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by 16 mm (0.6 in.). Thus, the high torque at the 
tire pavement interface caused a downward flow of 
the surface mix. The lack of stability of the bitu
minous mixture was determined to be caused primarily 
by u 3.::-,ft gLadc vf aophaltic c1::u,erlt. tt11 vvt:ilcty 
with a stiffer grade of asphaltic cement was placed. 

SUMMARY 

Pavements can be designed for heavily loaded trucks, 
but the rate of accumulating fatigue is greatly ac
celerated. The accumulation of fatigue for heavy 
trucks is highly disproportionate to the amount of 
payload Lt:~nspot:Led. Foi: Ll,e """"' faligue ""u <1S

sumed proportions of trucks, the number of trucks 
loaded to the legal maximum axle loads is approxi
mately 10 times the number of heavily loaded trucks. 
For the same fatigue, legally loaded trucks can 
transport approximately 8. 2 times more payload than 
can heavily loaded trucks. 

deteriorate rapidly and severely when subjected to 
heavily loaded trucks. Observed deterioration 
varies from accelerated rutting, both in depth and 
time, to severe breakup of the paved surface. 
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Pavement Analysis for Heavy Hauls in Washington State 
RONALD L. TERREL AND JOE P. MAHONEY 

An evaluation of the haul routes associated with moving heavy nuclear power 
plant components over existing state and county roads is described. These 
routes were associated with the planned construction of the power plants at 
Satsop (southwestern Washington state) and Sedro Wooley (northwestern 
Washington state). The procedures for evaluating the proposed moves are 
provided and include descriptions of the field and laboratory tests and analyt
ical techniques. Ultimately, the haul routes analyzed were not used. 

In recent years construction of nuclear power plants 
instigated analyses of the feasibility of using ex
isting highways for hauling very large and heavy ma
chinery. These hauls require special tractors and 
trailers to accommodate the machinery as well as to 
spread the load to minimize damage to pavements and 
bridges. 

A special permit is required by those who perform 
the heavy hauling. For modestly oversize or over
weight vehicles, obtaining a permit is somewhat rou
tine as long as local requirements of wheel load and 

spacing are met, and the fee is usually nominal. 
Very heavy loads, however, require considerably more 
analysis to assess potential damage to the existing 
facilities, and the fee is commensurate with the ex
pected cost to repair the damage. 

Plans for constructing two nuclear power plants 
in Washington State instigated pavement analysis for 
the purpose of obtaining permits. Each plant had a 
different owner, and each owner was required to back 
up the application with an analysis of the signifi
cant damage that would be incurred, if any. For one 
project, Skagit, the supplier of the reactor equip
ment was required by the plant owner to deliver the 
equipment to the job site, so the supplier arranged 
for a consultant to evaluate the proposed route. 
The consultant's report was, in turn, presented to 
the Washington State Department of Transportation 
(WSOOT). For the other project, Satsop, the plant 
owner requested that the pavement evaluation be made 
by WSDOT, but be paid for by the plant. 
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The proposed routes were evaluated to determine 
expected immediate damage (during hauling) as well 
as reduced service life. In addition the alterna
tives of improving the roadway before hauling or 
making repairs after hauling were considered. 

Each project is treated as a separate case his
tory. Figure l shows the general location of the 
projects. In each case the projected route covered 
local (county) and state highways. The primary 
analysis was for the main highway. Unsurfaced local 
roads or new access roads were considered separately 
and were treated as expected reconstructions to meet 
load and geometry requirements. 

*Sedro l·!o 11 ey 

Figure 1. Site map for nuclear power plant component haul locations. 

Ultimately, the proposed haul routes were not 
used. An alternate route was constructed for the 
Satsop plant because of right-of-way acquisition 
problems and the other project was cancelled. 

CASE 1, SATSOP NUCLEAR POWER PLANT 

The Satsop plant is located near Elma, Washington, 
west of Olympia on us-12. The route to be investi
gated was about 12 miles along us-12. The data and 
other information used in evaluating US-12 for the 
planned heavy hauls were from two primary sources. 

The first source was field studies conducted by 
WSDOT and included the following: 

1. Benkelman beam deflection survey; 
2. Soil borings, samples of granular materials, 

and cores of asphalt concrete pavement (ACP) and ce
ment treated base (CTB) pavement; and 

3. Plate bearing tests. 

Test samples including soil borings, granular base 
and fill samples, and ACP and CTB cores were ob
tained during January 1979. The Benkelman beam de
flection survey data were used in selecting test 
sampling locations. Plate bearing tests performed 
during April 1979 completed the WSDOT field stud
ies. Additionally, during May 1979 a falling weight 
deflectometer (FWD) was used at selected stations to 
obtain deflection information and estimate modulus 
relationships for the pavement layers. Possible 
pavement distress caused by a slope stability fail
ure along the proposed haul route wae also analyzed 
by WSDOT personnel. 

The second source of data was developed at the 
University of Washington (UW) Department of Civil 
Engineering pavement materials laboratory in Seat
tle. The overall goal of the laboratory program was 
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to develop strength parameters for the primary 
structural materials contained in the US-12 cross 
sections and specifically to develop the required 
elastic parameters to enable modeling of the pave
ment structure as a layered-elastic system. 

Field Testing 

First, a Benkelman beam deflection survey was per
formed early in the study so that locations could be 
selected for soil boring, disturbed granular sam
ples, and ACP and CTB coring. The primary reason 
for selecting these test sample locations was high 
pavement surface deflections. It is significant 
that almost all the Benkelman beam recorded surface 
deflections were low (preferable condition). A 
pavement condition survey, which indicated that lit
tle surface distress was present, also preceded the 
selection of the final boring and coring locations. 

Twenty-four soil bore samples were obtained by 
using a hollow stem auger i the average depth was 
about 22 ft. These borings were used to identify 
the soil types underlying this portion of US-12 as 
well as to obtain standard penetration blow counts 
and undisturbed and disturbed soil samples. Figure 
2 shows the soil types encountered as determined 
from the soil bore samples and the locations where 
core samples were obtained. 

WSDOT personnel obtained plate bearing test data 
at selected US-12 locations using both the 12-in. 
and 24-in. diameter steel plates. Table 1 gives the 
maximum measured deflection for each of the two 
plates and the corresponding maximum load. Deflec
tions range from a low of 0.005 in. to a maximum of 
0.1 in. The lower deflections occurred at stations 
584-00 and 602+00. These stations contain 6-in. 
thick CTB layers overlaid by 3 in. of ACP. Because 
of the stiffness of the CTB layer, deflections were 
low when compared to the other locations (stations 
173+25 to 453+60). The principal structural layer 
for these other stations is 9-in. of ACP. The vari
ability of these data is indicated by some of the 
significant differences that occurred between the 
measured deflections at the same station for the 
outer wheel path (OWP) and the between wheel path 
(BWP) test locations (a transverse distance of ap
proximately 3 ft). 

Laboratory Testing 

Samples from the field exploration phase of the 
study were tested by the WSDOT Materials Division 
and the UW Department of Civil Engineering pavement 
materials laboratory. Most of the tests performed 
can be categorized for three material groups: ACP 
cores, CTB cores, and granular materials. A few un
disturbed subgrade soil bore samples were also pro
vided but these samples were not incorporated into 
the laboratory testing program because of the com
plex nature of the soil profile and the stress sen
sitivity of the resilient modulus for these mate
rials. 

The following sections describe the kinds of 
tests and results for the three material groups 
studied. 

ACP Cores 

Figure 3 shows the testing sequence for selected ACP 
cores. The two primary material characterization 
tests were resilient modulus and Marshall stability 
and tlow. Typical results are ~howu in Figure 4 and 
Table 2. 

CTB Cores 

Only two CTB samples were obtained and both of these 
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Figure 2. Generalized soil profile of proposed US-12 haul route. 

Table 1. Summary of plate bearing tests for US-12. 

12·in. Dia. Plate 24-i n. Dia. Plate 

Station• Max. Deflect ion Max. Load Pavement Max. Oeflect1on Max. Load Pavement 

0 

'-i' ,._ .., 
"' 

(in.) (lbs.) Temperature (in.) (lbs.) Temperature 

173+25 (OWP)' 0.033 

173+25 (BWP)' 0.077 

202+00 (OWP) 0.032 

202+00 (OWP) 0.044 

3~1•50 (OWP) 0.0BO 

341>50 (OWP) 0.054 

40Bt00 (OWP) -
408+00 (BWP) 0.051 

453+60 (OWP) 0.084 

453+60 (OWP) -
504+00 (OWP) 0.006 

584+00 (BWP) 0.012 

602+GO (OWP) 0.006 

602+50 (BWP) 0.012 

Note: Data provided by WSDOT. 

a AU measurements made in eastbound outside lane. 

bOutside wheel path . 

cBetween wheel paths. 

Determine 
ACP Cores Bulk 

for Selected I- Specific -
Sites Gravity 

ASTM O 2726 

19,600 

19,600 

19,600 

19,600 

19,600 

19,600 

-
19,600 

19,600 

-
19,600 

41,000 

19,600 

19,600 

Detennine 
Resilient 
Modulus@ 
5°C (41°F), 
25"C (77°F) 
40 °C ( 104 °F) 

and 
0.1 sec 10.,.1 

Duration 

Figure 3. Test sequence for ACP cores from US-12. 

("F) ("F) 

62 0.()~8 27,400 63 

69 0.044 27,400 68 

64 0.016 27,400 64 

72 0 . 047 27,400 69 

BO 0.035 27,400 83 

85 0.036 27,400 87 
. 0.026 39,000 62 

64 - - -
74 . . -
- o. 100 35.200 75 

59 0.005 41,000 58 

57 0.006 37,200 56 

62 0.010 37,200 65 

63 0.006 37,200 60 

Detennine Detennine 
Marsha 11 Maximum Calculate -- Stability am .___ Specific - Air Voids 

Flow Gravity 
ASTM D 1559 ASTM O 2041 
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Figure 4 . Typical resilient modulus (MR) of US-12 ACP cores as a 
function of temperature-station 173+25. 

40 

were from station 563+00. The tests conducted on 
these specimens were resilient modulus and indirect 
tensile strength. The tensile strength ranged from 
320 to 410 psi. 

Granular Materials 

The granular, disturbed materials sampled by WSDOT 
were obtained from the shoulder area of US-12 that 
underlies the relatively thin ACP shoulder surfac
ing. The samples were placed in canvas bags for de
livery to the UW laboratory. Two kinds of granular 
samples were obtained: crushed surfacing, top
course material and gravel fill material that under
lies much of the us..:12 haul route. This gravel fill 
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material contained some cobbles with sizes in excess 
of 2 in. Figure 5 shows the laboratory sequence 
used to evaluate the granular materials and a par
tial list of CBR results is given in Table 3. 

Evaluation 

The overall goal of the field and laboratory inves
tigations of the materials was to obtain by testing, 
or to be able to otherwise estimate, the elastic 
parameters required to model US-12 pavement struc
tures as a layered-elastic system. This evaluation 
uses the calculated stresses, strains, and deflec
tions obtained from the layered-elastic modeling and 
applies appropriate limiting values or failure cri
teria to them. Thus, the potential pavement failure 
or reduction in pavement life attributable to the 
planned hauls can be estimated. 

Modeling the response of the pavement structures 
consists of the following steps : 

1. Select appropriate layered-elastic computer 
program (Chevron N-Layer and BISAR) • 

2. Select pavement structures (cross sections) 
to be evaluated and required material inputs (Figure 
6 shows a typical example). 

3. Determine load configurations (dimensions and 
weights, see Figures 7 and 8) • 

4. Select appropriate limiting values or failure 
criteria for the predicted pavement stresses, 
strains, or deflections. 

s. Predict stresses, strains, and deflections by 
using the layered-elastic computer program (step 1) 
and applying to these results the appropriate limit
ing value or failure criteria (step 4). 

Load Configurations 

Two types of heavy haul loads are considered in this 
analysis: (a) the two trailers used to carry steam 
generators and the nuclear reactor vessel and (b) 
the prime mover vehicle. Both the trailer and the 
prime mover have unique numbers of wheels and wheel 
loads. To input these loads into a layered-elastic 
computer program, the analysts had to first find the 
critical location and then determine the number of 
wheels needed to distribute the load (see Figures 7 
and 8). 

The loading conditions used in the analysis in
cluded the following: 

l. Trailer 
a. 5,675-lb wheel load, ACP temperature of 

77°F, 
b. 5,675-lb wheel load, ACP temperature of 

90°F, 

Table 2. Summary of Marshall test results for US-12 ACP cores. 

Sample No , nulk Specific Air Void Marsha 11 Marshall Flow 
Gravity Content (%) Stability (lbs) (0.01 in) 

173-1-1 2.47 4.9 1250 18 
173-1-3 2. 42 7 .o 1025 20 
173-3-2 2. 45 5. 7 1273 n 
173-3-4 2. 43 6.6 1102 16 

202- 1- l 2 .43 8.6 17f;3 19 
2()7-1-3 2. 41 9.5 855 22 
202-3-2 2. 45 7 .8 631 20 
202-3-4 2. 45 7.8 1144 21 

408-1-1 2. 51 3. 6 144'1 25 
408-1-3 2. 50 4.0 1675 16 
408-3-2 2 . 51 3. 6 1904 22 
403-3-4 2.53 2.8 1716 18 

563-2-1 2. 34 3.8 1945 20 



24 Transportation Research Record 94 9 

Compact Determine 
Materia l Resi l ient 

,---
4" X 8" Mold 

,__ Modulus-
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,______. 
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Compact De tem1i ne - Material - CBR 
con Mold ASTM D 100) 

Figure 5. Test sequence for granular (loose) samples from US-12. 

Table 3. Summary of CBR results fo r granular matcrials- US-12. 

3.0" 

6.0" 

48.0" 

96.0" 

Sample 
No. 

4 
(Sta. 202+00) 

6 
(Sta. 341+50) 

7 
(Sta. 408+00) 

9 
(Sta. 408+00) 

I 
11 

(Sta . 453+60) 

12 
(Sta. 593+00) 

Station 602+50 

Asphalt Concrete 
(Cl i!SS 8) 

Cement Treated Base 

Very Dense Sand and Gravel 
(Fill) 

Soft to Medium Clay, Very 
Loose to Medium Silt with 
Organic and Peat 

Medium to Very Den se Sand 
and Gravel 

Figure 6. Cross section for station 602+50. 

Dens I tv 
In situ 

146. 3 

146.3 

139.0 

151. 3 

145.2 

143 . 5 

lb/ftJ) 
As Molded 

151. 2 

152. 6 

146 .o 

153. 7 

148.8 

149 . l 

Modulus (psi) 

3, 000 ,000 

5840 g0 · 26 

2,000 

9,000 

c. 7, 000-lb wheel load, ACP temperatures of 
77°F , and 

d. 8, 000-lb wheel load, ACP temperature of 
77°F. 

2. Prime Mover 
a. 84 tons total and 
b. 42 tons total. 

3. Standard Axle 
a. 18,000- lb dual - ti red single axle, ACP 

temperature of 77°F. 

Moisture Content (%) Swell 
In ._,tu As Mnlrlerl (r.) CBR 

7.9 7.8 0 24 

7. 3 7. l 0 100+ 

5. 4 5. 6 0 100+ 

6.8 7.2 0 100+ 

7 .0 7.3 0 100+ 

6. 4 5. 7 0 100+ 

Limiting Values and Failure Criteria 

The results obtained from modeling the US-12 pave
ment structures to determine the stresses, strains, 
and deflections fo r var i o us loading configu ra tions 
is of little value unless some limiting criteria is 
applied. Such criteria include limiting tensile 
strains tor the ACP, vertical compressive strains in 
the subgrade layers, and tensile stresses and 
str ains in the CTB. (Var i ous , and often sign ifi
cantly different, values or relationships have been 
developed and reported by others.) 

The limiting values and failure er i ter ia used in 
this analysis fall into the following groups: 

1. Fatigue (Figure 9): tensile strain at the 
bottom of the ACP layer, 

2. Rutting (Figure 10): vertical compressive 
strain at the top of the subgrade layers, and 

3. Strength: tensile strength of CTB layer. 

A limiting value of strength was applied to the CTB 
layers evaluated. Because CTB is a brittle mate
rial, excessive stress induced by heavy hauls could 
result in cracking and ultimately accelerate deteri
oration of the overall pavement structure. When 
calculated stress exceeds the CTB indirect tensile 
strength, modifica tions to the applied load or pave 
ment structure may be appropriate. 



Transportation Research Record 949 

B 

I 
FRONT 

239" 

Figure 7. Plan view of prime mover wheel configuration. 

C .. 
L ... 
Vl 

aJ 

"' C 
aJ .... 
., 
~ 
0 ... 
·;:: 
0 
:c 

10 
100 1,000 

r 
,1 

H-~I ll-=1f H =11 H-=11 

ff-:fl H-=-H H-=tl H =-H 

It~ lt:fl lt:r-1 I lt:fl 
II-~ H-~ H-=1t H-=-H 
H-=11 lt=tl 11-=11 H-=11 
H-=-H H-=.JI 11 -=-H H-=-H . 

Inter ior ~·a + 
Critical Location :l!; 

H-=~I H-=tl lt=tl H-=~l 
H-=fl H-11 H-=tl H-=-H 
ff-c-H H-=-tt H-=tl H-=tl 
lt=il lt=>-11 H-=-H H-=-H 

lfo-11 H-o-f I H-::r-11 l~~I 
lfo-ll H-ofl H-:;ff Hvf I 
--- -- 21'0" - --~ 

Figure 8. Plan view of one trailer unit ( 192 wheels) . 

10,000 100,000 1,000,000 

Load Re pet 1 t 1 ons 

Figure 9. Fatigue criteria for horizontal tensile strain at the bottom of the ACP layer. 
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100 1,000 10,000 100,000 1,000,000 

Load Repeit 1 ti on$ 

Figure 10. Criteria for vertical compressive subgrade strain to minimize rutting. 

Evaluation Results 

The preceding data were used to estimate potential 
damage to the US-12 pavement structures by the orig
inally planned heavy hauls. The modeled pavement 
cross sections and haul loads were input to the 
BISAR computer program; then the resulting response 
data were compared with appropriate failure criteria 
to estimate pavement damage. Results obtained from 
the BISAR program were summarized for all pavement 
sections, and an example is given in Table 4. 

An examination of estimated repetitions to fail
ure in Table 5 shows the large differences between 
the fatigue criteria listed. The fatigue criteria 
developed by Kingham and Kallas from the Washington 
State University (WSU) test track are felt to repre
sent best the US-12 ACP (1). The rutting criteria 
developed for California conditions (Table 6) were 
felt to represent best the US-12 subgrade soil con
ditions. 

The maximum expected number of wheel load appli
cations at any point along the proposed US-12 haul 
route would be 144 repetitions for the two trailer 
units (six separate moves and 24 axles for each 
move) and 24 repetitions for the prime movers. By 
dividing the maximum expected repetitions by the al-

lowable repetitions for a specific loading configu
ration, an approximate estimate was made of the 
pavement life consumed . 

Because a wide range in the fatigue criteria was 
observed, pavement life reductions were calculated 
for all three. The most probable category was as
signed to the Kingham and Kallas criteria (1), the 
optimistic category to the Finn et al. criteria (2), 
and pessimistic to the ARE, Inc. criteria (3). 
Small percentage reductions in the pavement life ;re 
estimated for the load configurations considered for 
the most probable and optimistic categories (Table 
7). Somewhat larger values are reported for the 
pessimistic category, however, the largest reduction 
(for the 8,000-lb wheel load on the trailer) is less 
than 10 percent. 

Conclusions: Case 1 

1. Subgrade soils along the proposed haul route 
were highly variable in composition and strength. 

2. The existing US-12 pavement structure was 
well constructed and was in good structural condi
tion. The asphalt concrete and cement treated base 
materials were of good-to-high quality and strength. 

Table 4. Calculated stresses, strains, and surface deflections for trailer with 8,000-lb 
wheel load and ACP temperature of 77°F-station 408+00. 

Stress (psi) Strain (in.fin. x 1 o· 6 ) 

Layer Top or Maximum Maximum 
Layer Thickness Bottom of Vertical Horizontal Horizontal Vertical 
No. (in.)8 Layer Stress Stress Strain Strain 

9.0 Top -100 -237 -485 113 
Bottom -12 190 462 -348 

2 1.8 Top -12 -4 462 -1,114 
3 3.6 
4 24.0 Top -10 -3 464 -1,020 
5 204.0 Top -6 -1 647 -1,430 
6 

Note: Tension(+); Compression(-). 

aPavement Surrace Deflection= 0.192 in. 



Transportation Research Record 949 27 

Table 5. Estimated repetitions to failure for various load configurations and fatigue criteria-station 408+00 (!-;!l. 

Estimated Repetitions to Failure 
Maxim1111 

Load Horizontal POMAP Fatigue WSU Test Track' 
Configuration Strain ARE Fatigue Criteriah laboratory Fatigue 

jin/in x 10-6) Criteriaa (Finn et al ,) (Kingham and Kallas) 

Trailer(each wheel): 

~675-lb (ACP 77°F) 341 7730 . 312,610 146,010 

5675- lb (ACP 90°F) 443 2000 132,130 31,370 

7000- lb (ACP 77°F) 413 2880 166,420 47,370 

8000-lb (ACP 77°F) 462 
I 

1610 115,070 24,510 

Prime Mover(total wt.) 

84-ton (ACP 77°F) 532 800 72,330 10,700 

42-ton (ACP 77"F) 309 12,860 432,370 260,550 

Standard Axle : 

18,000-lb (ACP 77"F) 225 66,130 1,228,210 1,681,080 

'Equation : w18 • 9.7255 x 10-5( f i5 · 1
627

· 

"Equation: log Nf(!l0%) • 15 . 947 - 3 .291 log ( ___f_
6 

) - 0.854 log ( ~
3 

). 
10- 10 

' Equation : log Nf • -17 .2278 + 5.87687 log({)+ 0.033594(Temp). 

Table 6. Estimated repetitions to failure for various load configurations and rutting criteria-station 408+00 (!-§.l. 

Maximum Estimated Repetitions to Failure 
Load Vertical 

Configuration Subgrade Strain Shell California Asphalt Institute 
(in/in x 10-6) (Dorman and Metcalf) (Monismith et al.) (Witczak) -

Trailer(each wheel): 

5675-lb (ACP 77"F) -1017 100,000 25,000 >10,000,000 

5675- 1 b (ACP 90" F) -1067 80,000 18,000 >10,000,000 

7000- lb (ACP 77°F) -1258 31,000 7,000 >10,000,000 

8000- lb (ACP 77°F) -1430 16,000 3,000 100,000 

Prime Mover(total wt.): 

84- ton (ACP 77"F) - - - -
42-ton (ACP 77° F) -592 1,700,000 400,000 >10,000,000 

Standard Axle : 

18,000-lb (ACP 77°F) -406 10,000,000 2 .300,000 > 10,000,000 
-

Table 7. Pavement life used by heavy hauls-station 408+o0. 

Pavement Life Consumed (%) 

Load 
Configuration Most Probable' Optimisticb Pessimisticc 

1rat1gue Rutt 1ng tat1gue Rutt mg tat1gue Rutting 
·- -

Trailer (each wheel) : 

5675-lb (ACP 77°F) 0.099 0.576 0.046 - 1.863 -
5675-lb (ACP 90°F) 0.459 0.800 0.109 . 7.200 -
7000-lb (ACP 77°F) 0.304 2.057 0.087 - 5.000 -
8000-lb (ACP 77"F) 0.588 4.800 0.125 - 8.944 -

Prime Mover (total wt. ): 

84-ton (ACP 77°F) 0.224 - 0.033 - 3.000 -
42-ton (ACP 11°r) 0.009 0.006 0.006 - 0.187 -

Standard Axle : 

18,000-lb(ACP 77"F) - - - - - -
8 Kingham and Kallas (l ). 
b -

Finn et at (2 ). 

CARE. Inc. <i >-
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3. The most probable damage to the noncement
treated base pavement sections (fatigue and rutting 
caused by the 5, 675-lb trailer wheel loads and the 
42-ton prime mover) is expected to be small--less 
Li.au l Lu 2 1=1eLt.:~nt uf available pavemenc life. in

creasing the trailer wheel loads to 8,000 lb would 
use approximately 5 to 10 percent of the available 
pavement life. An increase in both the wheel loads 
and pavement temperature would produce qr.eater 
losses in pavement life. To illustrate this point, 
an increase of pavement temperature of only 13°F 
(from 77°F to 90°F) for the 5,675-lb trailer wheel 
load indicates that the loss in pavement life can 
increase by II f11ctor of one to 11lmost four ueperu:ling 
on the failure criterion used. 

4. Based on limited data, tensile stresses in 
the CTB layer due to the 5,675-lb trailer wheel 
loads may exceed tensile strength. The possibility 
therefore exists that cracking · of the layer may 
occur. Such cracking would accelerate pavement de-
.._ __ J-.--'-'--. -"C'" ,.3 - ~ '1 ._ J _ _ ._ _ ,,. ,__ .! .. ,~ ..... 
....... ._.._.._..&.W'-.&.'"'11 '""IIU ._...Ll...&.Ulc.L'-,i;:: L.ll.L..LU.LC• 

CASE 2, SKAGIT NUCLEAR PLANT 

This proposed project, which has since been aban
doned, is located in the northwestern part of Wash
ington State (Figure 1). Many of the features of 
this analysis are similar to those for Satsop, al
though the projects were owned by different agencies 
::inn t-ho h ::u,1 ;ng t.,f~a +-n. ho An.?U:lo ... i. ~.;,F,F..,,. .... ,.. .... ,..,...,,p ... -

nies. The plant was to have been near the town of 
Sedro Woolley, and the nuclear reactor vessel and 
other large components would be transported by barge 
up the Skagit River then off-loaded from a barge and 
transferred to a special vehicle consisting of a 
transporter-tractor and two trailer units. This 
heavy hauling unit and the reactor together would 
weigh approximately 3,000,000 lb. 

Specifically, the original objectives of the 
study were 

1. To examine whether heavy hauling on the two 
pavement structures, Fruitdale Road (gravel sur
faced) and US-20 (ACP surfaced), would cause pave
ment failure, 

2. To determine relative damage to the pavements 
due to heavy hauling, and 

3. To recommend procedures and necessary precau
tionary measures or construction either before haul
ing or afterward. 

The approach used was similar to that for the 
satsop project; therefore, much of the basic mate
rial data will not be presented. Two different 
types of roadways were included in the route: a 
country road (Fruitdale) and a state highway (US-20). 

Field Investigation 

The field study included the following: 

1. Benkelman beam deflection survey, 
2. Soil borings, 
3. Plate bearing test, and 
4. Falling weight deflectometer study. 

The Benkelman beam deflection survey was per
formed as a first step early in the study so that 
soil borings, disturbed soil samples, and asphalt 
concrete coring locations could be selected. It was 
significant that almost all recorded surface deflec
tions were high. Also, preceding the selection of 
the final boring and coring locations, a pavement 
condition survey was made which indicated that the 
two roads, US-20 and especially Fruitdale Road, had 
severe surface distress. 
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Soil samples at various depths and asphalt pave
ment cores were obtained at selected sites and were 
used to identify the soil type underlying the two 
roads as well as to obtain standard penetration blow 
cvunts a11d tt,atci: ial oampl,::o. EAatt1i11aLiv11 ur i:ll~Ht:= 
data revealed a soil profile that was relatively 
uniform with respect to the kind and strength of the 
various soil layers encountered. Most of the mate
rials in various layers of Fruitdale Road and US-20 
are sand with varying amounts of gravel and silt. 

All the asphalt core samples obtained were on 
US-20 because Fruitdale Road had only a surface 
treatment layer. All the materials below the AC 
layer obtained wei:e loo>1e, ul>1Lu1ueu >1d111!Jle!!. Wetter 
content and in-place density were also determined 
for materials about 1 to 2 ft below the surface. 

Plate bearing tests were conducted at the loca
tions that appeared to be critical. The plate bear 
ing test included the use of 8-, 18-, 24-, and 
30-in. diameter steel plates. Most, if not all, de-
fl~r!tinn ,::r;:,ilnol':'! =at- m~v~mnm p1~+-e. ,,..,!\A~ T.,o.T"o ho.t-~_,..,..o. ..... 

0. 2 to O. 3 in., which indicated the two roads were 
relatively weak. 

Additionally, FWD tests were made at selected 
sites along the Fruitdale Road and US-20 haul route 
to obtain deflection information and estimate moduli 
for the pavement layers. 

Laboratory Testing 

The granular base and subbase for both US-20 and 
Fruitdale Road are similar. In many areas, the sub
base material is almost the same as the subgrade, 
extending to considerable depth. Disturbed or grab 
samples were received in the laboratory for test
ing. Both the California Bearing Ratio (CBR) and 
resilient modulus (MR) wei;e measured on laboratory 
compacted specimens. 

These materials were generally uniform throughout 
and consisted primarily of sand with varying amounts 
of gravel and silt. In-place density and water con
tent were determined. 

Pavement Analysis 

The field and laboratory material investigations 
were used in the pavement analysis performed for 
both US-20 and Fruitdale Road. The · data resulting 
from these investigations were used to estimate the 
elastic parameters required to enable modeling of 
both highways as layered elastic structures. 

By applying appropriate limiting values or fail
ure criteria to the calculated stresses, strains, or 
deflection resulting from the layered elastic model
ing, potential pavement failure, or r·eduction in 
pavement life was estimated for various loading con
ditions. 

The modeling of the response of the uS-20 and 
Fruitdale Road pavement structures required several 
steps and was similar to that done for the Satsop 
project. A typical result of the overall pavement 
characterization effort is shown in Figure 11. 

toad Configurations 

Two types of heavy haul loads are considered in this 
analysis: (a) the two trailers used to carry the 
steam generators and nuclear reactor vessel and (b) 
the prime mover vehicle. 

Trailer 

The trailer system was composed of 12 axle sets of 
16 wheels (192 wheels total). Alternatively, one
half of the trailer- system could be composed of 14 
axle sets of 16 wheels each (for a total of 224 
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Statio n 149+58 

4• Asphalt Concrete 

17" 
Ory, dense sand with well-graded, 
rounded gravel 

33• Moist, moderate finn silt with 

trace sand 

Moist, medium dense sand with 

some silt and organics 

Station 156+86 

Asp ha 1 t Concrete 

sand with Moist, dense, gravelly 
14· 5" considerable silt 

Moist, medium dense, silty sand 
90" 

with some gravel and organics 

78 ' 
Saturated, medium dense sand 

with some silt and organics 

Mo1st, very soft silt with 
some sand 

Stat ion 190+68 

2" Asphalt Concrete 

19
,, Moist, dense sand 

with some gravel 

Moist, hard silt with 
some sand and gravel 

Modulus (psi) 

E • 280,000 psi 

E • 25,000 psi 

E • 3,000 ps1 

E • 3,500 psi 

I Mnrl11lus (psi) 

E • 220,000 psi 

E • 12,000 psi 

E • 4,500 ps1 

E • 3,000 psi 

E • 3,000 psi 

Moduius (psi) 

E • 140,000 psi 

E • 20,000 psi 

E • 19,000 psi 

Figure 11. Typical cross sections and material parameters of various 
stations on SR-20. 

wheels). The configuration was similar to that 
shown in Figure 8. 

To enter these loads into the layered-elastic 
computer program, first the critical location was 
found, Based on previous work, the number of wheels 
selected for the trailer system was 15 clustered 
around the critical point. Other wheel loads fur
ther from the critical point than these 15 did not 
contribute significantly to the cumulative stress or 
strain conditions. In fact, some of these wheels 
tend to reduce the net stress and strain at the 
critical point for some loading conditions. 

The expected wheel load for each wheel on the 
trailers is 7,750 lb for 12 axles and 6,642 lb for 
14 axles. The expected total weight of a steam gen
erator move including the trailer weight is approxi
mately 2,976,000 lb. 

Prime Mover 

It was understood that two prime movers would be 
used for each haul, one to pull and one to push. 
These vehicles are heavily ballasted to increase 
tire contact friction with the pavement. The total 
prime mover load can range from 84 tons to 42 tons 
distributed on 10 wheels. Hence, three gross 
weights were studied for this vehicle: (a) 42 tons, 
(bl 63 tons, and (c) 84 tons. A plan view of the 
prime mover wheel configuration was shown in Figure 
7. 

Based on the above discussion, the following 
wheel loads were used for further pavement analysis. 
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1. Trailer 
a. 7,750-lb wheel load 
b. 6,642-lb wheel load 

2. Prime Mover 
a. 84 tons total - 16,800-lb wheel load 
b. 63 tons total - 12,600-lb wheel load 
c. 42 tons total - 8,400-lb wheel load 

Evaluation of Pavement Analysis Results 

The results of the computer analysis of heavy hauls 
for three pavement structures (stations 49+11, 
149+50, and 209+28) are summarized in Table 8. At 
station 49+11, the pavement structure has no signif
icant bituminous surface layer. Thus, only the ver
tical strains and stresses were computed. 

An examination of Table 8 shows that for station 
49+11, the critical vehicle load is the prime mover 
at 84 tons because the surface deflection is the 
highest for that wheel load. Maximum vertical 
strains for all loads appeared to be about the same 
for this station. 

For station 149+58 if the maximum vertical strain 
is used as the failure criterion, the prime mover 
load of 84 tons appears to be the critical load. On 
the other hand the horizontal strain at the bottom 
of the AC layer is highest for the trailer load of 
7,750 lb per wheel even though the radial stress is 
lower than for the prime mover at 84 tons. The 
critical load for station 209+28 is similar to sta
tion 149+58. 

Using the failure criteria previously selected, 
the estimated allowable repetitions of various vehi
cle loads for the three stations were determined and 
summarized in Table 9. For station 49+11, all the 
vertical strains due to various loads including the 
standard axle load of 18,000 lb are similar. The 
allowable number of repetitions for those magnitudes 
of strain are less than ava;i.lable rutting criteria 
can be used to predict. 

Table 10 is a summary of the reduction in pave
ment 1 ife due to heavy hauls assuming that three 
hauls are made on each road. Using that as a base, 
the number of repetitions for the prime mover would 
be equal to 2 (prime movers) x 3 (number of axles) x 
3 (hauls) or 18 repetitions. For the trailer, the 
number of repetitions for 7,750 lb/wheel would be 
equal to 2 (trailers) x 14 (axles) x 3 (hauls) or 
84. By dividing the expected repetitions by the al
lowable repetitions for a specific loading configu
ration, an approximate estimate of the pavement life 
reduction was made. 

Overlay Designs 

Station 49+11 on Fruitdale Road and 209+28 on US-20 
were selected for overlay designs because they were 
the critical sections. For trailer loads of 7,750 
lb/wheel, to keep the reduction in pavement life 
within 10 percent, the gravel overlay for Fruitdale 
Road was estimated to be about 10 in. On us-20, the 
asphalt concrete should be about 7. 5 in. For a 
trailer load of 6,642 lb/wheel, the gravel overlay 
on station 49+11 should be about 8 in. and the as
phalt concrete on US-20 about 5 in. to keep pavement 
life within reasonable limits. 

Conclusions and Recommendations: Case 2 

Overall, the most critical situation was for US-20. 
The heavy haul exceeded criteria normally used to 
prevent rutting and cracking. However, the pavement 
was currently at or exceeding (in some areas) these 
criteria and it was probably unfair to apply the 
criteria directly as one would for a newly con-
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Table 8. Summary of heavy haul responses. 

Maximum Maximum Maximum Maxiffllltl 
Vehicle Surface Tensile Tensile Vertical 

Location Type Load Deflection, Stress, Strain, ERi Str;1~!6t:V I f. 1n. CT", Psi 1:uo-6 

7750 lb./Wh 0.3172 - . 5,664 ... Trailer .. 
0 6642 lb./Wh 0. 2755 - - 5,699 
"" .. 42 tons 0 .1920 . . 6,060 .., 49+11 .,, Prime 63 tons ... 0.2710 - - 5,890 .E Mover 
... 84 tons 0.3%0 - - 5,610 

S~an1•:f, Ax e o d 18,000 lb. 0.0902 - - 5,680 
-

7750 lb./Wh 0.2204 180 582 2,095 
Trafler 

6642 lb./Wh 0.1%0 169 521 1,798 

42 tons 0.1190 169 456 1,300 
149+58 Priine 63 tons Mover 

0.1770 190 525 1,620 

84 tons 0.2330 201 567 2,130 
.> t a11Udni 18,000 lb. 0.0394 - 411 1,000 0 Axle Load N 

"' 7750 lb./Wh 0.3201 330 1,061 3,153 
"' Trailer 

6642 lb./Wh 0.2756 316 1,002 2,926 

42 tons 0.1760 326 902 3,190 
209+28 Prime 

Mover 
63 tons 0.2580 345 975 3,720 

84 tons 0.3390 344 995 4,040 
Standard 18,00<rlb. 0.0647 - !MS 2 ~4£C AA1c le~:! 

Table 9. Summary of allowable repetitions of various heavy haul loads (!-~I. 

Vehicle 
Tensile Allowable Vert teal Allowable 

Location Load Straln,fR• Repetition, Strains E.v Repetition, Type 1x10· II u10- · N 

Traner 
7750 lb./Wh - - 5,664 -· ... .. 6642 lb./Wh -~ - 5,699 -· .. 42 tons - - 6,060 -. 

~ 4!>+11 
Prime ... 63 tons - - s;e10 -· 

~ Mover ... 84 tons - - 5,610 ... 
!x~.:'1•.f a

4
d 18,000 lb. - - 5,680 -· 

1750 lb./Wh 582 6,000 2,095 310 
Trafler 

6642 lb./Wh 521 11,000 1,798 720 

149+58 42 tons 456 30,000 1,300 5,boo 
Prime 63 tons 525 10,500 1,620 Mover 1,400 

0 
84 tons 567 7,200 2 ,]30 270 

N A~,~n~t~~ 18,000 lb. 
"' 

411 54,000 1,000 25,000 

"' 7750 lb./Wh 1,061 140 3,153 -· 
y,.!!t l e r 

6642 lb./Wh 1,002 200 2,926 _, 

42 tons 902 380 3,190 -· 
209•28 

Prime 63 tons 975 250 3,720 -· Hover 
84 tons 995 210 4,040 . 

Standard 18,000 lb. 848 500 2,460 110 
Axle Load 

"Allowable repetitions are low because strains exceed reasonable failure crtterfa. 

structed pavement. In other words, some of US-20 
pavement had already failed, 

Even though the findings of this analysis were 
not implemented, the results were used to determine 
the improvements necessary to upgrade the two roads 
for heavy loads. The following improvements were 
recommended. 

1, Reduce the loading for both the trailer and 
prime mover to 42 tons maximum load and place two 

additional lines of axles on each trailer. This 
would increase the total wheels to 224 per trailer 
and reduce each wheel load to 6,642 lb. 

2, Fruitdale Road. Widen the shoulders to ac
commodate the wide load and add an overlay of 8 in. 
of compacted crushed aggregate over the entire road
way. A bituminous surface treatment before hauling 
should keep the surface from raveling and provide a 
smoother haul. A repeat of the surface treatment 
after hauling may be required. 
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Table 10. Pavement life reduction due to heavy hauls (I-~). 

Pavement Life 

Location Vehicle Load Heduction (%] 
Type Based on.E. Based on i. 

7750 lb./Wh - -· Trailer .. 6642 lb./Wh - -. -., 
"' 4~11 42 tons · ' ... -
f Prime 

63 tons . -· ... Mover 
84 tons . ·" 

7750 lb./Wh 1 23 
Trailer 

6642 lb./Wh < 1 12 

14~58 42 tons 0 <l 

Prime 63 tons a 1 
0 

Mover 
N 84 tons a 7 
"' "' 7750 1 b./Wh 51 · " 

Trailer 
6642 lb./Wh 42 · " 

20~28 
42 tons 5 -

Prime 
63 tons 7 · " Mover 
84 tons 9 -

aS1rai11s c~ct't'd railurc crill'ria 

3. US-20. If the actual hauling will not take 
place for at least 2 years, make final surface con
dition and roughness surveys on US-20 just prior to 
the hauling operation. Following the hauling, re
peat the surveys and assess the actual pavement dam
age due to the heavy loads. Also, an overlay of as
phalt concrete will probably be required on US-20 
within 2 or 3 years because of current heavy truck 
traffic. The heavy hauls will cause additional dam
age but the extent of the damage is a function of 
the WSDOT maintenance or rehabilitation performed to 
US-20 to accommodate traffic conditions. 
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