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Finite Element Analysis of Instrumented Thin Flexible Pavement to 
Quantify Variability 

 
Isaac L. Howard1+ and Kimberly A. Warren2 

 
─────────────────────────────────────────────────────── 
Abstract: Variability analysis is used for an instrumented pavement consisting of a thin asphalt surface, granular base, geosynthetics, and 
a fine grained subgrade. The pavement was modeled with the finite element method using Plaxis software where stationary transient 
loading and stress dependent material models were incorporated. The results show how significant variability can occur within a 
pavement built to acceptable standards and that without methods to account for variability, instrumented measurements can be misleading 
in some instances. Realizing that variability is present is far removed from accounting for it effectively. Asphalt strain changes from 8% 
to 141% were calculated due to the effects of variability, and vertical sensor positioning within customary installation tolerances was 
shown to vary strain by + 31%. The use of asphalt strain gauges in thin flexible pavements was shown to be highly prone to error, with 
variability easily dominating the measurement. Subgrade stress changes from 17% to 45% were calculated from the effects of variability, 
and vertical sensor positioning with customary installation tolerances was shown to vary pressure by +3%. Subgrade stress variability was 
less relative to asphalt strain, though it was too high to neglect in analysis.  
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Introduction 12 

 
Full scale instrumented pavements have gained favor in the United 
States in recent years. Notable examples have been performed in 
Alabama [1], Arkansas [2], Minnesota [3], Ohio [4], Pennsylvania 
[5], and Virginia [6]. They are either constructed within in service 
pavements, such as those managed by Departments of 
Transportation (DOTs), or within controlled test facilities. The need 
to account for variability in pavements has been understood since 
the AASHO Road Test. Of more significance in the present day is the 
effective handling of variability in such a way to achieve 
meaningful conclusions. Quantifiable variability information related 
to instrumented pavements, especially thin flexible pavements, is 
not well established in literature.   

Agency construction specifications allow for layer thickness 
variability that, while acceptable to the agency, should be 
considered when planning for and/or analyzing data from in-situ 
instrumented test sections, in particular with thin test sections. The 
Mississippi Department of Transportation [7] has an asphalt 
thickness tolerance of approximately +1 cm with the (-) requiring 
overlay of the pavement and the (+) requiring price adjustments. 
The majority of cases in [7] have a +2.5 cm base course thickness 
tolerance. The Arkansas Highway and Transportation Department 
(AHTD) specifies rates of asphalt application on their plans. 
Typically 60 kg/m2 is the equivalent of 2.54 cm of asphalt. The 
actual rate applied does not fall under pavement acceptance, and 
personal communication with AHTD engineers revealed the latitude 
of the Resident Engineer to exceed the plan quantity by 10%. 
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Layer thickness variability is also present in test facilities. As 
built asphalt thicknesses ranging from 9.7 cm to 11.2 cm were 
reported by Prowell [8] for an as designed thickness of 10.2 cm in 
the 2000 construction cycle of the National Center for Asphalt 
Technology (NCAT) test track. Overall, the forty-six section test 
track had an average constructed asphalt thickness of 10.4 cm, a 
section standard deviation of approximately 0.25 cm, and a 
coefficient of variation (cov) of 2.4%.   

Material property variability is also a notable contributor to the 
total variability within a pavement. Darter et al. [9] performed 
in-situ dynamic load tests that produced stiffness terms with a cov of 
14% to 17% for the thinnest pavements investigated. AASHTO [10] 
reported cov values of 10% and 14% for the strength factor terms 
representing the asphalt and granular base, respectively. A literature 
review performed by Freeman and Grogram [11] reported the 
properties of multiple pavement materials. Coefficients of variation 
were reported to be 10% for the granular base unconfined 
compressive strength and angle of internal friction, while 
coefficients of variation were reported to be 9% to 23% for the 
dynamic modulus of highway quality asphalt concrete. 

The primary objective of this paper is to utilize finite element 
analysis to quantify the variability of thin flexible pavements as it 
relates to performance prediction. Layer thickness variability is 
investigated in absence of pavement material variability. 
Subsequently, layer thickness variability is analyzed in conjunction 
with pavement material variability. The authors could not locate an 
analysis of this nature in the literature. 

The effects of vertical position tolerances, in-place misalignment, 
imperfect calibration, and/or alteration of the stress field lead to 
measurement variability. A limited and mixed set of approaches 
have been used to evaluate measurement variability, with most 
approaches relying heavily on measured data. According to Brown 
[12], accuracies better than +20% cannot be expected for a pressure 
measurement because of the many difficulties involved (i.e. stress 
cannot be measured directly and must rely on strain or deformation 
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within the instrument). Tabatabaee et al. [5] evaluated the 
performance of asphalt strain gauges and earth pressure cells and 
found the cov for the instruments to be up to 6% for asphalt strain 
measurements and less than 10% for earth pressure measurements. 
Siddharthan et al. [13] tested two pavements (7.6 cm HMA over 30 
cm aggregate base was the smaller of the two) and reported a cov of 
less than 5% for replicate pressure measurements, noting that strain 
differences of +30% should be expected. Willis and Timm [14] 
collected 80,000 asphalt strain readings from paired gauges. 
Approximately 80% of the strain readings were within 30 µε, and 
nearly 100% of the strain readings were within 100 µε.     

Analytical techniques have also been used to investigate 
measurement variability. As an example, Zafar et al. [15] performed 
finite element analysis of high stiffness pressure cells embedded in 
asphalt concrete. The analysis revealed potential errors due to stress 
field alterations and concluded that a method to calculate the error 
and remove it from the readings was needed. In addition to the 
analytical knowledge base, the secondary objective of this paper is 
to use finite element analysis to investigate the effect vertical 
installation tolerances of instrumentation can have on thin flexible 
pavement’s predicted performance.  

The usefulness of the information presented in this paper lies in 
allowing more informed planning of and/or analyzing data from 
instrumented test sections, especially with thin sections. The goal of 
test sections such as those considered in this paper is to measure the 
performance effect of a given variable (e.g. geosynthetics). To 
achieve this goal, test sections must be as uniform as possible, and 
any variability associated with non-uniformity must be addressed 
during analysis. For example, to detect contamination and stiffness 
reduction of base materials due to subgrade intrusion noted to be 
problematic by Jorenby and Hicks [16] and assess its effect on 
pavement performance, measured results must be analyzed so that 
the portion of the measurement due to contamination is isolated. 
Another example is that Brunton and Akroyde [17] studied sixteen 
instrumented test sections containing geogrids and geotextiles over 
a four year period in the presence of truck traffic and FWD testing 
and produced no specific conclusions related to the geosynthetics. 
Coring of the pavement showed some layer thicknesses were 
outside specification, while FWD testing showed thickness and 
pavement material variability were evident along sections that had 
the same nominal properties. Brunton and Akroyde [17] emphasized 
the importance of accurate layer thicknesses at the points analyzed, 
and the study resulted in several generalizations that appeared to be 
due, at least in part, to variability. 
 
Pavement Modeled 
 
Most of the data used to develop the thin flexible pavement modeled 
in this paper has already been presented in Arkansas [2]. Table 1 
shows the as built properties that were measured during 
construction and testing. The values are in line with the Arkansas 
and Mississippi DOT construction specifications presented 
previously, and since layer thicknesses and subgrade moduli were 
measured sixteen times within the pavement, it was considered 
suitable for variability analysis. Additionally, the pavement 
contained two thin flexible designs. Geosynthetics were installed at 
the surface of the subgrade in all but two of the sixteen test sections.  

Table 1.  As Built Properties of Pavement Modeled 

Thickness (cm) Mr (MPa) 
Design Section1 

HMA Base Subgrade 

1 Maximum 6.2 29.4 84 
 Minimum 5.7 23.3 67 
 Average 5.9 24.6 72 
 Designed 5.1 25.4 --- 

2 Maximum 6.5 16.8 87 

 Minimum 5.6 14.1 76 
 Average 6.0 15.9 83 
 Designed 5.1 15.2 --- 

1: Values indicate the maximum, minimum, and average measured 
properties of the eight sections that were built according to 
Design 1 or Design 2. The design refers to the layer thickness on 
construction plans. 

 
The hot mixed asphalt (HMA) was a 12.5 mm Superpave mix, the  

binder grade was PG 64-22, and the layer thicknesses were 
determined from the asphalt cores collected. The base was a crushed 
limestone with a dry density of 22.5 kN/m3, an apparent specific 
gravity of 2.80, and an internal friction angle of 43o. The base 
course thicknesses were determined via surveying. Modulus 
variability of the HMA and base course was not measured during 
testing. When pavement material variability was simulated in the 
finite element model, a plausible range was estimated based on the 
literature review provided in the previous section.        

The subgrade was classified as a fat clay (CH) with a plasticity 
index ranging from 35 to 54. Subgrade resilient modulus (Mr) 
values were back calculated from Falling Weight Deflectometer 
(FWD) test data acquired during each test phase using the approach 
of Hall and Elliott [18]. For the duration considered, average Mr 
values ranged from 63 MPa to 87 MPa corresponding to a period 
where subgrade moisture contents were near optimum conditions. 
Soil samples taken during construction were tested in accordance 
with AASHTO T 307 protocol near an optimum moisture with a 
13.8 kPa confining pressure and deviator stress in excess of 40 kPa, 
which resulted in laboratory Mr values of 79 MPa to 89 MPa. The 
subgrade conditions were consistent during the period used for 
testing, which meant that only asphalt temperature had to be 
considered in the assessment, reducing the number of calculations 
required. 

Thirty-one cases were modeled and are shown in Table 2. For 
each pavement design, case A used average layer thicknesses, case 
B used as designed layer thicknesses, cases C and D used the 
highest layer thickness, and cases E and F used the lowest layer 
thickness. Cases A through F used anticipated asphalt and limestone 
base moduli. Cases G through L varied asphalt and limestone base 
moduli by thirty percent relative to the anticipated condition and 
considered as designed, highest, and lowest layer thicknesses. Cases 
I through L were selected to represent the extreme soil modulus and 
layer thickness combinations that could occur due to variability and 
were measured in the test sections. This selection was aided by 
finite element modeling not shown in the paper. Cases M through P 
were modeled with fifteen percent variability in asphalt and 
limestone base moduli. The conditions modeled had properties on 
the outer bound of cases G to L to conserve modeling effort (i.e.  
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See Table 2 for full case descriptions, which are indicated with 
the same letter designations as in this figure.  Cases A to F do not 
consider pavement material variabillity, and they are indicated 
with markers.  Cases G to L consider 30% pavement material 
variability and they are indicated with solid lines to allow visual 
distinction from cases A to F.

 
Fig. 1.  Finite Element Analysis Results for Design 1 Asphalt Strain. 
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See Table 2 for full case descriptions, which are indicated with 
the same letter designations as in this figure.  Cases A to F do not 
consider pavement material variabillity, and they are indicated 
with markers.  Cases G to L consider 30% pavement material 
variability and they are indicated with solid lines to allow visual 
distinction from cases A to F.

 
Fig. 2.  Finite Element Analysis Results for Design 2 Asphalt Strain 
 
in Figs. 1 and 2 versus anticipated asphalt modulus. The results 
show the asphalt strain increasing in layers ranging from 5.1 cm to 
6.5 cm thick. Initially this seems counter intuitive, but it  
has been observed by other researchers. Huang [21] provides data 
showing tensile strains increasing until the asphalt thickness reached 
7 cm, and thereafter, the tensile strain decreased. Asphalt strain is 
driven more by E* variations than other variables, especially at high 
temperatures where E* is low. Low E* values produced high strains, 
and vice versa. Thicker asphalt with low modulus was the condition 
that produced the highest strain, and inadequate compaction would 

lead to this combination. Modulus was more significant than asphalt 
thickness, evidenced by comparing cases A and B for thickness 
influence and cases I and J for modulus influence (Fig. 1).  When 
using E*, the strain increased approximately 25% when the 
thickness increased 0.8 cm. In comparison, a change in modulus 
from 30% above typical to 30% below typical increased strain 60% 
at maximum thickness (defined in Table 1).  

Also observable from Figs. 1 and 2 is the amount of strain 
variability that can occur in a full scale pavement over a short 
duration. The length of the pavement for this study was only 260 m.  
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Table 3.  Asphalt Strain and Fatigue Damage Test Results 

Minimum Maximum Percent Change 
Design Cases E* (GPa) 

εt (µε) Nf  Df (%) εt (µε) Nf  Df (%) Df (%) εt (%)

1 A to F 0.96 221 600274 0.17 349 133446 0.75 0.58 58 

  1.94 242 243349 0.41 328 89459 1.12 0.71 36 

  4.89 204 194049 0.52 242 110603 0.90 0.39 19 

  9.69 153 279218 0.36 172 189950 0.53 0.17 13 

  14.93 121 417619 0.24 133 305936 0.33 0.09 10 

  18.96 105 543194 0.18 115 402654 0.25 0.06 10 

2 A to F 0.96 212 688293 0.15 353 128534 0.78 0.63 67 

  1.94 228 296076 0.34 324 93146 1.07 0.74 42 

  4.89 199 210562 0.47 234 123542 0.81 0.33 18 

  9.69 147 318509 0.31 165 217783 0.46 0.15 12 

  14.93 116 479839 0.21 126 365517 0.27 0.07 9 

  18.96 101 617259 0.16 109 480306 0.21 0.05 8 

1 G to L 0.96 199 847655 0.12 464 52268 1.91 1.80 133 

  1.94 195 495293 0.20 439 34278 2.92 2.72 125 

  4.89 164 397973 0.25 326 41486 2.41 2.16 99 

  9.69 125 543041 0.18 232 70948 1.41 1.23 86 

  14.93 100 782036 0.13 180 113012 0.88 0.76 80 

  18.96 88 971396 0.10 155 150767 0.66 0.56 76 

2 G to L 0.96 196 891107 0.11 473 49066 2.04 1.93 141 

  1.94 186 578628 0.17 432 36140 2.77 2.59 132 

  4.89 158 449908 0.22 312 47934 2.09 1.86 98 

  9.69 121 604389 0.17 220 84499 1.18 1.02 82 

  14.93 97 864492 0.12 170 136402 0.73 0.62 75 

  18.96 85 1088858 0.09 146 183571 0.54 0.45 72 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
(a) Design 1                                       (b) Design 2 

Fig. 3.  Finite Element Asphalt Strain Results with Varying Material Property Variability 
 

Table 3 provides the range of strain taken from Figs. 1 and 2 that 
can occur due to variability separated into cases A to F and G to L. 
Data was presented in this manner to show the effect of pavement 
material variability. Cases A to F showed 8% to 67% change in 
strain, while cases G to L showed 72% to 141% change in strain. 
Strain changes of this magnitude are significant when using 
instrumentation to compare products, investigate pavement 
performance, monitor deterioration, or to perform comparable 
activities since the strain changes due to variability would be greater 

than or equal to the anticipated strain changes being studied in many 
situations. Without numerous repeat measurements, this level of 
variability makes the use of asphalt strain gauges in thin pavements 
questionable for many applications. 

Fig. 3 plots the effect of 15% and 30% pavement material 
variability on asphalt strain alongside case A as a reference. The 
change in strain was reduced from 72-141% at 30% pavement 
material variability to 32-109% at 15% pavement material 
variability. Behaviors were similar for designs 1 and 2. 
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The amount of damage occurring as a result of variability can be 
more meaningful than the absolute strain response. The damage was 
calculated using the Asphalt Institute transfer function [22] with 
constants tailored to thin pavements using the modified equation 
provided by Howard and Warren [23] that is shown in Eq. (3). The 
transfer function reduces fatigue life as strain or modulus increases. 
The fatigue damage per 1,000 passes (Df) was calculated according 
to Miner’s Law, as shown in Eq. (4).  

8540291301380
.*.-

tf Eε.N


                               (3)
 

  100*/1000 dd ND                                  (4)
 

Nf is the number of repetitions to fatigue cracking, εt is the tensile 
strain in the horizontal direction at the bottom of the asphalt mat 
(mm/mm), and E* is the asphalt concrete dynamic modulus (psi). 

Table 3 provides asphalt strain damage test results. Cases A to F 
represent percent change for Df values from 0.05% to 0.74%, while 
cases G to L represent percent change for Df values from 0.45% to 
2.72%. The relationship of strain to damage is non-linear. In terms 
of damage, the effect of variability is even more apparent. 
Variability that can and does occur during the construction of thin 
flexible pavements is substantial and more formidable than it would 
appear in the absence of numerical analysis. Quantification of the 
effect of a variable on pavement performance using asphalt strain 
gauges is extremely difficult in thin pavements due to the large 
performance differences that tolerable construction variability 
produces.   

As an example, The Low Volume Roads portion of NCHRP 1-37A 
suggests using 50,000 heavy vehicles as the practical minimum 
traffic level during a performance period. Heavy vehicles were 
modeled in this paper. The worst condition in Table 3 has a 
minimum Df of 0.20% and a maximum Df of 2.92%. The maximum 
Df of the worst condition would exceed the 100% allowed damage 

 

after 35,000 passes, whereas the minimum Df of the best condition 
would exceed the allowed damage after 500,000 passes. The best 
condition in Table 3 has a minimum Df of 0.16% and a maximum Df 
of 0.21%. The maximum Df would exceed the 100% allowed 
damage after 475,000 passes, whereas the minimum Df would 
exceed the allowed damage after 625,000 passes. For the worst case, 
an instrumented pavement can predict very poor performance or 
excellent performance depending on the variability and the extent it 
could be/was handled in the analysis. For the best case, the 
instrumented pavement would show moderate performance 
differences as a result of variability.  
 
Subgrade Stress Calculation Results 
 
Results of the FEA simulations for vertical subgrade stress in the 
subgrade with 0% and 30% pavement material are plotted in Figs. 4 
and 5 versus the anticipated asphalt modulus. Fig. 4 shows the 
highest pressure occurring in the thinnest pavement over the highest 
Mr and the lowest pressure occurring in the thickest pavement over 
the lowest Mr. The behavior in both cases is intuitive. Thickness was 
more significant than modulus for Design 1, where the base layer 
was much thicker than Design 2. The base layer thickness varied 
28% from the designed thickness for Design 1, which would 
contribute to layer thickness being more significant. 

Fig. 5 shows the highest pressure occurring in pavement sections 
with the thinnest asphalt layer, intermediate thickness base layers, 
and the highest Mr. The lowest pressure occurred in the pavement 
with the thickest asphalt layer, thickest base layer, and lowest Mr. 
Design 2 had a base thickness variability equal to 18% of the base 
design thickness, which is considerably less than Design 1 (Fig. 4). 
The minimum base thickness was only 1.1 cm less than the as 
designed case, with the minimum as built asphalt thickness being 
0.5 cm greater than the as designed thickness. Thus it is logical that 
the as designed layer thicknesses (case H) produce the highest stress.
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material variability and they are indicated with solid lines to 
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Fig. 4.  Finite Element Analysis Results for Design 1 Subgrade Pressure 
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Table 4.  Subgrade Stress and Rutting Damage Test Results 

Minimum Maximum Percent Change
Design  Cases E* (GPa) 

σd (kPa) Nd  Dd (%) σd (kPa) Nd  Dd (%) Dd (%) σd (%) 

1 A to F 0.96 113.4 17029 5.87 150.9 17181 5.82 0.05 33 
  1.94 106.8 22272 4.49 141.9 22626 4.42 0.07 33 
  4.89 95.8 36233 2.76 127.5 36531 2.74 0.02 33 
  9.69 86.1 58435 1.71 113.7 61009 1.64 0.07 32 
  14.93 79.9 81655 1.22 104.0 90944 1.10 0.13 30 
  18.96 75.8 103372 0.97 99.2 112370 0.89 0.08 31 

2 A to F 0.96 175.7 5554 18.01 206.0 4042 24.74 6.74 17 
  1.94 161.2 8167 12.24 192.2 5513 18.14 5.89 19 
  4.89 138.5 16113 6.21 170.2 9500 10.53 4.32 23 
  9.69 117.1 34159 2.93 149.5 16978 5.89 2.96 28 
  14.93 104.7 56381 1.77 135.7 26193 3.82 2.04 30 
  18.96 99.9 69564 1.44 128.2 33786 2.96 1.52 28 

1 G to L 0.96 105.4 23628 4.23 153.0 16150 6.19 1.96 45 
  1.94 99.9 30035 3.33 144.0 21186 4.72 1.39 44 
  4.89 90.3 47214 2.12 127.5 36531 2.74 0.62 41 
  9.69 81.3 75545 1.32 113.7 61009 1.64 0.32 40 
  14.93 75.8 103372 0.97 105.4 85659 1.17 0.20 39 
  18.96 72.3 127738 0.78 99.2 112370 0.89 0.11 37 

2 G to L 0.96 173.6 5861 17.06 212.2 3539 28.25 11.19 22 
  1.94 159.8 8492 11.78 193.6 5337 18.74 6.96 21 
  4.89 136.4 17253 5.80 170.2 9500 10.53 4.73 25 
  9.69 117.1 34159 2.93 149.5 16978 5.89 2.96 28 
  14.93 104.7 56381 1.77 137.8 24453 4.09 2.32 32 
  18.96 98.5 74101 1.35 128.2 33786 2.96 1.61 30 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                   (a) Asphalt Strain                              (b) Subgrade Stress 
Fig. 6.  Effect of Sensor Positioning on Case A 
 
construction by estimating the range of possible thicknesses of the 
4.75 mm asphalt placed below the gauges. The result was a +31% 
difference in asphalt strain and a +3% difference in subgrade stress. 
Thin layer asphalt strains were highly sensitive to vertical position. 
It is noteworthy that vertical sensor position is nearly impossible to 
control to more than +4 mm when installing sensors in the field 
directly in front of a paving train.` 

Strain changes of this magnitude due to sensor positioning are 
significant. As an example, Fig. 6a calculates the damage of case A 

using the calculated strain in addition to +31% of the calculated 
strain. The figure clearly illustrates the significance that small 
sensor position differences can have on performance. An additional 
31% strain can more than double the damage per 1,000 passes 
relative to the expected case, while removing 31% strain can reduce 
the damage per 1,000 passes by more than half. 

Stress changes due to sensor positioning were noteworthy but not 
terribly significant. As an example, Fig. 6b calculates the damage of 
case A using the calculated stress and +3% of the calculated stress. 
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Adding 3% stress increased damage per 1,000 passes by up to 15%, 
while subtracting 3% stress reduced damage per 1,000 passes by up 
to 15%. This variability level can be handled effectively.  
 
Summary and Conclusions 
 
The variability of thin flexible pavements was investigated in this 
paper. The results show the significance of variability for a 
pavement built to acceptable standards. Without methods to account 
for variability, instrumented measurements can be misleading in 
some instances. Realizing that variability is present is far removed 
from accounting for it effectively, and this paper provides 
quantifiable information that can be used to account for variability 
either when planning for or analyzing the results of an instrumented 
pavement. Quantifiable data related to the variability of thin 
instrumented pavements was not found in literature. 

Asphalt strain was shown to vary considerably due to variations 
in E* and thickness, though more due to E* than to thickness. Strain 
changes from 8% to 141% were calculated due to the effects of 
variability. Vertical sensor position shows asphalt strain can vary 
+31% due to sensor positioning within installation tolerances. Strain 
changes due to installation tolerances were shown to more than 
double the rate of predicted damage when the strain was increased 
and were shown to reduce the rate of damage by more than half 
when the strain was decreased. A key finding of this paper was that 
the use of asphalt strain gauges in thin pavements is highly prone to 
error and that variability can easily dominate the measurement. 
Without considerable measurement repetition, asphalt strain gauge 
readings would be difficult to use for direct comparison between test 
sections of an instrumented pavement. 

Subgrade stress was less susceptible to variability than asphalt 
strain. Stress changes from 17% to 45% were calculated due to the 
effects of variability. Vertical sensor position shows subgrade stress 
can vary +3% due to sensor positioning within installation 
tolerances. Rutting damage due to sensor positioning was found to 
be much more manageable than the variability of asphalt strain, as 
the damage change resulting from the pressure change was in the 
order of 15%. Subgrade stress variability, though, was too high to 
neglect in any type of analysis where comparisons between 
measurements are to be made.   
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