a function of the roughness before blading. To solve the 
problem using optimal control, the sawtooth roughness curve 
in Figure 1 is first approximated by a continuous average 
roughness curve that passes through all the midpoints of the 
spikes (line AB in Figure 1). Note that the time is in days, 
the reason being that deterioration of unpaved roads is rel­
atively rapid. The difference between roughnesses (MB) of 
the two points A and B on the midpoints of the spikes is equal 
to 

MB = I R(t) dt - 1/2 * [G(R(t,, +) 

+ G(R(t,. _1-))] 

where 

(4) 

R(t) = deterioration rate of the road = f(R(t)), 
G(R(t,._ 1 -)) = reduction in roughness due to blading at 

roughness R(t,. _ 1-), and 
G(R(t,.+)) = inverse of G obtained from rewriting x = 

y - G(y) as y = x + G(x); equal to the 
reduction in roughness needed to bring 
roughness to condition R(t,. . ). 

The concept of maintenance application rate h(t) is intro­
duced such that 

r_I h(t)dt = 1 (5) 

This is simply a uniform rate of blading that has the equiv­
alent of the impact on the average roughness in the period 
t,,_ 1 tot,, as the average impact of blading at times t,, _1 and t,.. 

Using this relationship, the approximation of the average 
roughness curve by the roughness trend curve is derived as 
follows: 

I h(t) *MB dt =I R(t)dt - I h(t)/2 

* [ G(R(t)) + G(R(t))]dt 

=I [R(t) - h(t) * K(R)]dt 

where 

R(t) = average roughness at time t, and 
K(R) = blading impact function, which 

(6) 

= [G(R) + G(R)]/2. (7) 

The slope of the average roughness curve is given by 

h(t) ~ MB = R(t) - h(t) • K(R) 

= f[R(t)] - h(t) * K(R) (8) 

For a small interval dt, Tsunokawa (2) shows that the slope 
of the average roughness curve is approximated by the slope 
of a roughness trend curve (S) equal to 

S = dS/dt = f[S(t)] - h(t) * K(S(t)) (9) 
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Problem Formulation 

The rate of change in roughness for the roughness trend curve 
is substituted into the Hamiltonian function for a general 
objective function of the form 

minH = C(s(t)) + h(t) * M(S(t)) 

+ z(t) * ff(S(t)) - h(t) * K(S(t))] 

where 

subject to h1 $ h $ h2 (10) 

C(S(t)) = user cost function, 
h(t) = blading application rate, 

M(S(t)) = agency maintenance cost 
function, 

z(t) = current value adjoint var­
iable, 

f(S(t)) - h(t) * K(S(t)) = S = g(S,t;h), and 
h,, h2 = minimum and maximum 

blading rates, respec­
tively. 

The necessary conditions for this minimization problem are 

(11) 

(12) 

(13) 

Equation 11 means that if the change in total cost with 
respect to the application rate h(t) is greater than zero, then 
it is best to blade at the lowest frequency (h 1). Conversely, 
if the marginal value of the total cost decreases with the appli­
cation rate (Equation 13), blading should be done as often as 
possible. The solutions defined by these two equations are 
called bang-bang controls. When the term H,, is equal to zero 
(Equation 12), h assumes values between h, and h2 and is 
called a singular control solution. In practice the constraints 
h 1 and h2 may be determined by resource constraints or man­
power equipment, capital resource use, and minimum accept­
able comfort levels. 

The road deterioration equation used in the analysis is an 
approximation to the relationship derived from the Brazil 
study (14) and is given by 

R = R 0 *exp T(0.0034 + l.3e-5 * Q) (14) 

where R is the roughness at time T, R 0 is the initial roughness, 
and Q is the average daily traffic in passenger car units (pcu). 
Differentiating Equation 14 with respect to T yields 

dR!dt = R0 * exp K1 * T * K1 = R * Ki (15) 

where K 1 is a constant term depending on the assumed value 
of Q. An equation predicting roughness after blading was 
estimated as follows: 

RA = RB0
•
63 * exp Kz (16) 
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where RB and RA are the roughnesses before and after blad­
ing, respectively, and K2 is a constant term defined by the 
input variables (i.e., width, plasticity index, traffic, surfacing 
material, etc.). The roughness values are in counts/kilometer. 

Letting K3 = exp K2 , the improvement in road condition 
or decrease in roughness G as a result of blading is just equal 
to 

G = RB - RA = RB - K3 * RB0 63 (17) 

For the continuous approximation, RB is equal to the 
roughness trend curve value S. The blading impact function 
is defined by Equation 7. The derivative of this function with 
respect to roughness is given by 

1 
K = - * (2 * G - G2)/(l - G ) s 2 s s s (18) 

Differentiating Equation 16 with respect to S, substituting 
this to Equation 18 for K. and finally integrating with respect 
to S results in the blading impact function 

K = 0.58 * St.37/K3 - 0.5 * K 3 * S0
•
63 (19) 

Equations 15 and 19 can be used to define the state equation 
S that is required to solve the Hamiltonian function. This 
equation is written as 

S = K, * S - h(t) (20) 
* (0.58 * s1.37/K3 - 0.5 *K3 * S° 63

) 

For simplicity in calculation, the only component included 
in the vehicle operating cost function is the cost of fuel con­
sumption. The analysis can be generalized by including other 
cost components. The expressions for vehicle speed and fuel 
consumption for a passenger car are taken from the Caribbean 
study (15). Cost of maintenance is influenced by the produc­
tivity of the motor grader, which is measured in terms of the 
number of kilometer-passes that a motor grader can blade for 
a given day depending on the roughness of the road to be 
bladed. An exponential approximation to the relationship 
derived from studies in South Africa (1) is used, which is 
given by 

N(RB) = 60/exp(0.009 * RB) (21) 

where N(RB) is number of kilometer passes/day and RB is 
the roughness before blading in counts/kilometer. For a road 
length of L kilometers and a daily cost of grader equal to CG, 
the maintenance cost is given by 

M(RB) = L * CG * exp(0.009 * RB)/60 (22) 

This is the equation used in the optimization model, again 
substituting S to RB for the roughness trend curve. Given the 
expressions for vehicle operating costs, maintenance costs, 
and the differential equation representing the change in 
roughness trend curve with time, the general optimal control 
problem for unpaved roads is formulated using the Hamil­
tonian equation. 
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An upper limit is set for the frequency with which main­
tenance is applied. It is assumed that the most frequent inter­
val of blading is every 25 days (h2 = 0.04) or approximately 
once every month. To avoid the computational problems that 
arise when very low values of h are considered (2), a lower 
bound (h 1) for the application rate is defined, which is 0.005 
or once every 200 days. Again, these bounds may be set to 
reflect resource constraints, resource use, and minimum com­
fort levels. 

In summary, the optimal control model for unpaved roads 
has been developed using the deterioration and maintenance 
equations estimated in previous road studies. To be able to 
generate the components of the objective function (vehicle 
operating costs and maintenance costs) that will be minimized 
in the optimization problem, prediction equations for fuel 
consumption and number of days required to blade a road of 
certain roughness have been defined. The solution to the 
optimization probiem using these equations is not expected 
to generate results that correspond to actual field experience 
because of the nature of equations used. For instance, fuel 
consumption is the only component of vehicle operating cost 
included. This cost function monotonically increases with speed. 
Because speed is inversely related to roughness, the cost func­
tion used decreases with roughness. This is not the case when 
other costs are included, such as vehicle depreciation, because 
this cost component increases with roughness. On the other 
hand, the cost of blading increases with the roughness of the 
road. The cost of maintenance then increases with the rough­
ness. The functional equation used for maintenance cost is 
negative exponential, which simply means that extremely high 
blading costs are incurred at high roughnesses. This will offset 
the alternative to keep the road very rough and fuel con­
sumption at its minimum, as the road needs to be bladed at 
least every year and the cost for blading an extremely rough 
road is extremely high. The following case study is intended 
to illustrate the application of the model and its sensitivity to 
changes in parameters based on the cost components used. 
The results should not be compared with real field solutions 
but are intended to demonstrate the applicability of the solu­
tion method. 

CASE STUDY 

Two hypothetical cases with different levels of traffic are used 
to test the preceding models. The volumes are 30 pcus/day 
and 250 pcus/day, respectively. Table 1 shows the parameters 
assumed for both cases. These parameters were assumed con­
stant in the solution. 

Results 

The analysis begins by plotting the two curves Hh = 0 and 
iih = 0 on the S-z plane, as shown in Figures 2 and 3. The 
intersection of the two curves represents the singular control 
solution that also satisfies the steady-state conditions (S = 0 
and i = 0). At steady states, Sand z both attain time-invariant 
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TABLE 1 VARIABLES USED IN 
CASE STUDY 

Cost of Grading ............ $ 200 I day 

Rise ................................. 5 meters/km. 

Fall ................... ................ 5 meters/km. 

Interest Rate ........ .. ........ 8 % per annum 

Fuel Cost ........... .............. 28 ¢I liter 

Curvature ......................... 50 I km. 

Type of Surface ............... lateritic gravel 

Plasticity Index ......... .. ...... 5 % 

Length of Road ................ 10 kms. 

% Passing 0.075 mm Sieve ... 15 % 

Width of Road ................... 10 meters 

values corresponding to the coordinates of the intersection of 
the two curves defined by the following parameters: 

Case 1: Q = 30 pcus/days 
S = 150.5 QI 
z = 1.26 
h = 0.0056 

(every 180 days) 

Case 2: Q = 250 pcus/day 
S = 266 QI 
z 1.52 
h = 0.0074 

(every 136 days) 

The singular controls found in the two cases are between 
the minimum and maximum frequencies set for the problem, 
hence there are no bounded control solutions for this problem. 

Because the initial roughness of the road differs from the 
steady-state roughness, a roughness trajectory curve (2) is 
constructed for each case. Assuming a range of roughness 
values within which the initial roughness is assumed to fall, 
it is determined whether all values in this range actually con­
verge to the steady-state solution. The curves defined by such 
roughness values are called stable branches. Stable branches 
are derived by integrating the canonical equations S = 0 and 
i = 0 with respect to t and solving for the appropriate terms 
in the expressions S(t) and z(t) such that when both terms are 
differentiated, both Sand z are time invariant. However, the 
expressions for S and z in the unpaved roads problems do not 
allow such calculations to be made. Hence, the stable branches 
are determined by calculating S and z at different points on 
the S-z plane and drawing the curves that converge to the 
steady-state solutions. Figures 4 and 5 show the minimum 
roughnesses (70 for Case 1 and 230 for Case 2) that exist for 
the stable branches. A maximum roughness value of 300 for 
the roughness trend curve was arbitrarily assumed. These 
extreme values are the ranges to be used in the analysis. 

The roughness trend curves are drawn assuming an initial 
roughness within the ranges defined. Such curves are shown 
on Figures 6 and 7 for Case 1. Equation 5 is used to convert 
the roughness trend curve to the true sawtooth curve that is 
also shown on Figures 6 and 7. The discrete blading times (t") 
are determined from the sawtooth curve. For the first blading, 
the roughness trend curve passes through the midpoint of the 
first spike. 

To check if the given solutions are the true minima, the 
total costs of the steady-state solutions are compared with the 
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FIGURE 6 Roughness trend curve and sawtooth curve for Case 1 with initial 
roughness = 70 QI. 
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FIGURE 7 Roughness trend curve and sawtooth curve for Case 1 with 
initial roughness = 300 QI. 

costs associated with other blading frequencies. The results 
are shown on Table 2. The values shown are not significantly 
different from each other. However, note that the case study 
i only for a JO-km road. If the same analysis is made for the 
entire unpaved road network, say, in Bolivia, which ha a 
total length of 36,155 km the amount that represents the 
difference in blading interval of 30 day (every 150 days in tead 
of 180 days) for Case Lai e 1ual to $6.25 million for the entire 
planning horizon or $0.5 million annually u ing an interest 
rate of 8 percent. Ir traffi were to increase to 250 pcus/day 

as in Case 2, the amount corresponding to a difference in 
blading interval of 36 day (100 instead of 136) is equal to 
$17.8 million for an infinite planning horizon, or $1.42 million 
annually. For a developing country like Bolivia, these am unts 
represent significant improvement in the overa ll highway 
economy. The impacts are emphasized by comparing the total 
costs for the optimal solutions in both case when applied to 
the total road network in Bolivia. Table 3 gives us ome idea 
of the order of costs associated with a system of unpaved 
roads in a developing country like Bolivia. 
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TABLE 2 TOTAL COSTS IN DOLLARS FOR OPTIMAL AND 
NONOPTIMAL SOLUTIONS 

optimum 

Case 1a every 180 days 

Ro= 56 QI 37,234 

Case 2a every 136 days 

Ro= 13201 287,496 

TABLE 3 TOTAL COSTS (OPTIMAL) WHEN EITHER 
SCENARIO APPLIES IN BOLIVIA 

for a 1 O km. road 

Case 1a $ 37,237 

Case 2a $ 287,496 

Sensitivity Analysis 

for the whole network 

$ 134.6 B (entire horizon) 

$ 10.8 M ( annually ) 

$ 1039 B (entire horizon) 

$ 83.2 M ( annually ) 

The objective of this exercise is to see how the solution shifts 
from the optimal solution of the base problems when other 
variables are changed and determine whether the shifts make 
sense intuitively on the basis of the relationships between 
maintenance and vehicle operating costs used in the formu­
lation . It is the direction of the changes that are important, 
not the absolute change . For example, if the traffic level is 
higher then it is expected that blading will be required more 
frequently. Table 4 shows th r ults of the e tests. Tbe opti· 
mum frequency of blading i indeed a Cuncti n of the different 
variables, notably the volume of traffic and the cost of fuel. 
For the base case with an average daily traffic of 30 pcus, it 
can be observed that increasing the fuel co ·t results in less 
frequent optimum blading (therefore higher teady-state 
roughness) becau e fu el consumption increases with speed ; 
therefore , it is better to keep the road rough to reduce the 
vehicle peed . . On the other hand , if the daily co l of grading 
is doubled , the ptimal solution i · t blad mor frequ ntly 
so that the steady-state roughne s declines. Becau e the main­
tenance cost increases with roughness before grading, it is 
more economical to keep the average roughnes low, reducing 
the cusl pt!r blading and the user costs. Interest rate is found 
to be insignificant in the optimal solution . 

Increasing the average daily traffic to 250 pcus raises both 
the frequency of maintenance and the steady-state roughness. 
This makes sense intuitively because doing more frequent 
maintenance in this case does not stop the average roughness 
from attaining a high value as a result of the traffic. When 
the fuel cost is increased to $1 per liter and the traffic remains 
the same, no optimum is found. However, decreasing the 
price of gasoline to $0 .1 per liter shifts the optimum blading 

FREQUENCY 

every 150 days every 200 days 

38,963 43,105 

every 100 days every 150 days 

292,426 298,782 

frequency to a highe r value. With lower fu el prices the vehicle 
speed may be increased without considerably increasing the 
vehicle ope rating co ·t . T he optimum solution is to blade the 
road more frequently so tha t the average roughness (and 
therefore the co t of maintenance) can be lowered. Further 
increase in the tra ffi c volume (900 pcu. daily) results in no 
optimal solution because of th exponential form of the dete­
rioration flmction that predicts extremely high roughness for 
this volume. 

The preceding sensitivity analysis is made to test how the 
model responds to changes in the different parameters and 
whether the results of applying it to different scenarios cor­
respond with the expe ted re ults on the basi of the equations 
used in the formulation . T11e result that will be generated by 
using a diffe rent et of deterioration and cost functio ns will 
be different. 

Computer Implementation 

The amount of computation involved in ·oiving the optimal 
control problem requires the use of a computer. For this 
reason, a program was written that gives the values of the 
roughne s (S) and the adjo int variable (z) that were plotted 
on the , -z graph ·. The teady-state olutions (singular and 
bounded controls) ar al o calculated by the program. In 
dete rmining stable branche however, manual comput·1tion 
was made although thi. could have been done with the com­
pute r a well. Finally, the path traced by the roughn trend 
curve from th initial roughness was computed using a numer­
ica l approach. Co t computati ns were done using numerical 
integration. 

SUMMARY AND RECOMMENDATIONS 

The application of dynamic optimization in setting optimal 
bladine frequencies for unpaved roads is shown to be useful 
in the maintenance of unpaved roads. A re iew of the existing 
systems used to manage unpaved roads indicates that the 
classification-based type of maintenance y te rns are popular 
in developed countries. Some mathematical optimization and 
simulation techniques have been applied . These y ·tems 
however , either uffer .from very restrictive assumption l 

olve the pr blem or do not give closed-form solutions. The 
dynamic optimization approach Ives b th problems. It has 
the advantage o'f being m r reali tic than the graphical anal-
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TABLE 4 SENSITIVITY ANALYSIS 

PARAMETERS . 
1 2 3 

No. of PCUS. 30 250 

Fuel Cost ( $/liter) 0.28 

Cost of Grading ($/day) 200 400 

length ( km.) 10 

% passing 0.0075 mm 
15 sieve 

Plasticity Index 5 

Interest Rate ( % ) 8 

Width of Road (m) 10 

Surfacing T1 0 
T2 0 

Rise ( m/km) 5 

Fall ( m/km ) 5 

Blading Season wet 

Curvature ( deg/km ) 5 

No. of Bladings /year 2 2.7 2.4 

Steady State Roughness 150 266 124 

Adjoint Variable (z) 1.26 1.52 2.79 

no solution 

ysi . Likewise the user does not have to define pos ible main­
tenance strategies because the solution i · explicitly defined 
by the problem. The optimization techni.que chosen is optimal 
control, because the condition (roughness) curve is not con­
stant between blading and this is very difficult to model in 
the dynamic programming framework. However the discrete 
jump in the condition function due to application of main­
tenance make the optimal control solution infeasible. This 
was overcome by approximating the sawtooth condition curve 
by a coutinuous curve, following Tsunokawa's approximation. 

The results of this re earch must be interpreted carefully 
as the prediction equations and performance functions used 
in the analysis with which the optimization formulation was 
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CASES 

4 5 6 7 8 9 10 11 

900 250 250 250 250 250 

1 1 1 1 0.1 

400 

20 20 

1.97 1.8 3.4 3.1 

158 

1.24 

- -

175 

-1.1 

- -

182 208 

1.32 2.68 

value for block with no entry 
same as that for Case 1 

made are just approximations to the existing models and are 
in functional forms that may not represent the true relation­
ship between deterioration, maintenance, and vehicle oper­
ating cost. The existing models have very poor explanatory 
power and functional forms not suitable for the optimization 
formulation. Hence, the research is basically an exploratory 
analysis of the solution to the optimization problem. Further 
research is needed on (a) developing equations predicting 
highway deterioration, vehicle operating costs, and mainte­
nance costs with functional forms suitable for optimization 
and estimated from actual data; (b) solving the more general 
case of varying traffic volume that was assumed constant in 
the model; (c) incorporating other components of vehicle 
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operating costs, such as lubrication costs, tire wear, and parts 
consumption; and ( d) including regraveling in the mainte­
nance decision problem. 
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Effects of Temperature and Moisture 
on the Load Response of Granular 
Base Course Material in Thin 
Pavements 

DJAN CHANDRA, KooN MENG CHUA, AND ROBERT L. LYTTON 

Theoretical models to account for temperature and moisture effects 
on granular base course materials are developed. The models, 
based on a micromechanical approach that treats the gnmula1· 
materials as elastic spheres in contact, can be used to formulate 
temperature and seasonal adju tment factors for low-volume road 
and to estimate when and where seasonal load restricl'lons are 
rec1uired. The thermal model relates the volumetric expansion 
caused by temperature inc1·ease lo the increase of confining pres· 
sure which results in an increa e in the 1>aveme11t modulus. The 
moisture model is based on thennodynamic law and consider · 
the granular materials as a two-phase system. One phase repre­
sent the soil particles, and ihe other 1>ha e represents an air-wafer 
mixture surrounding the soil particles. To verify the model " pave· 
ment layer temperatures and Fallh1g Weight Dcnectometer dellec· 
lion readings were taken at hourly intervals throughout the day 
on two pavement test sections at the Texas Transportation Institute 
Re ·earch Annex. ln addition six farm-to-marketroads in different 
region of the slate of Texas were monitored. Deflection readings, 
rainfall data, and 1>avcment temperature and uction readings 
were collected over a IO-month period. A comparison of the pre­
dicted moduli at different temperatures and moisture conditions 
with the backcalculated moduli from deflection basins is made to 
verify the models. An example problem of the application of the 
models for the predictive purpose is also presented. 

Nondestructive testing devices have been extensively used to 
evaluate the structural integrity of pavements by measuring 
pavement urface deflections. The e deflections are known 
to vary with the temperature and eason a t the time when 
testing is conducted. A common method to account for the 
temperature and seasonal variations is to develop adjustment 
factors based on observed data. The shortcoming of this 
approach is that although it can provide rea onable predic­
tion for the location in which the observations were made , 
it does not explain the phenomenon behind these variations . 

The structural integrity of pavements over any period of 
time (even within the day) can be affected by (a) the variation 
of moisture content caused by rainfall, temperature gradients, 
rise and fall of the water table level ; (b) daily temperature 
fluctuations; and (c) freeze-thaw cycles. The fundamental 
mechanism of temperature and moisture effects on granular 
materials must be understood to improve the interpretation 
of surface deflection data. In this study, the models to account 
for temperature and moisture are theoretical in approach. 

D . Chandra, Leighton and Associates, Walnut, Calif. 91789. K. M. 
Chua, University of New Mexico, Albuquerque, N.M. 87131. Robert 
L. Lytton, Texas A&M University, College Station, Tex. 77843. 

Rather than formulating empirical relationships, the objective 
of this paper is to identify the various mechanisms by which 
the pavement will respond to temperature and moisture 
changes. The thin pavements considered here are the two­
layer surface- treated type. The surface treatment is for water­
proofing and also serves as a wearing cour ·e . The main load­
bearing layer is the granular base course layer. 

BACKGROUND 

The nondestructive testing device and the backcalculation 
program u ·ed in this study are briefly discussed. Publi hed 
works 0 11 methods of modeling temperature and seasonal effect 
on pavements are also reviewed. 

Nondestructive Methods of Pavement Evaluation 

In nondestructive testing of pavement, the deflection basin 
resulting from a static or dynamic load is recorded and then 
analytical methods are used to predict or match this basin. 
The material properties that give this matching basin are 
assumed to be those of the materials in the field . There are 
numerous nondestructive testing devices capable of applying 
dynamic load and recording deflections at various distances 
from the loading plate . The Falling Weight Deflectometer 
(FWD) is one of the more popular of these devices that are 
reported to be able to simulate pavement response under 
moving load (1-3). The FWD imposes an impulse load of 
between 2,500 lb and 24,000 lb, which is transmitted to the 
pavement through a 300-mm-diameter circular loading plate; 
at the same time , surface deflections are recorded by geo­
phones at seven different locations. The loading period roughly 
corresponds to a wheel speed of 40 to 50 mph. The FWD 
used in this study was the Dynatest 8000 FWD. 

A number of computer programs have been developed to 
backcalculate layer elastic moduli from deflection basins 
obtained by nondestructive testing. Most of these programs 
were developed on the basis of layered elastic theory or the 
finite element method. A detailed comparison of these pro­
grams for backcalculating layer moduli of low-volume roads 
has been presented by Chua (4). In this study, tbe LOAD­
RATE (5) program was used . LOADRATE considers only 
surface-treated types of pavement. It uses regression equa-
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tions based on results generated from a finite element pro­
gram, ILLIPA VE. The equations were developed to relate 
the nonlinear elastic parameters of the bulk stress model (for 
the base material) and the deviator stress model (for the 
subgrade material) with the deflections at the load point and 
at some distance away from the load. Layer moduli were then 
calculated from these parameters. This program was devel­
oped to analyze vast amounts of deflection bowls very quickly 
and was written for evaluating farm-to-market roads. 

Monitoring Moisture Presence in Soils 

Soils just beneath the base course layer are usually unsatu­
rated. Kersten ( 6) monitored moisture conditions of the upper 
6 in. of the subgrade beneath flexible pavements in six states 
and reported that the degree of saturation of the subgrades 
averaged 73 percent. In the same study, Kersten also found 
that only 15 percent of the tests showed a saturation value of 
90 percent or greater. Unsaturated soil is different from sat­
urated soil in that it is a three-phase system consisting of solid, 
water, and air. 

Soil suction has been used to characterize the effect of 
moisture on the volume and strength properties of unsatu­
rated soils. Soil suction is defined as the free energy present 
in soil water with respect to a pool of pure water located 
outside the soil at the same elevation (7). It is made up of 
two components, the osmotic, which is due to dissolved salts, 
and the matrix suction, which is a negative pressure that exists 
in the soil water as a result of the capillary tension in the 
water. The soil suction can be measured by several methods, 
including a psychrometer, which measures the total suction, 
and a thermal moisture sensor, which measures the matrix 
suction. The use of the psychrometer is limited to soils with 
suctions lower (more negative) than -1 bar ( -14.51 psi), 
while the moisture sensor is used for suctions higher than - 1 
bar. 

Methods of Modeling the Effects of Temperature 
and Seasonal Variations 

Pavement surface deflections have been found to vary with 
temperature, especially for flexible pavements. For the thick 
asphaltic concrete type of flexible pavement, higher temper­
atures are generally associated with larger deflections. Var­
ious temperature models have been formulated to simulate 
temperature in a pavement system. Most of the models have 
been developed to estimate temperature distribution with depth. 
One widely used empirical method to predict temperature at 
depth in an asphaltic concrete pavement has been developed 
by Southgate and Deen (8). This method estimates the tem­
perature at any depth in a flexible pavemenl up to 12 in . thick 
provided that the surface temperature, the 5-day mean air 
temperature, and the time of the day are known. The ana­
lytical type of solution uses the Fourier diffusion equation for 
determining conductive heat transfer in a pavement system 
(9, JO). 

There are two approaches to account for the effects of 
temperature on a pavement system. The first approach involves 
assigning incremental deflections for each degree of temper­
ature difference between the pavement temperature and the 
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reference temperature (11-13). The second method involves 
the use of a dimensionless multiplicative factor that is applied 
to a measured deflection at some known mean temperature 
of the pavement. This type of adjustment factor has been 
developed for the Benkelman beam (8, 14), Road Rater (15), 
and Dynaflect (16). 

Other empirical formulas have been developed to estimate 
seasonal variations of pavement strength. From laboratory 
test results, Thompson and Robnett (17) developed a cor­
relation between resilient modulus and degree of saturation 
for different soil types. Bibbens et al. (1) developed labora­
tory-determined resilient modulus versus moisture content 
curves. Cumberledge et al. (15) monitored five field test sites 
in Pennsylvania to collect temperature, engineering properties 
of subgrade soils, and Road Rater deflections. Multilinear 
regression analysis was performed to relate variations in sur­
face deflections to changes in moisture content, percent of 
material passing a no. 200 sieve, thickness of pavement, iiquid 
limit, and dry unit weight. Among the variables , changes in 
moisture content were found to be most influential on pave­
ment surface deflections. 

SIMPLIFIED MODEL FOR THERMAL 
EFFECTS ON GRANULAR SOILS 

There are two main approaches for modeling soil behavior: 
the phenomenological approach and the micromechanical 
approach. The phenomenological approach treats the soil as 
a continuum that may include thousands to millions of soil 
grains and pores, and it analyzes the mechanism of the con­
tinuum as a whole. The micromechanical approach observes 
the behavior of soil at the grain level and considers the forces 
and deformations at contact points between individual 
particles. 

Most micromechanical models seeking to describe analyt­
ically the mechanical behavior of granular soils are based on 
the Hertzian contact theory that deals with a pair of homo­
geneous, isotropic, elastic spheres in contact, compressed stat­
ically by a normal force (18). Other models include an exten­
sion of the theory by Mindlin (19) and Mindlin and Deresiewicz 
(20) that considers tangential force at contacts. The micro­
mechanical approach has been successful, at least, in the qual­
itative predictions of the behavior of granular aggregates 
(21 , 22). 

Modeling Approach 

The model developed here views the granular soil as an assem­
blage of soil particles that are in contact and subjected to 
temperature changes. Two different packing configurations 
that represent the densest and loosest arrangement of equal 
spheres are considered. The packings and the corresponding 
unit elements are shown in Figure 1. When unit elements are 
put together, they will form a regular array without addition 
or subtraction of spheres. The unit element of the simple cubic 
packing (SC) has a porosity of 47.64 percent, whereas that of 
the face-centered cubic (FCC) has a porosity of 25.95 percent. 
For typical granular soils, Ottawa sand, for example, the sim­
ple cubic array and the face-centered cubic array will have 
dry unit weights of 87 .23 pcf and 123.4 pcf, respectively. Because 
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(a) Plan View of Simple 
Cubic Packing. 

1/4 N 

1/4 N 

(c) Unit Element of Simple 
Cubic. 

(b) Plan View of Face-centered 
Cubic Packing. 

(d) Unit Element of Face-centered 
Cubic. 
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FIGURE 1 Modes of packing of equal spheres. 

the model is developed for two packing configurations, the 
states between the loosest and densest condition are obtained 
by statistical estimates. 

Granular base course soil particles in the field are subjected 
to overburden pressure and residual stresses. In this model, 
the soil particles are assumed to be confined in all directions. 
As such, owing to the inability of the particles to expand 
because of the confinement, a rise in temperature will cause 
an increase in the contact forces between particles. The con­
tact pressures that are related to the confining pressure will 
then affect the stiffness of the soil. The resilient modulus is 
assumed to be related to the confining pressure in the follow­
ing manner: 

where 

(1) 

E = resilient modulus, 
0 = bulk stress (sum of the three principal stresses), 

and 
K 1 , K2 = constants. 

It should be noted that other nonlinear models for resilient 
modulus where changes of confining pressure can be imple­
mented can be used instead of Equation 1. The change of 

modulus with respect to the change of bulk stress is obtained 
by taking the derivative of Equation 1, which yields 

(2) 

It can be seen that a rise in temperature will result in an 
increase of the stiffness, which will of course depend on the 
initial level of confining pressure and on the material 
properties. 

Development of the Simplified Model 

According to Hertzian contact theory, the centers of two spheres 
in contact under a normal force N will approach one another 
by an amount z given by 

in which 

R = radius of the spheres, 
w = %[(1 - v2)/E] is a property of the material, 
E = elastic modulus, and 
v = Poisson's ratio. 

(3) 
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The volumetric strain of the sphere is given by 

6.V = 36.L = 3 ~ = 1 [wN]
213 

V L 2R R R112 (4) 

Referri ng to Figure le, when a uniform pre sure Psc acts 
on the unil element of the simple cubic (SC) array , the normal 
force N is related to P.c by 

(5) 

and substituting N into Equation 4 gives 

6.V V = 3 (4w Psc)213 (6) 

Similarly, for the face-centered cubic (FCC) array, 

(7) 

and substituting N into Equation 4 gives 

(8) 

When the unit elements are subjected to temperature 
increase, 6.T, the volumetric strain in Equations 6 and 8 can 
be expressed a 

6.V 
- =a 6.T v v (9) 

where a., = cubical thermal coefficient, which is approxi­
mately three time the lioeru- thermal coefficient a. 

According to Smith et al. (23), an a sembly of randomly 
packed like spheres may be regarded as an arrangement of 
separate du ters of imple cubic array and face-centered cubic 
array, each present in a proportion to yield the observed 
porosity 110 t>s, of the a sembly. Thus, if .~ represent the frac­
tion of close-packed spheres , then 

(10) 
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SimiJarly, the hydrostatic pressure, p, acting on a granular 
medium with a porosity n can be approximated by 

p = x PFCC + (1 - x) Psc (11) 

The pressures for the two different cubic arrays can be obtained 
from Equations 6 and 8, and Equation 11 becomes 

(12) 

The hydrostalie pressure in Equati.on 12 is caused by a change 
of temperature. If the initial bulk tress is 0, the pressure fr m 
the preceding equation is the change of the bulk stress, 60, 
due to temperature variations. The new modulus can then be 
calculated by adding the change of modulus from Equa­
tion 2 to the origi11al modulus. 

Material Properties 

The e la tic modulus and thermal coefficient that appear in 
the equation hown earlier are for the individual ·oil particle · 
and not for the soil mass . .For their mjcromechanical m del , 
Ko and colt (22) as umed that the ·and grains arc th ame 
material a ilicon gla s, and used the elastic modulus of 
10 x 106 psiandPoisson' ratioof0.17. YongandWong(24) 
reported that the elastic modulus and the Poisson's nujo of 
Ottawa an.d grain is 12.5 x 106 p ·i and 0.17 re. pectively. 
Willis and De Reu · (25) designed and con rruct'ed an appa­
ratu that mainly consisted of a temperature control b x with 
optical lever to measure the linear thermal coefficient of dif­
ferent type of rocks. These result are hown in Table 1, 
which lists the properties namely ela tic modulu and linear 
thermal coefficient , of different types of materials. 

MODEL FOR MOISTURE EFFECTS ON 
GRANULAR SOILS 

Lamborn (26) formulated a micromechanical model to rep­
resent the load-deformation behavior of a partly saturated 
soil using the thermodynamic laws. The model consisted of 

TABLE 1 MATERIAL PROPERTIES OF ROCKS (25) 

Material 

Chert 
Quartzite 
Sandstone 
Basalt 
Granite 
Limestone 
Dolomite 

Elastic modulus 
(xl06, psi) 

3.1-18.0 
3.8-10.2 
2.9- 4.0 

11.4-13.9 
7.6- 9.8 
5.1-12.6 
2.5-10.0 

Linear thermal 
coefficient (xlo- 6) 

6.0-7 . 2 
6 . 2-6 . 9 
6.3-6 . 6 
3 . 9-5 . 9 
2.8-5 , 3 
1.8-5.4 
4.0-5.0 
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equal spheres in contact, surrounded by an air-water mixture, 
each considered as a different phase. Both phases were mod­
eled as homogeneous, isotropic , linear elastic materials. An 
equation that relates the mean principal stress acting on the 
system to the Helmholtz free energies per unit initial volume 
of the two phases, and the strain tensor was developed. The 
equation is given as 

(13) 

where 

0 mean principal stress , 
C,, Cw initial volume fractions for solid and water, 

respectively, 
F = Helmholtz free energy, and 

Ekk = ~VIV = volumetric strain. 

The overbar denotes the average values of the quantities, and 
the subscripts s and w represent the solid and water phase, 
respectively. A change in suction will alter the Helmholtz free 
energy of the water phase, but not the solid phase. Thus, the 
first term on the right-hand side of the preceding equation is 
equal to zero because of suction change. The change in the 
mean principal stress, ~0, is obtained by taking the derivative 
of Equation 13 with respect to the volumetric strain, and yields 

(14) 

where ~Pw equals the change in mean principal stress of the 
water phase, which is equivalent to the change in suction . 
Thus , 

M = -~(suction) (V.JVr) (15) 

where V w equals the volume of water and VT equals the total 
volume. 

TABLE 2 CHARACTERISTICS OF TEST SITES 
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Equation 2 can then be rewritten to include the change of 
the bulk stress caused by the temperature and the suction 
change, 

(16) 

where the subscripts T ands denote temperature and suction, 
respectively. 

FIELD STUDIES 

Test Sites and Instrumentation 

Two field studies were made. The first part involved taking 
FWD deflection readings on two surface-treated pavement 
sections at the TTI Research Annex at various temperatures. 
The tests were conducted at hourly intervals throughout the 
day several times in a year. The tests were conducted at dif­
ferent temperatures in the same day in an attempt to eliminate 
seasonal effects. 

The second field study involved collecting data from six 
farm-to-market road sections located in different regions of 
the state of Texas. Monthly FWD readings as well as monthly 
subgrade soil suctions and temperatures at different depths 
were collected for 10 months. The locations of the test sites 
were selected on the basis of different climatic zones and 
subgrade soil types. The characteristics of the test sites are 
summarized in Table 2. 

Wooden roods with thermocouples attached at different 
depths were inserted into the pavement sections. Thermal 
moisture sensors were installed in Districts 11 and 21 and 
measure matrix suction. As for District 8, psychrometers, 
which measure the total suction, were used because this area 
is dry. Base and subgrade materials were also retrieved from 
all of the test sections for laboratory testing. 

Site Closest Amual Base course Subgrade 
weather station rainfall 

<in.) Thickness Xpassing Cl ass if icet ion LL/PL ):passing Classification 
(in.) #200 MSHTO Unified #200 MSHTO Unified 

Amex 10 Easterwood 39.1 16 
Annex 11 Easterwood 39 .1 16 

D8/FM1235* Abi Lene 23.26 8 3 A-1-a GP 43/31 58 A-7-6 CH 
D8/FM1983 Roscoe 23.35 8 5 A-1-b SW 25/16 27 A-2-6 SC 

D11/FM2864 Nacogdoches 39.7 8.5 11 A-1-b SW-SM 43/33 58 A-7-6 CH 
D11/SH7 Nacogdoches 39.7 9.5 7 A-1-b SP-SM 18/- 5 A-2-4 SP-SM 

D21/FM491 Raymondville 27.48 8 4 A-1-a GW 26/17 43 A-6 SC 
D21/FM497 Raymondville 27.48 8.5 7 A-1-a SP-SM 31/20 32 A-2-6 SC 

* D denotes district 
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Observed Temperature Variations 

The results of the tests obtained from the TII Research Annex 
are discussed in this section. Figure 2 shows a plot of air 
temperature, base course temperature, and subgrade tem­
perature variations within a day as obtained in September for 
Test Section 11. The base course temperature followed the 
same pattern as the air temperature except that there exists , 
as expected, a time lag between the two. In the afternoon , 
the base temperature reached its highest point approximately 
2 hr after the air temperature. At night, the heat trapped in 
the pavement dissipated slowly, causing the temperature of 
the base course to be higher than the air temperature . This 
is illustrated in Figure 3. From Figure 2, it appears that the 
sub grade temperature did not fluctuate much within a day. 

Two deflection basins obtained at the highest and lowest 
base course temperatures of the day are plotted in Figure 4. 
Even though the base course modulus is higher at 104°F, it 
does not necessarily imply that the deflection at every sensor 
location is lower at 104°F than at 84°F . As such, the deflection 
change at any individual sensor cannot be used as an indi­
cation of the variations of the pavement moduli . It is partly 
for this reason that in this study the changes of the pavement 
moduli, rather than the deflection at any one sensor, are used 
to determine the temperature effects. 

Observed Moisture Variations 

Monthly data were collected from the farm-to-market roads , 
and these include temperature and suction for both base course 
and subgrade, rainfall from the closest weather stations, and 
FWD deflection readings. There were problems in obtaining 
the suction readings at FM1983 and FM2864. The psychrom­
eters in FM1983 gave only base course suction readings for 
several months, while the moisture sensors in FM2864 did not 
produce any readings at all . For the rest of the test sections, 
however, both the psychrometers and moisture sensors gave 
reasonable readings. For suction readings, a larger negative 
value corresponds to a drier soil and usually indicates a drier 
month. 

100 
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8 9 10 11 12 1 2 3 4 5 6 7 8 9 10 11 12 1 2 3 4 
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am 

FIGURE 2 Typical variation of temperature within a day 
(Section 11 TTI Annex). 
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COMPARING PREDICTED AND MEASURED 
RESULTS 

The base course moduli backcalculated by the program are 
compared with the predicted results from the simplified model. 
The moduli from LOAD RATE are referred to as "measured" 
moduli because they are calculated from the deflection basins. 

Typical results from the September tests are discussed. For 
that test, the base course temperature varied from 85°F to 
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104° Fahrenheit in the same day. For the model to predict 
moduli at different temperatures, a reference modulus at a 
known temperature is required as one of the inputs. The base 
course mean temperature for the day, which was 94°F, is 
selected as the reference temperature. As the system can be 
expected to come to equilibrium at the mean daily temper­
ature the reference modulus was chosen to correspond to 
this temperature. The reference modulu i obtained by cal­
culating the modulus values <\I 94°F from each modulus al 
different temperatures and then averaging them . Tbe material 
properties used are those of limestone, with an elastic modulus 
of 10 x 106 psi, Poisson's ratio of 0.17, and linear thermal 
coefficient of 5 x 10-6°F. Other factors needed are the values 
of Ki and K.2 in Equation 2. The constant Ki can be obtained 
from LOAD RATE and K2 is 0.33, which was the val.ue u. ed 
when the program was developed. 

The results of the prediction are plotted in Figure 5. The 
predicted moduli and the measured results showed a similar 
trend of incr ase as the temperature increases. The predktion 
results of other tests were also plotted against the measured 
results (Figure 6). The points cluster along the 45-degree line, 
which indicates that the model predictions and the actual 
values are in agreement. The standard deviation of 5200 psi 
is made up of random errors due to measurement, systematic 
errors due to the backcalculation procedure used, and errors 
due to the effects of suction change that are not accounted 
for in the predictions. 

To isolate the moisture effects on the base course moduli, 
deflection data with identical base course temperatures were 
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FIGURE 5 Comparison of base course moduli from 
LOADRATE and the model (Section 11 TTI Annex). 
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analyzed. The result is presented in Table 3. Because the 
range of moisture content variations of granular materials is 
small, the initial volume fraction (Cw) is assumed to be 0.13 
for all of the calculations. It can be seen that for all the test 
sections, the base course moduli in different months but with 
the same base course temperature varied by less than 7 per­
cent. Thus, the effects on the modulus of the base course due 
to changes of suction were too small to be measured reliably 
by the backcalculation method used. 

However, when the fluctuation of the suctions is large, as 
in the case of FM1235, the effects of suctions on the modulus 
values are apparent. In Figure 7, the month of October is 
used as the reference, and all the other moduli are predicted 
from the October modulus. The deflection readings were col­
lected from different months in which there was a wide spread 
of base course temperatures. The base course modulus for 
each month was the mean value of the moduli backcalculated 
from 10 deflection basins taken at the same spot. The solid 
line in the figure denotes the predicted moduli without con­
sidering the suction effects. The dotted line, calculated by 
considering both temperature and suction variations, yields a 
much better prediction. 

The same method is used to fit the base course moduli of 
SH7, where the suction readings were obtained by thermal 
moisture sensors. The result is plotted in Figure ·s, which 
shows a good agreement between the predicted and measured 
results. 
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TABLE 3 MOISTURE EFFECTS ON BASE COURSE ELASTIC MODULI 

Site E (psi) K1 e (psi) ti.suction M (psi) Measured Predicted 
(psi) change of change of 

modulus modulus 

FM1235 110,000 33,700 34.8 -59 +7.7 +7,000 +8,032 
FM1983 74 , 000 21t800 39.1 -15 +2.0 -2,900 +1,261 
SH7 110 , 000 36,000 28.5 -2 +0.25 +5,000 +321 
FM491 46 ,000 15,300 27.8 -10 +l. 3 -3,000 +717 
FM497 49,000 17,700 21.1 -1 +0.13 -3,400 +101 
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LOADRATE and the model (FM1235), 

COMPARATIVE STUDY 

80 84 

In this section, an example is presented to illustrate the appli­
cation of the thermal and moisture models. The models are 
used to convert the base course moduli at different temper­
atures and suctions to those at a reference condition so that 
a comparative study can be performed. 

Consider two low-volume roads, A and B. The base course 
modulus of road A backcalculated from a deflection basin is 
60,000 psi. The temperature and suction of the base course 
when the deflection data were taken were 50°F and -10 psi, 
respectively. The base course modulus of road Bis found to 
be 70,000 psi at ll0°F, and the suction was -100 psi. The 
properties of the base course materials are summarized in 
Table 4. The problem is to find out which pavement is stronger 
by comparing the base course modulus. 

The Lc111pc1aLure or 70°F and suction of -10 psi are selected 
as the reference condition. Assuming that the dry unit weight 
of the base course for both roads is 120 pcf, the porosity, n0 b,, 

can be calculated. The fraction of the total volume repre­
senting face-centered cubic arrays, obtained from Equation 
10, is used in Equation 12 to obtain the change of bulk stress 

TABLE 4 COMPARISON OF BASE COURSE MODULI 
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FIGURE 8 Comparison of base course moduli from 
LOADRATE and the model (SH7). 

caused by temperature variation. The change of bulk stress 
due to suction is obtained from Equation 15. Equation 16 is 
used to calculate the change of modulus. The equivalent mod­
uli at the reference condition are calculated for both roads. 
At first glance, it seems that road B is stronger than road A 
because the base course modulus is higher. However, because 
the base course temperatures and suctions at the time the 
moduli were obtained were not the same, a comparative study 
cannot be performed unless the equivalent moduli are cal­
cu lated . It turns out that the modulus of road A is slightly 
higher than that of road B at the same temperature as shown 
in the table. 

CONCLUSION 

Theoretical solutions to model temperature and moisture effects 
on granular materials are presented in this paper. The thermal 
model requires the properties of the soil particles and the 
modulus at the reference temperature as the input, whereas 
suction values are required in the moisture model. The vari­
ations of base course moduli due to temperature and suction 

Road Base course Material properties Calculated modulus 
temperature modulus suction material at 70°F 

(OF) (psi) (psi) and 10 psi suction 

A 50 60,000 -10 Limestone 1<1 10,000 psi 61,400 
K2 - .45 

" - .17 
Q - Bxlo-6 ;or 
E - Sxio-6 psi 

B 110 70,000 -100 Crushed K1 15,000 psi 59,400 
stone K2 - .40 

µ - .21 
Q - 6x10·6 ;or 
E lOxio-6 psi 

NOTE: The values of K, and K2 are from Rada and Witczak (27). 
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changes predicted by the models agree well with the back­
calculated moduli. Instead of using empirical temperature 
adjustment factors, the models can be used for comparative 
studies as illustrated in the example. Because the solutions 
are developed theoretically, the models are applicable to other 
problems in which the effects of temperature and moisture 
on granular soils are of concern. 

The following conclusions can be drawn from this study: 

1. The granular base course moduli of low-volume roads 
showed a trend of increase as temperature rises and suction 
becomes more negative, which can be explained as the result 
of an increase of the contact pressure between particles due 
to thermal expansion and suction changes. 

2. The theoretical models presented in this paper predict 
very well the changes of the moduli of granular base course 
layer due to the changes of temperature and moisture. 

3. The models can be applied to adjust the base course 
moduli of low-volume roads for temperature and moisture 
effects. They can also be used for comparative study of pave­
ment conditions, as illustrated in the example. Furthermore, 
the moisture model can be used to predict pavement condi­
tions at a certain time of year so the application of seasonal 
load zoning can be determined as early as possible. 
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Rainfall Estimation for Pavement 
Analysis and Design 

Hui SHANG LIANG AND ROBERT L. LYTTON 

An integrated model that is being developed under contract to the 
FHW A combines three different completed environmental effects 
models: the CMS Model, CRREL Model, and the TAMU ID Model. 
It will be a comprehensive model that predicts the effects of air 
temperature, sunshine percentage, wind speed, rainfall, frost, and 
thawing actions on the performance of pavement. In the course 
of development, stochastic processes and random methods are 
employed to analyze past climatological data, and to estimate and 
predict the effects of the environment on the performance of pave­
ment with specified confidence levels. This paper describes a com­
puterized method that has been developed to generate simulated 
rainfall patterns for use in pavement analysis and design. The 
method is both practical and useful because it meets several impor­
tant criteria. It uses data that are readily available; it predicts 
realistic rainfall patterns; it permits analysts to select how severe 
a condition they wish to represent; and it is simple to use. The 
paper presents the method used to simulate the rainfall patterns; 
shows how the United States is divided into nine climatic regions 
and which cities have been selected as representative of those regions; 
and gives four examples of both the required input data and the 
resulting simulated rainfall patterns for a 95 percent confidence 
level. The model also includes the effect of freezing and thawing 
temperatures on the amount of rainfall that is available to infiltrate 
the pavement, and this is illustrated in one of the examples. 

It is well known that pavement damage is caused mainly by 
traffic loads, unsuitable materials, and environment. The effects 
of the first two factors on the performance of pavements can 
be estimated for design purposes by empirical or mechanistic 
methods (1). However, an estimation of the effects of envi­
ronmental factors, especially of the effects of rainfall on the 
performance of pavements, is not adequate. 

At present, only the worst conditions are employed in exist­
ing design methods. For example, current test procedures still 
recommend that the modulus of subgrade reaction for rigid 
pavement design be determined under saturated conditions 
(2), even though the new AASHTO Design Guide (3) rec­
ommends the testing of materials for actual site conditions, 
and not for the worst conditions. 

An integrated model that is being developed under contract 
to the FHWA combines three different completed environ­
mental effects models: the CMS Model (4), CRREL Model 
(5), and the T AMU ID Model ( 6). It will be a comprehensive 
model that predicts the effects of air, temperature, sunshine 
percentage, wind speed, rainfall, frost, and thawing actions 
on the performance of pavement. In the course of the devel-

Texas Transportation Institute, Texas A&M University, College Sta­
tion, Tex. 77843. 

opment, stochastic processes and random methods are 
employed to analyze past climatological data, and to estimate 
and predict the effects of the environment on the performance 
of pavement with specified confidence levels. 

A computerized method has been developed to generate 
simulated rainfall patterns for use in pavement analysis and 
design. The method is both practical and useful because it 
meets several important criteria. It uses data that are readily 
available; it predicts realistic rainfall patterns; it permits ana­
lysts to select how severe a condition they wish to represent; 
and it is simple to use. 

The paper presents the method used to simulate the rainfall 
patterns; shows how the United States is divided into nine 
climatic regions and which cities have been selected as rep­
resentative of those regions; and gives four examples of both 
the required input data and the resulting simulated rainfall 
patterns for a 95 percent confidence level. The model also 
includes the effect of freezing and thawing temperatures on 
the amount of rainfall that is available to infiltrate the pave­
ment, and this is illustrated in one of the examples. 

RAINFALL GENERATOR 

It is impossible to generate truly random sequences of wet 
days and amounts of rainfall for estimating future rainfall 
effects by using a deterministic algorithm. Nevertheless, it is 
possible to produce by deterministic means sequences of num­
bers that, to a degree acceptable for predictive purposes, 
possess the attributes of randomness. 

Statistical rainfall data are available from the National Cli­
matic Data Center (7). In estimating rainfall amounts and 
sequences, these statistical data are typically used together 
with Monte Carlo methods and the simulation of random 
processes to produce samples automatically from the pre­
scribed statistical distributions of rainfall. This paper describes 
the use of the uniform type of pseudorandom number and 
multiplicative congruential theories (8) to predict these rain­
fall patterns. 

The form of the generator is 

(1) 

which means "X" is congruent to CX" _ 1 modulo M." That 
is, 

(2) 

where Q" equals a largest integer not exceeding CX"_ 1/M. 
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The congruential relation (1) may be rewritten as a differ­
ence equation as follows: 

(3) 

where 

X 0 = seed, 
M = modulus, usually M = 2b, 
C = a positive odd integer less than M excluding 1, and 
b = the number of bits available in a computer word. 

The development of the rainfall generator model includes 
the following considerations: 

1. Period of the Sequence of Wet Days. The period of the 
sequence of wet days is the smallest integer d such that 
Xn+d = Xn(mod M) is in terms of the period of the sequence. 
The maximum possible least period 2b- 2 is obtained when X 0 

and C are selected from the set of least residues prime to 2b 
and C is of form 8N + 3 and 8N + 5, where N is the number 
of items. Special care is taken to avoid a repetition of the 
dates on which rain falls for any particular month . 

2. Dates on Which Rain Falls. Under some conditions, the 
same wet dates will appear when the same number of wet 
days occurs in different months. Certain measures are taken 
to prevent this kind of situation from occurring in the 
simulation. 

3. Type of Rainfall. Rainfall is usually divided into two 
types: convective and frontal. Convective rainfall generally 
appears in a thunderstorm in the warm season and occurs 
sporadically. The precipitation in a frontal system is steady 
rainfall for several consecutive days because of a stream of 
warm moist air that originates in the warm sector, just ahead 
of a cold front. 

The number of thunderstorms that occur in a month is 
employed as the criterion to distinguish convective rainfall 
from frontal rainfall. For the different climatic regions that 
were defined for highways, a different number of thunder­
storms are used. Also, the number of days during which bunched 
(convective) or uniform (frontal) rain falls are distinguished 
for each month in a given region. 

4. Freeze-Thaw Period. In accordance with actual highway 
conditions, it is assumed that the infiltration of rainfall will 
stop during the cold season when the average monthly air 
temperature is less than 30°F. The equivalent amount of mois­
ture of the snow that falls during the cold season will infiltrate 
into the pavement during the first half month of the thawing 
period when the average monthly air temperature rises from 
below 30°F to above 30°F. 

CONFIDENCE LEVELS 

The most recent statistical rainfall data that are available for 
30-yr periods are from 1957-1986 (7). Normal distributions 
of rainfall are assumed to apply for any particular month, and 
average values and standard deviations are determined from 
the historical data. In considering a severe case of rainfall, 
we are interested only in estimating the maximum rainfall 
and, because ofthis, the one-tailed confidence limit is employed. 

(4) 
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Therefore 

s 
µ = x + z (N)112 a (5) 

where 

x = the mean monthly rainfall, 
µ = the maximum rainfall to be considered in a particular 

month, 
Za = the normal variate corresponding to a confidence 

level of (1 - a), 
s = the standard deviation of the monthly rainfall, and 

N = the number of years represented in the sample. 

For design purposes, a computer program has been written 
so that the user selects a specific confidence level based on 
the pavement type, the degree of importance of the pavement, 
and the requirements of the user. In general, a confidence 
level of 0.95 is employed automatically as a default when the 
input confidence level is left blank. 

SAMPLES 

For highway technology, the climatic zones are defined as 
shown on Table 1 (9). Four of nine regions are chosen for 
rainfall random testing. The representative cities for each 
region are: 

New York City I-A 
San Francisco, California 1-C 
Fargo, North Dakota II-A 
Dallas, Texas II-C 

These cities are located across the United States and represent 
distinctively different climatic regions (Figure 1). The average 
values and standard deviations of rainfall for the four cities 
are shown in Table 2 (7). A confidence level of 0.95 is used 
in generating the simulated rainfall, the results of which are 
shown in Tables 3-6. 

In Fargo, North Dakota, the rainfall simulation program 
indicates that the pavement will be frozen from January through 
March and again from November through December. The 
equivalent snow melt is 0.27 in. per day for two weeks during 
the thawing period. 

In Dallas, Texas, no periods of snow on the ground were 
simulated, and peak monthly rainfall occurs in April and May. 
In May, a total of 5.76 in. of rain fell, compared with an 
average of 4.76 in . for that month, the difference reflecting 
the higher level of confidence specified. 

In San Francisco, there is a single wet season from Novem­
ber through March, with no periods during which frozen con­
ditions prevent infiltration into pavement. 

In New York, New York, once more, no frozen period is 
found in this simulation. The number of days of rainfall each 
month are fairly uniform throughout the year. 

The simulated results appear to be reasonable and produce 
realistic patterns of wet days and total rainfall within a month. 
The program has been written so that if actual historical rain­
fall and snowfall data are unavailable, the designer can esti­
mate and analyze the local rainfall information by inputting 
the number of the climatic region and the confidence level 
required. Typical statistical data for each of the six larger 



TABLE 1 CLIMATIC ?.ONES ARE DEFINED FOR HIGHWAY TECHNOLOGY 

Moisture 'l'ulperature Region 

Region A B c 

Potential of Moisture Severe winters Freeze-Thaw cycles Law Te.at>erature 
Being Present in in PllVE11Je11t Burfaoe Not a PrablE111 

PllVonent Structure High Potential for and Base 
During Typical Year Frost Pentration to High Teq:>e.rature 

llppreciable DEpths Occasional Moderate Stability Should 
Into 8ubgrade Freezinq of Subgrade considered 

I High I-A I-B I-C 

Moderate 
II seasonally II-A II-B II-C 

Variable 

III Law III-A III-B III-C 

FIGURE 1 Environmental regions and the locations of rainfall samples. 

TABLE2 RAINFALL DATA BASE FOR FOUR CITIES (1957-1986) 

Jan. Feb. March oor.il Ma;-L June .J\ll.:i Al.!fl . Se~t . Oct . Nov. ~-

New York, NY 
Ave. Amount (in) 3.07 3.26 3.60 3.85 3 .40 3.39 3.65 3.45 3.46 2 . 76 3 .61 3.68 

Stndev. 1.89 1.53 1.65 2.09 1. 75 1.95 2.34 1.94 2.15 1.46 2.22 1.82 
Ave. Wet Days 10 10 11 11 11 10 11 9 8 8 10 11 

Stndev. 3.12 2.56 3.40 1.53 4.08 3.11 9.36 3.11 3.18 2.09 3.77 2.56 
No. of 'Ihunderstonns 0 0 1 2 3 3 4 5 2 1 0 0 

Stndev. 0.32 0.45 1.26 1.19 1.20 1.98 2.16 1.36 1.27 0.98 0.74 0.49 

i;;an Francisco , CJ\ 
Ave. Amount (in) 4.53 3.67 3.15 1. 57 0.28 0.10 0.03 0 . 05 0.27 1.23 2.85 3.06 

Stndev. 2.82 2.83 2.35 1.69 0.69 0.20 0.08 0.13 0.47 1. 66 2.33 1.62 
Ave. wet Days 10 10 11 6 2 1 1 1 1 4 8 9 

Stndev. 4.03 4.02 4.04 4.82 2.87 0.59 0.26 1.14 1. 76 2.43 4.59 5.03 
No. ot Thunderstonns 1 1 0 0 0 0 0 0 0 0 0 0 

Stndev. 0.37 0.87 0.89 0.59 0.42 0.19 0.26 0.53 0.67 0.49 0.59 0.42 

Fitl.\16 , NO 
Ave. Amount (in) 0.56 0.41 0.92 1.98 2.37 3.08 3.12 2.31 1.83 1. 78 0.78 0.61 

Stndev . 0.44 0.37 0.62 1.36 1.57 1.80 1. 76 1.54 1.35 1. 68 0.85 0.39 
Ave. Wet Days 8 7 7 21 10 11 10 11 8 7 5 8 

Stndev. 3.85 2.44 3.61 2.41 2.34 2.05 2.77 13.44 3.54 3 . 12 2.73 2.35 
No. of Thunderstonns 0 0 0 1 4 7 9 7 3 1 0 0 

Stundev. 0.00 0.26 0.72 1.60 1. 76 2.61 2.02 1.82 2.07 1.11 0.26 0.26 

D3l las, TX 
Ave. Amount (in) 1.67 2.11 3.07 4 . 25 4.76 3.00 2 . 14 2.16 3.54 4.20 2.41 2.26 

Studev. 1.22 1.29 2.00 3.50 3.34 2.15 2.05 1.67 2.53 3.35 1.52 2.13 
Ave. Wet Days 6 7 8 8 9 6 5 5 7 6 6 6 

Studev. 4.14 2 . 24 2.64 3 . 20 3.28 3.36 2.68 2.12 2.80 3.86 3.26 3.13 
No. of Thunderstonns 1 2 4 6 7 6 4 4 3 3 2 1 

Studev. 0.83 0.96 1.93 2.05 2. 70 2.37 2 . 65 2.25 1. 68 1.17 1.47 0.74 



TABLE 3 RAINFALL ESTIMATION FOR FARGO, N.D. (1957-1986), 
1 - a = 0.95, II-A 

January 8 11 12 13 18 22 30 

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

February 2 5 8 13 17 18 

0.00 0. 00 0.00 0. 00 0. 00 0. 00 0.00 

March 4 5 10 13 15 

0.00 0.00 0.00 0.00 0.00 0.00 0.00 

April 2 3 4 5 6 7 8 9 

0.67 0.28 0.27 0.27 0.27 0.27 0.27 0.27 0.27 

10 11 12 13 14 15 18 21 23 

0.57 o. 76 0.27 0. 27 0.27 0.27 0.46 0.20 0.36 

27 28 

0. 16 0.01 

May 8 10 14 16 18 22 23 27 

0.23 0.20 0.43 0.34 0.40 0.26 0 .15 0. 40 

28 30 

0 .12 0.31 

June 8 JO 13 16 17 18 19 23 26 

0.14 0.47 0.18 0.30 0. 47 0.40 0.51 0. 23 0.28 

27 29 

0.33 0.31 

July 2 3 4 8 12 14 25 

0.74 0.08 0.12 0.02 0.85 0.42 0.23 0.36 

26 29 

0.06 0.76 

August 8 10 14 16 18 20 22 23 27 

0.28 0.11 0.35 0.13 0.23 0.36 0.30 0.38 0.18 

28 30 

0.21 0. 25 

September 2 7 8 12 18 19 21 22 

0.04 0.44 0.39 0.25 0.43 0.36 0.16 0 .17 

October 2 4 8 9 26 28 29 

0.08 0.62 0.63 0.57 0.16 0.19 0.04 

November 12 13 14 19 

0.00 0.00 0.00 0.00 0.00 

December 2 6 9 15 23 26 27 28 

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
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TABLE 4 RAINFALL ESTIMATION FOR DALLAS, TEX. (1957-1986) , 
1 - ex = 0.95, II-C 

January 14 16 17 

0.27 0.36 0.24 

February 4 8 

0. 23 0.11 0. 71 

March 3 4 

0.03 0.73 0.27 

April 2 7 8 

0.10 1.04 0.92 

May 2 10 

0 . 96 0.01 0.73 

June 4 9 10 

0 .43 0.45 0.18 

July 3 8 22 

0.79 0.26 0.09 

August 5 12 13 

0.53 0.18 0.45 

September 2 3 4 

0.32 0.84 1.42 

October 4 19 

0 .17 1.44 1.19 

November 9 14 15 

0. 78 0.53 0.41 

December 3 5 8 

0. 95 0.35 0.20 

climatic regions have been developed by averaging the data 
from two cities within each region. The remaining three regions 
(i.e., 11-B, 11-C, and 111-C) are represented by a single city, 
as shown in Table 7 and Figure 2. These data will be used in 
simulating data that are not available within a given region. 

The program is intended to be used in pavement design to 
provide the designer with a realistic set of weather conditions 
that are consistent with historical records and that are at a 
desired level of severity as specified by an input level of 
confidence. 

These weather data then provide the moisture, tempera­
ture, solar radiation, cloud cover, and wind speed boundary 
conditions that are needed by the comprehensive computer 
program to produce for the designer temperature and mois­
ture data with depth and corresponding layer moduli of a 
specified pavement a~ they vary through the seasons. The 
designer may then determine by further calculations whether 
the pavement will be able to withstand the expected traffic. 
The entire process depends on a realistic simulation of the 
weather conditions; the simulation of rainfall has proven to 
be the most difficult. This paper reports the development of 
a successful and simple model of rainfall patterns that is suf­
ficiently realistic for pavement design purposes . 

22 25 28 

0.27 0.47 0.43 

9 13 23 25 

0. 27 o. 77 0.01 0 .39 

6 7 18 23 28 

0. 17 1.15 0. 25 0.11 0.97 

12 18 19 21 22 

0.58 1.02 0. 86 0. 38 0. 40 

12 18 22 24 28 29 

1.17 1.11 0.47 0.88 0. 40 0. 03 

13 21 23 

1.04 0.60 0.95 

24 28 

0. 71 0.91 

14 25 

0.54 0. 97 

6 16 23 26 

0. 14 0.11 0.24 1.22 

25 30 31 

0.06 1.46 0.89 

16 19 27 

0.26 0. 46 0.42 

12 18 22 

o. 77 0.12 0. 51 

CONCLUSION 

The amount of rainfall and the dates when it falls are impor­
tant for the analysis and design of pavements, catchment, and 
other engineering structures. The rainfall model described 
here produces simulated sequences of wet days based on 
weather data from the past several decades .The model is con­
cerned not only with the type of rainfall, to match the con­
vective or frontal precipitation each month, but also with the 
snowfall-thawing period in considering the infiltration and 
drainage of moisture into the pavement. The example prob­
lems show that this model is fairly realistic and close to in situ 
highway conclitions. It is recommende.d for use by pavement 
designers. 
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TABLE 5 RAINFALL ESTIMATION FOR SAN FRANCISCO, CALIF. 
(1957-1986), 1 - ex = 0.95, I-C 

January 8 10 14 16 18 22 23 27 

0.44 0.38 0.81 0.64 0. 76 0.48 0.28 0. 75 

28 30 

0.23 0.59 

February 2 3 4 7 11 13 22 

0. 92 0.10 0.15 0.03 1.06 0.52 0.29 0.45 

23 26 

0.08 0.94 

March 10 12 15 19 21 23 24 

0.39 0.44 0.28 0.19 0.46 0.22 0.35 0.55 

25 28 29 

0.54 0.01 0. 43 

April 5 9 10 21 23 29 

0.19 0.21 0. 63 0.49 0.11 0.45 

May 18 24 

0. 29 0. 21 

June 27 

0.16 

July 4 

0.06 

August 10 

0.09 

September 16 

0. 41 

October 4 17 29 30 

0. 36 0.63 0.65 0.09 

November 8 11 12 13 17 21 29 

0.04 0.67 0.94 0.37 0.40 0.55 0.34 0.25 

December 3 5 12 15 16 17 22 25 28 

0. 71 0.30 0. 37 0. 54 0.42 0.39 0.08 0.63 0.13 



TABLE6 RAINFALL ESTIMATION FOR NEW YORK CITY (1957- 1986) , 
1 - ex = 0.95, I-A 

January L 2 12 14 17 21 24 25 

0. 52 0.05 0.64 0.01 0.44 0.29 0.56 0. 25 

26 30 

0.35 0.54 

February 2 3 6 9 10 19 21 22 

0. 08 0.70 0.49 0.56 0.54 0.06 0. 22 0.65 

25 27 

0.27 0.15 

March 8 10 14 16 17 18 20 23 

0. 16 0. 53 0.20 0.34 0.54 0.45 0.57 0. 27 

27 28 30 

0.31 0.38 0.35 

April 8 10 13 16 17 19 21 23 

0. 45 0. 18 0.57 0. 22 0.37 0.58 0 .49 0.62 

26 27 29 

0.29 0.34 0.41 

May 3 4 8 11 13 14 15 

0.11 0.64 0.41 0 .10 0.23 0.04 0.53 0.46 

17 20 21 

0.35 0.40 0.65 

June 4 5 9 10 11 22 26 27 

0.08 0.51 0.21 0.20 0.69 0.24 0.12 0.64 

29 30 

0.60 0.68 

July 2 6 8 9 11 17 23 27 

0 .38 0.04 0.69 0.61 0.64 0.13 0.25 0. 70 

28 30 31 

0.20 0.21 0.51 

August 2 10 12 18 22 24 28 29 

0.67 0 .01 0.51 0.82 o. 78 0.33 0.62 0. 28 0.02 

September 3 4 6 7 17 23 27 

0.03 0.81 0.30 0.19 1.28 0.28 1.12 1.08 

October 2 7 8 12 18 20 22 23 

0 .06 0 .63 0 .. 56 0.35 0.61 0.52 0.23 0.24 

November 3 6 9 11 22 23 27 

0.62 0.60 0.07 0.24 0. 72 0.29 0.17 0.75 

28 30 

0.02 0.80 

December .1 2 10 12 15 18 19 23 

0.35 0.23 0.58 0.28 0.44 0.69 0.67 0.01 

24 28 29 

0. 53 0.42 0.03 
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TABLE 7 SELECTED CITIES FOR EACH ENVIRONMENTAL 
REGION 

Teaparature Region 
Moisture 

Region A B c 

New Yorlt, NY Washillgton, D.C. San Francisco, CA 
I 

Chicaqo, IL Cincinnati, al At1anta, GI'. 

Fargo, ND Oklahama city, OK Dill.las, TX 
II 

Lincoln, NE 

Rana, NV Las Vegas, NV San Antonio, TX 
III 

Billinqs, HI' Ban Angelo, TX 

FIGURE 2 Locations of selected cities for each environmental region. 
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