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INTRODUCTION 

Problem Statement 

Several important issues concerning the effect of slab support on concrete pavement performance 
were studied in a National Cooperative Highway Research Program (NCHRP 1-30), "Support 
Under Concrete Pavements." The objectives of NCHRP 1-30 were to produce practical guidelines 
for the selection of appropriate k-values, consideration of loss of slab support, and consideration 
of other support factors in the design of concrete pavements and overlays. The scope of NCHRP 
1-30 encompassed support characterization needs for two purposes: improvement of the 
guidelines for support parameters in the current American Association of State Highway and 
Transportation Officials (AASHTO) Guide for Design of Pavement Structures (AASHTO Guide) 
design methodology, and development of improved guidelines for characterizing support in a 
mechanistic design methodology. The three major products ofNCHRP 1-30 were: 

• Detailed guidelines for selection of subgrade k-values for design. 
• An improved equation for computing concrete slab stress due to load and curling. 
• An improved concrete pavement performance model for use in the AASHTO Guide. 

The data that were available for analysis in NCHRP 1-30 were limited. For example, the small 
Long-Term Pavement Performance (L TPP) data set examined included only a portion of the 
General Pavement Section 3 (GPS-3) Gointed plain concrete pavement) and GPS-4 Gointed 
reinforced concrete pavement) sections, and subgrade soil type data were missing for many of the 
sections at that time. This limitation substantially reduced the number of sections for which k­
value vs. soil type comparisons could be made. In addition, the pavement performance data set 
used to assess the predictive capability of the proposed improved AASHTO performance model 
was limited as well. The data set had initial and terminal serviceability data for some sections (the 
American Association of State Highway Officials (AASHO) and extended AASHO Road Test 
sections); however, initial serviceability data were unavailable for the larger portion of the data 
and had to be estimated. The comparison of predicted versus actual equivalent single-axle loads 
(ESALs) for a given serviceability loss is very approximate unless the serviceability is well defined 
by known beginning and ending values. 

Objectives 

This study was conducted to field-verify the improved support guidelines proposed in NCHRP 1-
30, using the LTPP database, in order to establish their practicality and appropriateness for use in 
concrete pavement design nationwide. The study had the following specific objectives: 

1. To field-verify the improved guidelines for selection of design k-values, to the fullest extent 
possible, using the design, materials, deflection, plate load, and climate data available in the 
L TPP database. 

2. To field-verify the proposed improved AASHTO performance model, to the fullest extent 
possible, using the design, materials, climate, traffic, and performance data available in the 
LTPP database for GPS-3, GPS-4, and GPS-5 (continuously reinforced concrete pavement). 
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Key Products of This Research 

The NCHRP 1-30 guidelines, revised on the basis of the results of this field verification study, are 
presented in the appendix in the form of a proposed addendum to the AASHTQ Guide. The 
documentation ,of these field verification efforts, using the L TPP database, is provided in this 
report. 
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LTPPDATA RETRIEVAL 

The following LTPP data items were requested for verification of the k-value guidelines: 

• Test section identification (experiment, location, etc.}. 
• Pavement design (materials, thicknesses, dimensions, etc.). 
• Subgrade soil properties. 
• Base and subbase properties. 
• Asphalt concrete (AC} and portland cement concrete (PCC) thickness and material properties. 
• PCC strength test results. 
• Deflection test results. 
• Climate. 

The above data items and the following additional items were requested for use in the field · 
verification of the improved AASHTO performance model: 

• Traffic. 
• Distress. 
• International Roughness Index (IRI) [for use in estimating present serviceability index (PSI}]. 

The methods by which the needed data were obtained and prepared for use in the analyses are 
described in the technical memorandum written for Task A of this study, "L TPP Data Analysis, 
D1FH61-94-C-00218, Data Identification, Acquisition, and Manipulation." 
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VERIFICATION OF k-V ALUE GUIDELINES 

Summary of NCHRP 1-30 k-Value Findings 

The elastic k-value on top of the subgrade or prepared embankment is the recommended design 
input. Only the elastic component of deformation is considered representative of the response of 
the subgrade to traffic loads on the pavement. Three categories of methods were compiled in 
NCHRP 1-30 for estimating the elastic k-value of the subgrade for a pavement design project: 
correlation methods, backcalculation methods, and plate testing methods. 

Correlation Methods. Guidelines were developed for selecting an appropriate k-value based on 
soil classification, moisture level, density, California Bearing Ratio (CBR) data, Hveem 
stabilometer (R-value) data, or Dynamic Cone Penetrometer (DCP) data. It is anticipated that 
these correlation methods will be used routinely for design. The k-values obtained from 
correlation methods may need adjustment for embankment above the subgrade or a shallow rigid 
layer beneath the subgrade. 

Backcalculation Methods. These methods are suitable for determining k-value for design of 
overlays of existing pavements, or for design of reconstructed pavements on existing alignments, 
or for design of similar pavements in the same general location on.the same type of subgrade. An 
agency may also use backcalculation methods to develop correlations between nondestructive 
deflection testing results and subgrade types and properties. 

Cut and fill sections are likely to yield different k-values. No embankment or rigid layer 
adjustment is required for backcalculated k-values if these characteristics are similar for the 
pavement being tested and the pavement being designed; however, backcalculated dynamic k­
values need to be reduced by a factor of approximately two to estimate a static elastic k-value for 
use in design. 

Plate Bearing Test Methods. The most direct method of determining k is by repetitive or 
nonrepetitive plate loading tests (AASHTO T221 or T222, ASTM D 1195 or D 1196) on a 
prepared section of the subgrade or embankment. Because these tests are costly and time­
consuming, it is not anticipated that they will be conducted routinely. AASHTO T221 and T222 
specify that if the pavement is to be built on an embankment, the plate bearing tests should be 
conducted on a test embankment. 

In the repetitive test, the elastic k-value is determined from the ratio of load to elastic deformation 
(the recoverable portion of the total deformation measured). In the nonrepetitive test, the load­
deformation ratio at a deformation of 0.05 in [1.25 mm] is considered to represent the elastic k­
value, according to research by the U.S. Army Corps of Engineers. Note also that a 30-in- [762-
mm-] diameter plate should be used to determine the elastic static k-value for use in design. 
Smaller diameter plates will yield much higher k-values that are inconsistent with slab behavior 
under load. 
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Assignment of k-V aloes to Seasons. A season is defined as a period of time within a year that 
can be characterized by some set of climatic parameters. Among the factors that should be 
considered in selecting seasonal k-values are the seasonal movement of the water table, seasonal 
precipitation levels, winter frost depths, number of freeze-thaw cycles, and the extent to which the 
subgrade will be protected from frost by embankment material. 

The seasonal variation in degree of saturation is difficult to predict, but in locations where a water 
table is constantly present at a depth ofless than about 10 ft (3 m], it is reasonable to expect that 
fine-grained subgrades will remain at least 70 to 90 percent saturated, and may be completely 
saturated for substantial periods in the spring. The highest position of the water table, but not its 
annual variation, can be determined from county soil reports. 

A seasonally adjusted "effective" k-value may be obtained by combining the seasonal k-values. 
The effective k-value is essentially a weighted average based on some performance measure such 
as fatigue damage. The effective k-value results in the same performance over the f?ntire year that 
is caused by the seasonally varying k-value. Determination of a seasonally adjusted effective k­
value within the context of any specific design procedure must be done using the performance 
model intrinsic to that procedure. In NCHRP 1-30, an improved seasonal adjustment procedure 
was developed for the AASHTO Guide, using a proposed revised perfonnance model calibrated 
to the seasonally adjusted k-value of the AAS HO Road Test site. 

Adjustment to k for Fill Thickness and Rigid Layer. A nomograph was developed for 
adjustment of the seasonally adjusted, effective subgrade k-value if: (1) fill material will be placed 
above the natural subgrade, and/or (2) a rigid layer (e.g., bedrock or hard clay) is present at a 
depth of 10 ft [3 m] or less beneath the existing subgrade surface. Note that the rigid layer 
adjustment should only be applied if the subgrade k was determined on the basis of soil type or 
similar correlations. If the k-value was determined from nondestructive deflection testing or from 
plate bearing tests, the effect of a rigid layer is already represented in the k-value obtained. 

Availability of Subgrade Data in L TPP 

Plate Load Data. Plate load test results were located in the L TPP database for 31 sections, of 
which 22 are GPS-3, -4, or -5 (concrete pavement) sections. Test type data were located for 16 
of the 31 sections. The test type was indicated by a "1" if the k-value was obtained from a 
nonrepetitive test (AASHTO T222), or a ''2" if the k-value was obtained from a repetitive test 
(AASHTO T221). If the tests were conducted in accordance with the AASHTO or equivalent 
ASTM (American Society for Testing and Materials) standard test method, the two test 
types-nonrepetitive and repetitive-should yield equivalent results. For the remaining 15 
sections for which no test type was indicated, the assumption is made that the k-value reported 
was obtained from a real plate load test, rather than an estimation. 

Other Soils Data. AASHTO soil classification data were available for 548 of the 723 GPS 
sections retrieved, or 76 percent. California Bearing Ratio (CBR) data were available for only 72 
sections, or 10 percent, and R-value data were available for 120 sections, or 17 percent. Other 
soils data that were retrieved for purposes of checking the validity of the soil classification data 
were percent fines, and laboratory and in situ maximum densities and optimum moisture contents. 

6 



Depth of Soil Samples. Thin-walled tube and/or split spoon sampling was done to 5 ft [1.5 m] 
below the top of the subgrade, at one location each, before and after the test sections labeled A 1 
and A2. Augering of the untreated subgrade to 12 in [30 cm] below the top of the subgrade was 
done to obtain bulk samples at three other locations before the test sections labeled BAI, BA2, 
and BA3. A 4-ft by 6-ft [ 1.2-m by 1.8-mJ test pit was dug to 12 in [30 cm] below the top of the 
subgrade after the test section labeled TP. Where a test pit could not be dug, an effort was made 
to retrieve bulk samples, labeled BA4, BAS, and BA6, from this area. 

Deflection Data. Dynamic k-values, as well as concrete slab and base elastic moduli, were 
obtained from deflections measured on the GPS-3, -4, and -5 sections using a variety of methods, 
as described in the following section. 

Evaluation of Backcalculation Methods 

Backcalculation Algorithms. One of the backcalculation algorithms used was the AREA 
method currently included in the AASHTO Guide, by which the radius of relative stiffness is 
estimated as a function of the AREA of the deflection basin. This estimation, along with the 
subsequent calculation of subgrade k and slab E, is done without iteration. The other algorithm 
used was a best-fit method, which solves for the combination ofthe radius of relative stiffness(~) 
and k that produces the best possible agreement between the predicted ~dmeasured deflections 
at each sensor. 

• Sensor configurations: Experience has shown that different backcalculation results may be 
obtained for the same deflection basin using different numbers and positions of sensors. That 
this occurs routinely is evidence of the departure of the behavior of real pavements from the 
idealizations of plate theory and elastic theory. To investigate the significance of sensor 
configuration to backcalculation results, the following configurations were used: 

Configuration Sensor Position 
Name Algorithm (inches) 

B7 Best fit 0,8, 12, 18,24,36,60 

BS Best fit 12, 18,24,36,60 

B4 Best fit 0, 12,24,36 

B3 Best fit 12,24,36 

A7 AREA 0, 8, 12, 18, 24, 36, 60 

A5 AREA 12, 18,24,36,60 

A4 AREA 0, 12,24,36 

A3 AREA· 12,24,36 

[l in= 2.54 cm] 
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• Slab dimensions: Each of the configurations listed above was used to analyze the deflection 
basins, assuming that the subgrade and pavement layers were horizontally infinite. In addition, 
corrections for finite slab size were applied in each case to the backcalculation results, as 
described later. Thµs, a total of 18 solutions were obtained for each deflection basin. 

• Load level: The deflection data were analyzed to determine whether, in the case of concrete 
pavements, load level has a significant effect on the backcalculation results. 

AREA Algorithm. Hoffman and Thompson (6) first proposed the use of a deflection basin 
parameter called AREA for interpreting flexible pavement deflection basins. The AREA 
algorithm has been used extensively to analyze concrete pavement deflection basins since 1980. 
The AREA parameter is not truly an area, but rather has dimensions of length, since it is 
normalized with respect to one of the deflections in order to remove the effect of load level. For 
any given number and configuration of deflection sensors, the AREA may be computed from the 
trapezoidal rule. AREA is computed from the following equations for the four AREA-based 
methods examined in this study: 

A7 = 4 + 6 ( ~: ) + 5 ( ;: ) + 6 ( d
0

8 
) + 9 ( :: ) + 18 ( ~ ) + 12 ( :: ) [l] 

A5 3 + 6 ( dis ) + 9 ( d24 ) + 18 ( d36 ) + 12 ( dro ) 
~2 d~ ~2 ~2 

(2] 

A4 6 + 12 ( ;: ) + 12 ( ~ ) + 6 ( :: ) [3] 

(4] 
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For each of these sensor configurations, the radius of relative stiffness (0 may be estimated from 
the following equation, with the coefficients for use with each configuration given in Table 1:(5) 

In ( X1 - x~EA) x• 

X3 

Table 1. Coefficients for AREA vs. Q equation. 

AREA X1 X2 Xl JC.i 

A7 60 289.708 -0.698 2.566 

A5 48 158.40 -0.476 2.220 

A4 36 1812.279 -2.559 4.387 

A3 24 662.272 -2.122 4.001 

Once the radius of relative stiffness is known, the sub grade dynamic k-value may be estimated 
from the deflection measured at any distance cl, using the following equation: 

pd~ 
r k = 

d Q2 
r 

where P = load magnitude 
cl, = measured deflection at radial distance r 
c1.,• = nondimensional deflection coefficient for radial distance r: 

[5] 

[6] 

d * = a e [ -b e< -, e > ] 
r [7] 

The values for the a, b, and c constants in equation 7 are given in Table 2.(5) 
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Table 2. Coefficients for nondirnensional deflection equation. 

Radial distance (in) a b 
. 

0 0.12450 0.14707 

8 0.12323 0.46911 

12 0.12188 0.79432 

18 0.11933 1.38363 
. 

24 . 0.11634 2.06115 
. 

36 0.10960 3.62187 

60 0.09521 7.41241 

R1 ~ 99.7 percent (predicted versus actual values) for all models. 
Oy:;;; 0.01 for all models. 
1 in= 25.4 mm 

. 

C 

0.07565 

0.07209 

0.07074 

0.06909 

· 0.06775 

0.06568 

0.06255 

Note that the equations presented here were developed for the falling-weight deflectometer 
(FWD) load plate radius of 5.9 in [150 mm]. Note also that to obtain an estimate ofk that is 
independent of the estimated e, one must use the coefficients for the deflection that was used to 
normalize the AREA equation, that is, do for A7 and A4, and d12 for AS and A3. 

Among the advantages of the AREA algorithm are ease of use (i.e., being directly solvable with a 
spreadsheet or calculator, without any particular backcalculation software), use of several 
deflections to characterize the overall response of the subgrade and pavement, and applicability to 
concrete pavements with asphalt overlays or other pavements (such as very thick slabs) for which 
slab compression may be a significant factor in deflection under the load plate. The latter is 
accomplished using an AREA definition such as AS or A3 that excludes do-

Among the disadvantages of the AREA algorithm are the sensitivity of the normalizing deflection 
(do or d 12), the assumption that the slab and subgrade are horizontally infinite, and the 
characterization of the entire pavement structure above the subgrade as a single plate. To address 
the latter two limitations, an available method for correcting the backcalculation results for finite 
slab size was evaluated and improved in this study, as described later. Methods are also available 
for dividing the composite elastic modulus of the pavement into two moduli for a slab and base, 
but these were not evaluated in this study. 

Best Fit Algorithm. The objective of the best fit backcalculation algorithm is to find a 
combination of concrete elastic modulus and subgrade k-value for which the calculated deflection 
profile closely matches the measured profile. The problem can be formulated as the minimization 
of the error function, F, defined as follows: 

n 

F(E,k) :: E ai ("-(r) - Wi) 2 

i=O 
[8] 
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where o:i is the weighting factor, w(r) is the calculated deflection, and Wi is the measured 
deflection. The weighting factor might be set equal to 1, ot (1/W J2, or any other numbers. 

For a given load radius and sensor configuration, the deflections at the sensor locations can be 
rewritten in the following form: · 

[9] 

where p is the applied load pressure and fi is the function of the radius of relative stiffness, 
distance from the center of applied load to the location of the ith sensor, and the parameters of 
applied load. The expressions for the function fi can be found in Reference 7. The error function 
F can be presented in the following form: 

F(E,k) = F(Q,k) = ta o:i ( ~ /;(e) - wJ2 

To obtain the minimum of the error function F, the following conditions should be satisfied: 

aF = O 
2k 

Substitution of the error function equation into the equation for the first condition yields the 
following equation for the k-value: 

" L o://C~))z 

k i=O =p----
" 

"o:. w. F.(Q) ~ l ,Jz 
i=O 

[10] 

[11] 

[12] 

[13) 

Substitution of the error function equation into the equation for the second condition yields the 
following equation for the radius of relative stiffness: 

n " L o:/;CQ)t/CQ) LO:; W; j/(Q) 
i=O = i=O 

[14] 
n " L o://P))

2 L 0: W.f.(Q) 
I I I 

1=0 i=O 
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These equations could be solved using a spreadsheet or a computer program (ERESBACK 2.0) 
that ERES Consultants developed for this purpose under another study, with a trivially short 
execution time per basin. 

In this ·study, the following procedures were used to apply this best fit algorithm to 
backcalculation of subgrade k-values: 

1. Assign weighting factors. In this study, they were set equal to 1. 
2. Determine the radius of relative stiffness that satisfies the t equation .. 
3. Use the k equation to determine the modulus of subgrade reaction. 

The ability to control the weights given to the various deflection measurements adds some 
flexibility to the best fit solution process. Among the disadvantages are the complexity of the 
solution process and two of the same disadvantages described earlier for the AREA 
algorithm-the need for a correction for finite ~lab _size and the need to divide the composite 
elastic modulus of the pavement structure into individual moduli for the slab and base. 

Comparisons of Sensor Configurations and Back calculation Algorithms. The results of the 
application of all of the backcalculation methods to the LTPP GPS-3, -4, and -5 data permit 
several comparisons. 

1. Best fit versus AREA for equal sensor configurations: 

B7 versus A7: 0, 8, 12, 18, 24, 36, 60 in 
B5 versus A5: 12, 18, 24, 36, 60 in 
B4 versus A4: 0, 12, 24, 36 in 
B3 versus A3: 12, 24, 36 in 
[1 in= 2.54 cm] 

(see Figure 1) 
(see Figure 2) 
(see Figure 3) 
(see Figure 4) 

In every case, the AREA method produces slightly higher k-values than the best fit method. This 
is believed to be due to the greater sensitivity of the AREA method to the maximum deflection 
used (D0 or D1i.). Better agreement is achieved with the two configurations that exclude D0, the 
deflection at the center of the load plate. 

2. Effect of deflection basin radius for same algorithm: 

B7 versus B,4: 0, 8, 12, 18, 24, 36, 60 in versus 0, 12, 24, 36 in 
B5 versus B3: 12, 18, 24, 36, 60 in versus 12, 24, 36 in 
A 7 versus A4: 0, 8, 12, 18, 24, 36, 60 in versus 0, 12, 24, 36 in 
A5 versus A3: 12, 18, 24, 36, 60 in versus 12, 24, 36 in. 
(1 in= 2.54 cm] 

(see Figure 5) 
(see Figure 6) 
(see Figure 7) 
(see Figure 8) 

With each method, the use of D60 gives a slightly lower k-value. This is more noticeably true for 
the AREA methods. 

12 



3. Effect of deflections under load for same algorithm: 

B7 versus BS: 0, 8, 12, 18, 24, 36, 60 in versus 12, 18, 24, 36, 60 in 
B4 versus B3: 0, 12, 24, 36 in versus 12, 24, 36 in 
A7 versus AS: (Same as B7 versus BS) 
A4 versus A3: (Same as B4 versus B3) 
[1 in= 2.54 cm] 

(see Figure 9) 
(see Figure 10) 
(see Figure 11) 
(see Figure 12) 

In each case, the use of D0 produces a somewhat lower k-value than the exclusion of D0• This is 
most noticeably true for the AREA methods. 

Correction for Slab Size. The backcalculation procedures presented above are based on 
Westergaard's solution for interior loading of an infinite plate. A concrete slab, however, has 
finite dimensions. If the slab is sufficiently small that its behavior does not approximate that of an 
ideal infinite slab, the backcalculation results may be distorted. In general, analyzing a small slab 
as if it were an infinite slab will lead to underestimation of the k-value and overestimation of the 
concrete modulus. In 1993, Crovetti developed the following slab size correction procedure for a 
square slab, based on the results of finite element analysis using the computer program ILLI­
SLAB: 

1. Estimate e from the infinite slab size backcalculation procedure. 
2. Calculate UQesi, where Lis the square slab size (both Land Qare expressed in the same units). 
3. Calculate adjustment factors for maximum deflection (do) and e from the following equations: 

( 
L )D.80151 -0.71878 -

AF~ = 1 - 1.15085 e 
1
'" 

[15] 

-0.61662 ( ..!::.., ) l.0483I 

= 1 - 0.89434 e 1
'" 

[16] 

4. Calculate adjusted do= measured do* AF do· 

5. Calculate adjusted e = measured do* AF,. 
6. Backcalculate the sub grade k-value and concrete E using the. adjusted do and e. 

This procedure has some limitations. Frrst, it considers only a single slab, assuming no load 
transfer to adjacent slabs. Second, the above equations were developed for square slabs, although 
they are considered to be sufficiently accurate for use with rectangular slabs, where L is ta.ken as 
the smaller slab dimension, length or width. Third, the deflection adjustment factor was 
developed for do, whereas some of the backcalculation methods evaluated for this study did not 
use the maximum deflection. 
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In this study, Crovetti's procedure for slab size correction was verified using an analytical ~losed­
form solution and generalized to address the second and third limitations. Crovetti developed his 
procedure using the results of finite element analysis. To verify this procedure, an alternative 
procedure was developed using an analytical solution for interior loading of a finite size slab 
obtained by Korenev.(8) The solution generalizes Westergaard's solution for deflection of an 
infinite slab to the case of a circular slab. To find the deflection distribution in a rectangular and 
not very long slab for points located not too close. to the edges, Korenev recommended using the 
solution for a circular slab with a surface area equal to the rectangular slab's area. In this study, 
Korenev's recommendation was modified. It is proposed that Crovetti's correction factors be 
applied using an equivalent square slab, L, which provides the same surface area of the 
rectangular and square slabs, that is, 

where L1 and Li are slab width and length, respectively. 

This recommendation should be applied only if the slab length is no more than twice the slab 
width. For longer slabs, an equivalent slab size is equal to: 

[17] 

[18] 

To address the third limitation, an alternate correction was developed, in which steps 4 and 6 
above are replaced by the following equation for the k-value: 

[19] 

This correction factor can be applied with any backcalculation procedures, including the AREA­
based procedures and the best fit procedures. 

To verify the proposed modifications, a series of deflection profiles modeling FWD tests were 
generated using the finite element program ILLI-SLAB. The length of the slab was varied from 
12 ft to 60 ft [3.7 m to 18.3 m], and the radius of relative stiffness was varied from 25 in to 55 in 
[63.5 cm to 139.7 cm]. The coefficients of subgrade reaction were backcalculated using the Best 
Fit 4 algorithm, and deflection profiles were generated and compared withILLI-SLAB inputs. 
Figure 13 shows the results of this comparison. The modified slab size correction procedure 
provides a good correlation between the input and backcalculated k-values. 
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Effect of Slab Size Correction on Backcalculated k 

For every backcalculation method investigated, the correction for finite slab size produces an 
increase in the k-value. The percentage increases in the backcalculated dynamic k-value for 287 
GPS-3 and GPS-4 sections are shown in Table 3. The mean increase ranges from 17 to 27 
percent for the various methods .. However, within each method, the increase in k with slab size 
correction varies a great deal; thus, it is not reasonable to pick a single percentage to be applied to 
infinite slab backcalculation results in all cases. · 
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Figure 13. Improvement in backcalculated k-value with modified slab size correction. 
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Table 3. Effect of slab size correction on backcalculated dynamic k-value. 

Method Percent increase in k-value with correction 
mean range 

B7 24 1 - 92 

B5 27 1 - 106 

B4 21 1 - 72 

B3 24 1 - 103 . 

A7 20 0 - 80 

A5 25 I - 107 

A4 17 0 - 90 . 

A3 23 I - 111 

Effect of Load Level. The results of . backcalculation for concrete pavements usually do not 
depend on load level if the load level is sufficiently large. Figures 14 and 15 show comparisons of 
backcalculated k-values using the AREA4 and Best Fit 4 methods, respectively, for. different 
stations of the same project. No correlation between the load level and backcalculated k~values is 
observed for either method. · This was generally true of all of the L TPP sections analyzed; no 
significant effect of load level on backcalculated k-value.was observed. Figure 16 shows a 
histogram of coefficient of variation of backcalculated k-values for the GPS~3 sections for 
particular locations based on backcalculation from 12 drops (4 drops at each of 3 load levels). 
For all of the methods, the rnedian coefficient of variation in k for multiple drops and multiple 
load levels at a given station is less than or equal to 5 percent, and for more than 80 percent of the 
GPS-3 sections, the coefficient of variation at a given station is less than or equal to 10 percent. 
Figure 16 also shows that for any sensor configuration, the best fit. method yields a lower 
coefficient of variation in backcalculated k~values from multiple drops than .the AREA method. 
For both methods, exclusion of D0 yields better agreement between the coefficients of variation 
obtained for otherwise equal sensor configurations. 
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Coefficient of Variation in k Along Section Length 

Using the GPS-3, GPS-4, and GPS-5 data sets, a k-value was backcalculated for every station 
and for every load.level. For some sections, a large scatter ofbackcalculated k-values resulted, 
which may be due to variations in material properties, pavement condition (proximity of cracks to 
deflection basins), pavement laye~ thicknesses, interface conditions, and so on. To determine the 
most representative values for the backcalculated values, the following data screening procedure 
was applied for each section: 

Step 1. Using the backcalculation results for all stations and load levels, the mean and standard 
deviation of the k-value were calculated. 

Step 2. The backcalculated k-values from each individual station were compared with the mean 
values. If at least one value differed by more than two standard deviations from the mean value, 
the results from that station were dropped. 

Step 3. If at least one station was dropped in Step 2, a new mean and standard deviation was 
calculated for the section and Step 2 was repeated; otherwise, the mean value was accepted as the 
final results for the section. · 

Figure 17 compares the mean values of backcalculated k for the GPS-3 data set obtained before 
and after screening. For most cases, these values are very close. The difference is significant for 
only a few cases. Figures 18 and 19 show cumulative frequency distributions of the coefficient of 
variation ofbackcalculated k-values for the GPS-3 sections before and after screening, 
respectively. Before screening, the median coefficient'of variation is about 20 percent for all 
backcalculation methods. After screening, the median coefficient of variation is about 10 percent 
for all methods. Of course, it must be remembered that the L TPP sections are relatively short; a 
larger coefficient of variation in backcalculated k-values might be expected for a project of greater 
length. 

As a rule of thumb, a ·coefficient of variation in backcalculated k that is less than 20 percent after 
screening of outliers is reasonable. Significantly higher k coefficients of variation suggest 
significant changes in the subgrade soil type, the embankment thickness, or the depth to bedrock. 
Division of the projectinto subsections of more consistent k-values may be appropriate in some 
cases. 

Comparisons of Plate Load Data With Other Data 

Perhaps the most valuable set of LTPP data for use in verifying the NCHRP 1-30 k-value 
guidelines is the set of plate load test results available for 31 sections. For these sections, the 
following comparisons are possible. 
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1. Plate load k versus soil class: As shown in Table 4, the plate load k-value fell within the 
ranges recommended for the AASHTO soil class in 27 of 3 I cases; In the other four cases, 
three were gravelly materials (A-1-a, A-1-b, and A-2-4) for which the plate load k was lower 
than the recommended range, and one was a gravelly material (A-2-4) for which the plate load 
k was higher than the recommended range. 

2. Plate load k versus CBR: CBR data were available for 15 of the 31 sections with plate load 
k-values. As shown in Table 5, the plate load k-values fell within the range indicated by the 
CBR values in 12 of the 15 cases. In the other three cases, the plate load k was below the 
range indicated by the CBR. 

3. Plate load k versus R-value: R-value data were not available for any of the 31 sections with 
plate load k-values. 

4. Plate load k versus backcalculated.k: .The mean ratio ofbackcalculated k-value to plate 
load k-value for the 22 concrete pavement sections, for each of the backcalculation methods, 
is shown in Table 6. Note that the results with slab size correction were computed only for 
the GPS-3 and GPS-4 sections. These results show that the backcalculated k-values exceeded 
the plate .load k-values by factors ranging from 1.37 to 1.84 without slab size correction, and 
from 1. 78 to 2.16 with the slab size correction .. For the most promising solution for each 
algorithm-AREA7 and BEST 4-the ratios with slab size correction are very close to the 
traditionally recommended factor of 2. For AREA7 (the AREA method applied to the SHRP 
sensor configuration), the mean ratio with slab size correction is 1.97, and for BEST 4 (the 
best-fit method applied to the traditional four-sensor configuration), the mean ratio is 1.99. 
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Table 4. Plate load k versus AASHTO soil class. 

Rec range Plate Load Test 
Section Plate load k AASHTO class (osi/in) kin ranl(e? 

3053 46 140' A-1-a 300-450 N 

3010 46 110 A-2-4 300-500 N 
•. 

3012 55 138 A-4 5-220 y 

3006 19 125 A-6 5-255 y 

3009 19 125 A-6 5-255 y 

3028 19 125 A-6 5-255 y 

3033 19 115 A-6 5-255 y 

3055 19 125 A-6 5-255 y 

3009 46 162 A-6 5-255 y 

3013 46 169 A-6 5-255 y 

660046 161 A-6 5-255 y 

3012 46 157 A-7-6 40-220 y 

3052 46 160 A-7-6 40-220 y 

3010 49 120 A-7-6 40-220 y 
. 

6702 31 600 A-2-4 300-500 N 

9126 19 JOO A-4 5-220 y 

5046 19 150 A-1-b 200-400 .N 

5042 19 120 A-4 5-220 y 

9116 19 110 A-6 5-255 y 

502046 165 A-6 5-255 y 

504046 160 I A-6 5-255 y 

5025 46 175 A-7-6 40-220 y 

6049 19 120. A-6 5-255 y 
. 

1016 27 150 A-3 150°300 y 

1030 31 200 A-4 5-220 y 
. 

7049 46 135 A-6 5-255 y 
.. 

9187 46 80 A-7-6 40-220 y 

9197 46 145 A-6 5-255 y 

1028 47 165 A-7-5 .5-215 y 

3110 47 160 A-7-5 5-215 y 

9020 08 110 A-7-6 40-220 y 

1 psi/in = 0.271 kPa/mm 
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Table 5. Plate load k versus California Bearing Ratio (CBR) . 
.. 

Rec range Plate Load Test 
. Section Plate load k CBR (osi/in) kin range? 

. 

3053 46 140 5 8-220 y 

3010 46 110 9 150-310 N 

3012 55 138 -
300.6 19 125 - . 

3009 19 125 -
3028 19 . 125 . 

3033 19 115 . 

3055 19 125 . 

. 3009 46 .. 162 6 100-240 y 

3013 46 169 7 110-250 y 

.660046 161 46 380-580 N 

3012 46 157 10 150-320 y 

3052 46 160 6 100-240 y 

3010 49 120 4 50-200 y 

. 6702 31 . 600 -
9126 19 100 . 

5046 19 150 -
. . 

5042 19 120 -
9116 19 110 . 

502046 165 7 110-250 y 

5040 46 160 6 100-240 y 

5025 46 175 7 110-250 . y· 

6049 19 120 . 

1016 27 150 . 

1030 31 
. 200 -

7049 46 135 5 . 8-220 y 

9187 46 80 27 290-460 N 

9197 46 145 . 7 110-250 y 

1028 47 . 165 7 110-250 y 

3110 47 160 -
. 

9020 08 110 . 
. 

1 psi/in =0.271 kPa/mm 
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Table 6. Backcalculated k versus plate load k. 

. . , . 

Method without Backcalculated k / Method with Backcalculated k I 
correction plate load k correction . plate load k 

B71 1.47 B7F 1.85 

B5I 1.37 B5F 1.78 . 

B4I 1.63 B4F 1.99 

B3I 1.47 B3F 1.85 

A7I 1.62 A7F 1.97 . 

ASI 1.43 A5F 1.82 

A4I 1.84 A4F. 2.16 
. 

A3I 1.53 A3F 1.91 

Average: 1.54 Average: 1.91 
~ 

Comparison of Backcalculated k and Other Soils Data 

Based on the results of the comparison of the plate load data with other soils data available in the 
L TPP database, the AREA7 method was used, with slab size correction, to estimate static k­
values for all of the GPS~3, -4, and -5 sections. The static k-vaiue was estimated by dividing the 
mean backcalculated k-value after data screening by 1.97. The estimated static k-value was then 
compared with any soil type, CBR, and R-value data available in the database. 

1. Static k from backcalculation versus soil class. Figure 20 shows the range of static k­
values estimated from backcalculation results, for each soil type, compared to the range of 
static k-vallies traditionally recommended for that soil type (i.e., by the Bureau of Public 
Roads and Portland Cement Association).· The results are summarized below: 

• A-1-a, gravel: Not surprisingly, the mean and range of static k-values estimated from 
backcalculatiori are significantly lower than those traditionally recommended. This is thought 
to be dueto the fact that the subgrade types identified in the LTPP database may only be 
descriptive of the top 1 to 2 m of material beneath the pavement· layers. A true deep subgrade 
of A-1 is a very rare occurrence, and what may be identified as an A-1 subgrade in the LTPP 
database may, in fact, only describe a layer of gravel or stone fill atop a softer soil. 

• A-1-b, coarse sand: The range of static k-values estimated from backcalculation results is 
similar to, but wider than, the traditionally recommended range; the mean is well within the 
recommended range. Again, the lower estimated values may be due to a softer subgrade 
underlying the granular material. 
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• A-2, granular materials with high fines: The range 0f static k-values estimated from 
backcalculation results overlaps the recommended range between about 150 and 300 psi/in 
[40.8 and 81.6 kPa/mm], but the range of values estimated for the LTPP sections extends 
below 100 psi/in [27.2 kPa/mm] and no values above 300 psi/in [81.6 kPa/mm] were 
estimated, whereas the traditionally recommended range for A-2 materials extends to 500 
psi/in [136 kPa/mm]. The mean estimated k for the L TPP sections, at about 150 psi/in [40.8 
kPa/mm], is close to the low end of the traditionally recommended range. The lower 
estimated values may be due to a softer subgrade underlying the granular material. 

• A-3, rme sand: The range of static k-values estimated from backcalculation results is wider 
than the traditionally recommended range, and the mean is just below the lower limit of the 
traditionally recommended range, i.e., 150 psi/in [40.8 kPa/mm]. The lower estimated values 
may be due to a softer subgrade underlying the granular material. 

• A-4, silt and silt/sand/gravel mixtures: A wide range of static k-values was estimated from 
the backcalculation results, but the mean is well within the recommended range. Only a few 
sections are responsible for the high upper limit on the estimated range, as evidenced by the 
fact that the mean is· much closer to the lower limit. It is not surprising that the recommended 
range goes much lower than the estimated range, considering that the recommended range 
encompasses saturation levels up to 100 percent saturation; however, the LTPP sections, in 
general, were. tested in the summer and fall months when the degree of subgrade saturation 
was likely to have been lower. This applies to all of the fine-grained soil types, as Figure 20 
illustrates. 

• A-5, poorly graded silt: The mean of the estimated static k range agrees very well with the 
midrange of the recommended range. Just a Jew sections with high values are responsible for 
the upper limit of the estimated range being higher than that of the recommended range, as 
evidenced by the fact that the mean is much closer to the lower end of the estimated range. 

• A-6, plastic clay: Just as for the A-5 soils, the mean_ of the estimated static k range agrees 
very well with the midrange of the recommended range. Just a few sections with high values 
are responsible for the upper limit of the estimated range being higher than that of the 
recommended range, as evidenced by the fact that the mean is much closer to the lower end of 
the estimated range. 

• A-7-5, moderately plastic clay: The range of estimated static k-values was fairly narrow and 
was contained within the recommended range. 

• A-7-6, highly plastic elastic clay: Just as for the A-5 soils, the mean of the estimated static k 
range agrees very well with the midrange of the recommended range. Just a few sections with 
high values are responsible for the upper limit of the estimated range being higher than that of 
the recommended range, as evidenced by the fact that the mean is much closer to the lower 
end of the estimated range. 

For coarse-grained soils, these comparisons indicate that, in general, the static k-values estimated 
from backcalculation results tend to be somewhat lower than the traditionally recommended 
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values, and that values near the upper limit of the traditionally recommended range should not be 
used unless the subgrade is known to indeed consist of a substantial thickness, i.e., several meters, 
of coarse-grained materials .. 

For fine-grained soils, the static k-values estimated from backcalculation results are typically 
consistent with the traditionally recommended range, as indicated by the mean values estimated 
for each fine-grained soil class. Values higher than those traditionally recommended were 
obtained for a few LTPP sections, but are not typical. The LTPP sections did not yield estimated 
static k-values approaching the lower ends of the traditionally recommended ranges, which is not' 
surprising considering that the L TPP sections were not tested during times of maximum subgrade 
saturation. 

2. Static k from backcalculation versus CBR: Figure 21 illustrates the comparison of CBR 
values and static k-values estimated from backcalculation results for those GPS-3, -4, and -5 · 
sections for which both types of data were available. In general, the estimated k-values agree 
reasonably well with the recommended range of values, although a downward shift in the 
lower bound would be necessary to encompass several of the values. Also, a few sections 
with high CBR values had estimated static k-values that were considerably below the 
recommended range. This may be an indication that the subgrades for these sections are not 
actually granular layers of substantial thickness. 

3. Static k from backcalculation versus R-value: Figure 22 illustrates the comparison ofR­
values and static k-values estimated from backcalculation results for those GPS-3, -4, and -5 
sections for which both types of data were available. The range shown by the lines on the 
chart are based on correlations between R. .and CBR given in the AASHTO Guide (Part II, 
Figures 2.6 and 2.7). The results in Figure 22 do not indicate any relationship between the R­
values and the static k-values estimated from backcalculation results for the LTPP sections. 

Improvements to NCHRP 1-30 k-Value Guidelines 

Based on the results of these analyses using the data from the LTPP GPS-3, -4, and -5 pavement 
sections, the following improvements to the NCHRP 1-30 k-value guidelines are recommended 
and have been made in the proposed revision to the AASHTO Guide (see the appendix). 

1. R-value vs. k-value correlation eliminated. The LTPP data analyses indicated not only that 
the R-k correlation showed no agreement with the available data, but also that the available 
data did not demonstrate any significant trend ink-value with R-value. 

2. Plate load testing on a test embankment is only recommended if the embankment is at least 
10 ft [3.0 m] thick. Otherwise, the k of the underlying subgrade should be determined based 
on testing or correlations and adjusted as a function of the thickness and density of the 
embankment. Testing on top of a granular embankment only a few feet thick may result ink­
values too high for use in design. 
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3. A minimum static k-value of 25 psi/in [6.8 kPa/mm] is recommended for fine-grained 
soils at 100 percent saturation. Deflection testing and backcalculation of all of the LTPP 
sections and many other pavements around the United States have never yielded k-values 
lower than this. 

4. A summary table was developed that lists soils by AASHTO soil class, Unified soil class, and 
descriptive name, and identifies corresponding reasonable ranges for dry density, CBR, and 
static elastic k-value. 

5. The correlation of CBR to k-value was plotted with CBR on a log scale to better illustrate 
the relationship of CBR to k in the CBR range of 1 to 10. 

6. The best tit backcalculation algorithm yielded more consistent results than the AREA 
algorithm with respect to differences in sensor configuration, basin radius, inclusion of 
deflections under and very near the load plate, coefficient of variation with multiple load levels 
and load drops, and coefficient of variation along the project length. In general, use of the 
best fit methods is preferable to use of the AREA methods, but depends on software 
availability. For highway pavements, the Best Fit 4 solution is recommended. 

7. The AREA7 method is proposed for use in the AASHTO Guide because it involves a few 
equations that can be easily presented on paper and solved by calculator or spreadsheet, and 
because among the AREA methods, AREA7 yielded the closest results to the best fit methods. 
The AREA7 method can therefore be considered a quick and reasonable approximation of the 
results that best fit analysis would yield. 

8 . . A slab size correction is strongly recommended to correctly backcalculate the k-value, 
because all of the solution methods reviewed in this study are based on the assumption of 
infinite slab behavior, which is not realistic for highway slabs. It should be noted, however, 
that the slab size correction procedure originally developed by Crovetti and modified in this 
study still does not consider the effect that transverse and longitudinal joint load transfer and 
edge support, such as a tied PCC shoulder, may have in increasing the effective slab size. 
Crovetti has researched this topic, but further investigation is needed to develop a reliable and 
easy-to-use procedure to correct backcalculated k-values for rectangular slab sizes and partial 
load transfer. 

9. The k-values backcalculated from FWD deflections exceeded plate load k-values, for 
those LTPP sections for which plate load data were available, by factors averaging very close 
to 2 for all of the backcalculation algorithms. Thus, the simple rule for dividing the 
backcalculated k by 2 to estimate the plate load k is considered to be valid. 
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VERIFICATION OF PROPOSED AASHTO PERFORMANCE MODEL 

Improved Consideration of Support in AASHTO Methodology 

A comprehensive evaluation of the AASHO Road Test and.the resulting concrete pavement 
design models conducted under NCHRP 1-30 revealed several major deficiencies related to 
pavement support conditions. Due to the nature of these deficiencies, a major effort was 
expended to develop procedures for improved consideration of support into the AASHTO design 
methodology. Details of the development are given in Appendix E of Reference 2. 

This effort required an extensive examination of the design and subsequent performance of the 
test pavements at the AASHO Road Test site, a detailed examination of the original development 
of the concrete pavement design model and its subsequent "extensions" over time, the formulation 
of recommended improvements for pavement support, and, finally, the incorporation of these 
improvements into a proposed revision to the AASHTO design model with different support 
inputs. Efforts were then made to verify the proposed revised AASHTO design model using 
long-term performance data from the extended AASHO Road Test and other in-service 
pavements in a variety of climatic zones. The proposed revisions to the relevant portions of the 
AASHTO Guide are provided in the appendix. 

Deficiencies in 1993 AASHTO Procedure Related to Pavement Support 

The following summary is a list of the specific deficiencies in the current version of the AASHTO 
design procedure for concrete pavements that are related to pavement support. 

• The gross k-value input assumes a large amount of permanent deformation and does not 
represent the support that the pavements actually experience during traffic loading. An 
elastic k-value provides a far more realistic match to measured strains. In analysis of 
AASHO Road Test pavements, the elastic k-value was found to reduce the stress in the 
slab equal to that computed from measured strains under creep speed axle loading. 

• The lowest gross k-value that was measured on top of the base during the spring (60 
psi/in [16 kPa/mm]) was incorporated into the AASHTO model in 1961 and has not been 
changed. The 1986 version provided a procedure to consider seasonal variation in 
selection of a design k-value; however, the design equation was not modified to 
incorporate the effective k-value that existed at the Road Test site. Thus, the current · 
seasonal adjustment procedure is incompatible with the current design model. 

• The effect of the base course on performance is not properly considered through the 
composite "top of the base" k-value. This is especially true for stiff treated bases that act 
as structural layers in reducing stress in the slab. An improved way to model the effect of 
the base layer on slab stress is needed. 

• Substantial loss of support existed for many sec.lions at the AASHO site, which led to 
increased slab cracking and loss of serviceability; thus, the performance data and design 
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equation already incorporate considerable loss of support. Incorporation of an additional 
loss of support factor results in overdesign. What is needed is a way to consider the 
benefit of an improved base on performance in terms of cracking and faulting. 

• The 1961 extension used Spangler's unprotected comer equation. The critical stress 
location at the AASHO Road Test was along the slab edge for slabs 6.5 in [165 mm] and 
greater, and resulted in transverse fatigue cracks initiating at the bottom of the slab. The 
stresses in the vicinity of the comer were much lower than those at rnidslab due to the 
well-doweled joints. Use of Spangler's comer equation with doweled joints does not 
model the critical stress and crack initiation location, and thus cannot possibly provide 
accurate indications of the effect of slab support on cracking, especially when thermal 
curling and moisture warping are considered. 

• The current AASHTO procedure does not provide a methodology to design a pavement 
with undoweled joints. The J factor only considers tensile stress that controls cracking, 
not faulting. An undoweled joint requires improved slab support from the base and a 
more erosion-resistant base material to prevent loss of support over time and premature 
failure. Thermal curling and moisture warping, which become much more critical to 
performance with undoweled joints, are not considered in the current AASHTO 
procedure. 

• Joint spacing other than that of the Road Test slabs is not considered at all in the current 
design procedure. It is known from many other studies that joint spacing has a major 
effect on slab cracking and faulting.( 10, 11) Subgrade and base support interact with joint 
spacing to affect combined slab stresses from load, temperature, and moisture gradients. 
Thus, slab support is a very important variable in the selection of joint spacing to 
minimize transverse cracking. 

• The original 1961 model reflects the climate of the AASHO Road Test site only. The 
1993 version does not include any variable that adjusts for different climates. Thus, other 
climates that cause different magnitudes of slab curling or warping cannot be considered. 
This limitation alone has led to many pavement failures from premature cracking. 

• The only distress manifestation considered directly by the design procedure is transverse 
slab cracking, because that is basically the only distress that occurred at the Road Test 
(other than erosion and loss of support that contributes to slab cracking). Thus, the loss 
of serviceability was due almost entirely to slab cracking and the subsequent deterioration 
of those cracks, resulting in roughness and loss of serviceability. Some sections had 
excessive loss of support prior to failure from slab cracking. Cracking is related to slab 
support, and the Spangler corner equation incorporated into the AASHTO design 
equation is not a realistic model for predicting the cracking that occurred, as noted above. 

• Faulting of transverse joints did not occur during the 2 years of the Road Test because 
the joints all had dowels; thus, the performance predicted by the design model does not 
consider the effect of faulting on loss of serviceability. The J factor, often thought to 
control faulting, has nothing to do with joint faulting. 
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• Although thermal curling and moisture warping of slabs occurred during the 2-year Road 
Test, the effects of these important factors were not considered in any of the extensions. 
This is important because any design feature that would increase stresses from either of 
these actions cannot be considered in the design of that pavement. For example, joint 
spacing, base stiffness, and subgrade stiffness all affect stresses from thermal curling and 
moisture gradients through the slab. None of these can be considered in pavement design 
using the current AASHTO Guide procedure. 

The following sections briefly summarize the efforts made for NCHRP 1-30 to develop an 
improved methodology for consideration of slab support in the AASIITO design procedure. 

Improved AASHTO Methodology Recommended 

Improved technology exists today that was not available in 1961, including the capabilities of 
three-dimensional finite element models to compute slab stresses, larger and faster computers, and 
advanced mechanistic and statistical modeling. This technology was applied to the original 
AASHO model to develop an extended and improved design model for concrete pavements that 
more fully considers pavement "support" aspects. Specific improvements in the proposed revision 
to the AASHTO design procedure include the following: 

1. Defining the k-value specifically as the value determined on the finished roadbed soil or 
embankment, upon which the base and slab will eventually be constructed. A composite 
"top of the base" k-value is not valid and is not recommended for design. 

2. The k-value input recommended is the elastic k-value as tested extensively at the AASHO 
Road Test and similarly at the Arlington, Virginia, test site. The elastic k-value was 
found to result in slab stresses similar to those produced in the field by axle loads at creep 
speed. 

3. Seasonal support variations are considered through the determination of an effective 
yearly elastic k-value of the embankrnent/subgrade. A procedure was developed to 
determine the effective k-value for the design. 

4. The effect of the base course on slab stress due to load and temperature and moisture 
gradients is directly considered. The base thickness, stiffness, and friction coefficient 
(between the slab and the base) are direct inputs to the design procedure. 

5. Temperature gradients and moisture gradients (as equivalent temperature gradients) are 
directly considered as inputs to the design procedure. 

6. A procedure was developed for checking joint faulting and adjusting joint design if 
deficient, rather than increasing slab thickness. 

7. Joint spacing is directly considered through its interaction with slab support and effect on 
combined load and temperature curling stresses. 
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8. The effects of longitudinal edge load transfer or a widened traffic lane on critical stress 
reduction are considered directly. 

9. Joint (comer) load position stresses are checked for undoweled joints in slab design. 

A new design model for concrete pavement design was developed using the same general 
approach used in 1961 to extend the original empirical model and also incorporate the above 
capabilities. Figure 23 shows this mechanistic-empirical type of model, in which log W is linearly 
related to the logarithm of the strength-to-stress ratio S 'c / a. The new concrete pavement log W 
model (for 50 percent reliability) was obtained by combining the empirical model and the 
mechanistic-empirical model as follows: 

[ [ 
(S / )' l ( s I l ] log W1 = log W + ( 5.065 - 0.03295 P2 2·

4
} * log --j- - log 

0
c [20] 

where W' 
a' 

w 

a 

= number of design 18-kip [40-kN] ESALs in traffic lane 
= maximum tensile slab stress for the midslab load position due to combined load 

and effective temperature curl (with inputs for the new pavement design) 
= number of 18-kip [40-kN] ESALs estimated using the original empirical 

AASHO design model from the main loops (with inputs from original AASHO 
Road Test) 

= maximum tensile slab stress for the midslab load position due to combined load 
and effective temperature curl (with inputs from original AASHO Road Test) 

The above equation represents the best fit relationship between design features and log W. 
Reliability can be added in a manner similar to that in the current AASHTO Guide. 

Field Verification of New Models 

Data were obtained from the 14-year extended AASHO Road Test (12) and the RPPR 
database (11). This database provides performance data from sections with various base types, 
subgrades, climates, and designs from many States. The number of 18-kip [40-kN] ESALs (log 
W) was predicted from the initial serviceability (Pl) to the current serviceability (P2). The actual 
number of ESALs was computed from the traffic data on each section. The results shown in 
Figure 24 indicate a reasonable prediction of log W for a wide variety of pavement designs across 
the United States, with no particular bias of overprediction or underprediction. However, the 
data are very limited, and additional data are needed for verification. Such data are available in 
the LTPP database. 
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Figure 23. Relationship of W to log S 'jo for three terminal serviceability levels for the proposed 
revised AASHTO extended concrete pavement design model. 
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Figure 24. Predicted versus actual log W for test sections from the extended Ia80 tests and the 
FHW A database, using the proposed revised concrete pavement design model. 

44 



Validation of Design Model With L TPP Data 

Data were extracted from the L TPP database from GPS-3, -4, and -5 experiments for the purpose 
of validating the new design model. The data were stored in a spreadsheet format for the 
convenience of data manipulation, plotting, and analysis. The data items listed below were 
required for the analysis. Where necessary, information about the selection and use of the 
available datais provided as well. 

Strategic Highway Research Program (SHRP) ID and State Code 
Year opened to traffic 

Accwnulated ESALs-Annual ESALs were obtained for every section and plotted versus 
time. A best fit regression curve was fitted through the data. Some of the data were highly 
variable. The total accumulated ESALs were summed for each year, from the year of opening 
to traffic to the prediction year (the year for which an IRI was selected to estimate the 
serviceability, as described below. ESAL data were missing for several sections. For each 
section for which ESAL data were analyzed, the quality of fit of the ESAL projection curve to 
the available data was characterized by an R2• When the analysis spreadsheet for the GPS-3 
sections was fully assembled and predicted log W from opening to the prediction year could 
be compared to the actual log W, no trend was apparent in the ratio of predicted to actual log 
W with respect to the R2 of the ESAL prediction, as Figure 25 shows. Thus, no sections were 
removed from the analysis on the basis of the quality of the ESAL prediction. · 

IRI-IRI data measured between 1989 and 1993 were retrieved and plotted for every 
individual section. The IRI that best appeared to represent the value in 1992 or 1993 was 
determined from the graphs for each section. In a very few cases, a dramatic drop in IRI was 
seen in one of these years, suggesting that perhaps the section received an overlay or other 
significant ride quality improvement. In these cases, the year of the last IRI value measured 
before the significant drop was selected as the prediction year. IRI data were missing for 
several sections. 

Joint faulting-Measured faulting at the slab edge (0.3 m) and in the wheel path (0.75 m) 
were retrieved and plotted over time. Data were missing from several sections and the data 
were very erratic from year to year. Faulting values corresponding to the IRI year were 
selected for each section. In general, the edge faulting measun;ments were used, except for 
three sections for which the edge data were not available, but the wheelpath data were. 
Negative faulting values were assumed to be zeros. Sections that had no faulting data were 
excluded from the analysis because the correction to the serviceability loss cannot be done 
without knowing the faulting magnitude. 

Present Serviceability Index (PSl)-The PSI was estimated from the IRI (inches/mile) using 
the following equation (13): 

PSI = 5 e (-o.004 , JRIJ [21] 
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Figure 25. Ratio of predicted vs. actual log W versus ESAL prediction accuracy. 



Adjusted PSI for zero faulting-The original AASHO Road Test included well-doweled 
joints that.did not fault during the 2-year study. Thus, the new model, which is based on the 
original AASHTO model, is only valid for pavements that do not fault. Thus, an adjustment 
was necessary for the LTPP sections that had measurable faulting. The following adjustment 
was made that essentially increased the PSI computed directly from the IRI, depending on the 
amount of faulting. 

For example, suppose that a section had an IRI of 81 in/mi (1278.18 mm/km] in 1993, which 
corresponds to an estimated PSI of 3.59, and suppose also that the section has 1. 15 mm of 
faulting, which corresponds to an IRI of 21.5 in/mi (339.27 mm/km]. The IRI without 
faulting would then be 81 - 21.5 = 59.5 in/mi [938.91 mm/km]. The PSI estimated from this 
IRI only is 3.92. In other words, the actual serviceability in the prediction year is increased to 
remove the portion of the serviceability loss that is due to faulting. 

Initial PSI - Since most of the LTPP sections were several years old at the time of the first 
IRI measurement, there is no way to estimate their initial PSI. This is particularly true for the 
specific 500-ft [152-m] LTPP section. Based on information obtained from state highway 
agencies during the early analysis contract (16), a value of 4.25 was used for all sections, 
recognizing that the true value ranges in practice (prior to smoothness specifications at least) 

· from 3.5 to 4.8. Also, a sensitivity analysis is conducted to show its relative impact. 

Slab thickness - Data from cores were used. If these were not available, inventory data 
were used. 

Average transverse joint spacing - If the pavement had a random joint spacing, the 
average was computed and used in the analysis. 

· Concrete.slab flexural strength -The required input is 28-day, third-point loading, mean 
flexural strength. This value had to be estimated from several different types of strength data 
available: 

( 1) Indirect tensile strengths from 6-in- [ 15-cm-] diameter cores that were cut from the 
sections were obtained from the database. The flexural strength was estimated using the 
following relationship developed by Hammill (14): 

FS = 1.02 ST + 210 (22] 

where FS = flexural strength in third-point loading, psi 
ST = split tensile strength, psi 

The flexural strength estimated from this equation using core split tensile strength 
represents the pavement at the time the core was taken. This strength had to be adjusted 
to an estimated 28-day strength for use in the design model. A model developed under 
the Federal Highway Administration (FHW A) Zero-Maintenance study (15) was used to 
predict the 28-day strength from the strength at any other time: 

47 



R = 1.22 + 0.17 loglO t - 0.05 (loglO t)2 

where R = ratio of fl~xural strength at time t to flexural strength at 28 days 
t = time from placement, years 

[23] 

For example, a flexural strength obtained at 20 years of 800 psi [5.5 .MPa] would result in an 
estimated flexural strength of 590 psi [4.07 .MPa] at 28 days. 

(2) If the core strength was missing, the database was searched for inventory data for 
flexural strength or compressive strength. If 14-day strengths were available, they 
were increased by 10 percent to estimate.28-day strengths. If7-day strengths were 
available, they were increased by 30 percent to.estimate 28-day strengths. Very often, 
the available inventory flexural strength values were very high. 

(3) If none of the above data were available, the mean flexural strength (650 psi [4.48 
.MPa]) was used for the section. 

( 4) The above values were reviewed for either very low values or very high values. A 
practical range of 500 psi [3.45 .MPa] minimum to 800 psi [5.5 .MPa] maximum was 
allowed into the analysis. Any values outside of these limits were not used, and the 
mean value of 650 psi [ 4.48 MPa] was used. 

Concrete slab elastic modulus - The static modulus was estimated from the core 
compression tests. 
Concrete slab Poisson's ratio -These data were obtained mostly from core testing data. If 
the value was not available, a value of 0.20 was assumed. 
Base type - Information was obtained from the database. 
Base thickness - Data were obtained from the coring data. 
Base elastic modulus - The static modulus was estimated from experience based on the 
description of the base material. 
Slab/base coefficient of friction -Estimated from NCHRP 1-30 published summary of 
testing data. 
Subgrade elastic static k-value - Backcalculated from FWD data and divided by 2.00. 
Note: This is essentially the k-value of the underlying subgrade as required input by NCHRP 
1-30. 
Edge support adjustment factor - Based on NCHRP 1-30 recommendations, this value is 
a fraction by which the free edge stress is multiplied. For a free edge (AC shoulder), this 
value is 1.00; for a tied PCC shoulder, it is 0.94; and for a widened traffic lane, it is 0.92. 
Note that the axle load is not located at the edge of the slab, but it is approximately in the 
center of the wheel path and this is the reduction factor for that location orily. 
Mean annual air temperature - Obtained from the LTPP database. 
Mean annual precipitation - Obtained from the L TPP database. 
Mean annual wind speed - Obtained from maps of the United States published by the 
National Oceanic and Atmospheric Administration (NOAA). 
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Effective positive daytime temperature gradient- Computed according to NCHRP 1-30 
model, using mean annual temperature, precipitation, and wind speed. 
Predicted ESALs carried over PSI loss from PSI initial to PSI in 1992 or 1993 when 
latest IRI was measured -This value was computed using the NCHRP 1-30 new design 
model with all of the above inputs. 
Actual ESALs carried since opening to traffic - Estimated as previously described for 
each year and accumulated to the prediction year (1992 or 1993). 

Performance Prediction Capability of Proposed New Model 

After all of the needed data were assembled and checked, the predicted log W was compared to 
the actual log W for each section over various categories of the data, as described below. There 
are two important aspects to this comparison: (1) magnitude of the differences section by section 
between predicted log W and actual log W, and (2) overall bias of the model to, on average, 
either overpredict or underpredict the actual log W. Both of these aspects are addressed in this 
section over the three main LTPP rigid pavement experiments of GPS-3, GPS-4, and GPS-5. 

Performance Prediction for GPS-3 (JPCP) 

Effect of initial serviceability. The prediction quality of the new model using initial 
serviceabilities of Pl= 4.5, 4.25, and 4.0 is illustrated in Figures 26, 27, and 28, respectively. The 
model overpredicts with Pl = 4.5, as seen in Figure 26 and in the paired two-tail t-test results 
summarized in Table 7. The null hypothesis is that the mean difference in predicted and actual log 
Wis equal to zero, and the alternate hypothesis is that it is not equal to zero (the model could 
overpredict or underpredict log W). Since the computed t(2.49) is greater than the critical t(2.01) 
at the 0.05 level of significance, the null hypothesis is rejected at the 0.05 level of significance. 
There is a 0.016 probability of observing this large of a difference given that the null hypothesis is 
true. Thus, in engineering terms, the mean difference between predicted log W and actual log W 
values for GPS-3 sections is not zero when Pl = 4.5. The mean actual and predicted log W 
values are 6.65 and 6.82, respectively, which correspond to mean actual and predicted ESALs of 
4.5 million and 6.6 million, respectively. The model overpredicts ESALs on average about 47 
percent when the initial serviceability is estimated at 4.5. 

Table 7. Actual versus predicted log W paired two-tail t-test results for GPS-3, Pl= 4.5. 

· Paired t-test for GPS-3 only (with P1=4.5) 
t-Test: Paired Sarnole for Means 

Actual Predicted 
Mean (logW) 6.65 6.82 
Variance 0.14 0.18 
Observations . 53 53 
Hypothesized Mean 0 
df 52 
t Stat . -2.49 
P(T ~t) two-tail 0.016 
t Critical two-tail 2.01 
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When Pl = 4.25, results given in the paired t-test comparison in Table 8 and in Figure 27 show 
that there is no evidence on which to reject the null hypothesis that the mean difference between 
predicted and actual log W values are not zero. Both the mean actual and predicted log W values 
are 6.65, which correspond to mean actual and predicted ESALs of 4.5 million. 

Table 8. Actual versus predicted log W paired t-test results for GPS-3, Pl = 4.25. 

Paired t-test for GPS-3 only (with Pl=4.25) 
t-Test: Paired Samole for Means 

Actual Predicted 
Mean (log W) 6.65 6.65 
Variance 0.14 0.19 
Observations 53 53 
Hypothesized Mean Difference 0 
df. 52 
t Stat -0.01 
P(T:s:t) two-tail 0.99. 

t Critical two-tail . 2.01 

When Pl = 4.0, Table 9 and Figure 28 show evidence that the null hypothesis should be rejected 
at a significance level of 0.05 and the alternative hypothesis, being not equal to zero, should be 
accepted. The mean actual and predicted log W values are 6.64 and 6.42, respectively, which 
correspond to mean actual and predicted ESALs of 4.4 million and 2.6 million, respectively. 

Table 9. Actual versus predicted log W paired t-test results for GPS-3, Pl = 4.0. 

Paired t-test for GPS-3 only (with P1=4.0) I 

t-Test: Paired Samole for Means 
Actual Predicted 

Mean (lo~W) 6.64 6.42 
Variance 0.14 0.24 
Observations 49 49 
Hypothesized Mean Difference 0 
df 48 
t Stat 2.89 . 

P(T :s:t) two-tail 0.006 
t Critical two-tail 2.01 

Many of these sections were built in the 1960s and 1970s, long before smoothness specifications 
were used extensively. Thus, any initial serviceability values between 3.5 and 4.8 are possible. In 
any case, the significant effect of Pl on the overall prediction quality indicates that caution should 
be applied in drawing conclusions about predictive accuracy when the initial serviceability values 
are not known. All of the other analyses provided herein have been conducted at Pl = 4.25. This 
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is the value used in the L TPP early analysis work based on estimated initial serviceability values 
by the state highway agencies. (16) 

Effect of slab thickness. The GPS-3 sections were separated into two groups: (1) 10 in [25 cm] 
or more thick and (2) less than 10 in [25 cm] thick. The prediction quality for the two groups 
may be seen in Figure 29. The paired two-tail Mest shows no evidence on which to reject the null 
hypothesis at either thickness level. Thus, the model produces unbiased predictions for either 
thinner or thicker slabs. 

Effect of base type. The GPS-3 sections were also separated into two groups by base type: (1) 
those with granular bases and (2) those with treated bases (asphalt, cement, lean concrete). Based 
on the paired t-test results, there is no evidence on which to reject the null hypothesis for either 
granular or treated base types. This can be observed in Figure 30 where base type has no apparent 
effect on the prediction quality. 

Effect of climatic zone. The GPS-3 sections are sorted into wet freeze, dry freeze, wet 
nonfreeze, and dry nonfreeze zones in Figures 31, 32, 33, and 34, respectively. Based on .the t­
test paired comparison, there is no evidence on which to reject the null hypothesis for any of the 
four climates. 

1986 AASHTO model. Figure 35 shows the prediction quality of the 1986 AASHTO model 
when it is used to predict log W for all of the GPS-3 sections. The paired two-tail t-test results 
are shown in Table 10 for these data. The results show that there is no evidence on which to 
reject the null hypothesis, and that the mean difference between predicted and actual log W values 
is not zero. 

Table 10. Paired two-tail t-test results for 1986 AASHTO model, GPS-3. 

Paired t-test for GPS-3 only 
t-Test: Two-Tail Paired Sample for Means 

. Actual Predicted 
Mean (logW) 6.65 6.65 
Variance 0.14 0.22 
Observations 53 53 
Hypothesized Mean Difference 0 
df 52 .. 

t Stat -0.01 
P(T ~t) two-tail 1.00 
t Critical two-tail 2.01 
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Comparison of 1986 AASHTO model with new NCHRP t~30 model. The paired two-tail t­
test results for the new NCHRP 1-30 model are shown in Table 8. These results provide no 
evidence that the null hypothesis should be rejected for this comparison. Thus, both of these 
models apparently have the ability to predict without bias (when the results are averaged over a 
large number of pavement sections) the log W required to reduce the initial serviceability from Pl 
to a lower value P2. 

Another evaluation that can be made with each model is the accuracy with which it can predict the 
actual log W of a section of highway pavement. The difference between. the actual log W and the 
predicted log W (for both models) was computed for each of the 53 GPS-3 sections. The 
distribution of these differences ( which are logarithms) is shown in Figure 36 for both the 1986 
AASHTO and the new NCHRP 1-30 prediction models. The standard deviations of the array of 
53 differences for each model were 0.50 for the AASHTO model and 0.50 for the NCHRP 1-30 
model. These values are important since they represent an overall difference between the 
predicted log Wand the actual log W. More discussion will be provided on these values in a 
subsequent section entitled "Variability Components of Model Prediction." 

These results and Figure 36 indicate that the two models predict with about the same overall 
accuracy, and that the differences appear to be approximately normally distributed (which is the 
assumption made in the paired t-tests). 
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Performance Prediction for GPS-4 (JRCP) 

The new NCHRP 1-30 model was developed specifically for JPCP. The only way in which it can 
be utilized for JRCP is to select a hypothetical joint spacing that provides for an unbiased log W 
prediction. As illustrated in Figure 37, the model dramatically underpredicts the performance of 
JRCP when the actual joint spacings are used. This is due to the fact that long joint spacings for 
JRCP produce unrealistically high curling stresses according to the model. When a hypothetical 
joint spacing of 30 ft [9 m] is assumed, the model produces unbiased predictions for JRCP as 
shown in Figure 38 and as indicated by the paired t-test. Thus, the new model could be utilized 
for JRCP if a joint spacing of 30 ft [9 m] is input. Note that this does not need to be the actual 
joint spacing in the field. 

Performance Prediction for GPS-5 (CRCP) 

The new NCHRP 1-30 model was developed specifically for JPCP. The only way in which it can 
be utilized for CRCP is to select a hypothetical joint spacing that provides for an unbiased log W 
prediction. As illustrated in Figure 39, the model gives an unbiased prediction for CRCP when a 
hypothetical joint spacing of 15 ft [4.6 m] is used. Thus, the new model could be utilized for 
CRCP if a joint spacing of 15 ft [4.6 m] is used. Of course, CRCP does not have any joint 
spacing in the field. 

Comer Stress Evaluation for Undoweled GPS-3 Sections 

Slab cracking may also occur near slab joints and corners in undoweled pavements subjected to 
significant negative thermal and moisture gradients. These negative gradients cause an upward 
curling of the slab resulting in the loss of support beneath the comers and joints of the slab. The 
critical tensile stress for comer loading is located at the top surface of the slab, often along the 
longitudinal joint. Any erosion occurring beneath the joint or comer will cause this stress to 
increase also. If this stress is large enough and is repeated enough times, comer, diagonal, or 
even transverse cracks will develop. 

According to the recommendations in NCHRP 1-30 for undoweled pavements, a design check is 
conducted where the maximum top surface stresses were calculated for 76 undoweled GPS-3 
sections. The effect of moisture warping was accounted for by an equivalent temperature 
gradient equal to -1 °F/in [-0.02°C/mm], which was added to the negative effective temperature 
gradient determined according to recommendations given in NCHRP 1-30. The maximum top 
surface stresses were found to be lower than the maximum bottom midslab stresses (with positive 
temperature gradient) for all but two sections. It was also observed that very few comer cracks 
have occurred in any of these 76 sections, which tends to confirm the stress analysis check. 
However, if erosion occurs in addition to the negative gradients, then the critical stress on the top 
of the slab will increase and could lead to rapid cracking. Critical conditions where this loading 
situation is crucial are for thin undoweled jointed plain slabs with stiff bases in hot, dry climates. 
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Variability Components of Model Prediction 

The· seemingly l~ge scatter of data points on the previous plots of "predicted" log W versus 
"actual" log W requires more explanation. A statistical test was previously used to help 
determine if the mean difference .between actual log W and predicted log W was significantly 
different from zero. This. report section evaluates the magnitude of variation in predicting log W 
for individual sections. Knowledge of this prediction error is important in pavement design for 
selecting the standarddeviation.ofperfonnance and traffic prediction as used in the AASHTO 
Guide reliability design. 

There are actually at least four major components of variation associated with the overall scatter 
of points about the 1:1 line between predicted and actual log W, and these need to be identified 
and explained. The following represents an approximate analysis of the. components of variation. 
To accomp~sh this, several estimations had to be made, and thus the results should not be 
considered as exact. However, these results are useful for illustrative purposes in trying to 
explain the large amount of scatter on the many plots shown. 

( 1) Traffic Estimation: Perhaps the easiest component of variation to understand is that 
associated with the so-called "actual" ESALs, which are accumulated historically from the 
opening of a pavement section to traffic (VJ. The estimate of "actual" ESALs is dependent 
on many variables that are difficult to estimate over a multi-year period, including volumes of 
each axle type and weight over the years, lane distribution of trucks (proportion of trucks in 
each classification in the outer traffic lane), and directional distribution of trucks (proportion 
of trucks traveling in each direction). The error associated with estimating "actual" historical 
cumulative ESALs over many years of the L TPP sections may be quite large. This error may 
be reduced as increased monitoring data become available for these sections and the historical 
and monitoring data can be matched. 

Components of variation associated with ."predicted" ESALs from the prediction model (see 
Equation 20) include the following: 

(2) Errors associated with estimating each design input for each LTPP section (VJ Some errors 
associated with selected design inputs include, for example: 

Initial Pl -·A mean value of 4.25 was used for all sections based on previous information 
from state highway agencies. However, many of the sections may have been constructed 
to.different levels of smoothness. 

Terminal P2 - This value was estimated based on IRI measurements, and a general 
relationship was used to convert to serviceability. 

Concrete flexural strength (28 days) - This value was estimated from a few cores cut 
from the pavement and tested in indirect tension or compression. Then, the results were 
back-casted to 28 days from whatever a.ge they were cut. 
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The k-value of subgrade-This was section mean backcalculated from FWD 
measurements taken during one season of the year and divided by 2 to estimate the proper 
static k-value for input. 

(3) Random or normal variation between the performance of supposedly identical replicate 
sections (similar to the variation of strength between two replicate concrete specimens). The 
causes of this random variation are not usually known (some are known in general and include 
such items as variation caused by construction processes and materials changes), but can be 
estimated from replicate section performance data (V,). 

(4) Inability of the model to predict actual pavement performance (serviceability, in this case) due 
to deficiencies in the model. This is the real model associated error in prediction (V m)- The 
relatively simple function form of the model does not, of course, represent completely the real 
pavement behavior under load and climate. 

These components of variance can be mathematically expressed as follows (log to base 10): 

Prediction Error = Log{Actual ESALs} - Log{Predicted ESALs} 

Variance {Prediction Error} = Variance Log{Actual ESALs} + 
Variance Log{Predicted ESALs} + 
Co-variance {Log(Actual ESALs), Log(Predicted ESALs)} 

or: [24] 

where: 

V = e Total variance of prediction (the standard error of the estimate associated with the 
"actual" log [ESALs] versus."predicted" log [ESALs] as shown in Figure 36 was 0.50 
[a standard deviation similar to that recommended in the AASHTO Guide for traffic 
and performance]; therefore, v. = 0.5 * 0.5 = 0.25). 
Variance of estimating historical ESALs (the error in prediction of traffic used was 
assumed to be similar to that recommended in the AASHTO Guide, or Vt= 0.09). 
Variance of prediction model that includes Vi + V, + V m· 

Variance caused by estimating model inputs (a variance analysis of the performance 
model Equation 20, assuming typical variances for each input, gives Vi= 0.07). 

V, = Variance due to replication (this variance is from natural variation between replicate 
sections and was estimated from AASHO Road Test replicate sections to be V, = 
0.06). 

V m = Variance due to actual model deficiencies (solved from above equation) 
= 0.10. 

r = Correlation coefficient, 0.25. 

The implications of the values of these components of variance can be illustrated as follows. 
These results are based on observations that the error of predicted log W vs. actual log W shows 
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an approximately normal distribution (see Figure 36). It is typical for the fatigue life of replicate 
concrete specimens to be approximately log normally distributed. 

Historical ESALs estimate error: 
Standard deviation of prediction of historical ESALs = Sqrt(0.09) = 0.30 
If the mean ESALs were estimated to be 10 million (using the best estimates of each input), 
then the 68.percent confidence limits around this value would be approximately 

log (10,000,000) ± 0.30 = 7.00 ± 0.30 = 6.70 to 7.30, or 5 to 20 million. 

Replication variation only: 
Standard deviation of prediction of replication = Sqrt(0.06) = 0.24 
If the mean ESALs were estimated to be IO million (using mean inputs to model), then the 68 
percent confidence limits around this value would be approximately 

log (10,000,000) ± 0.24 = 7.00 ± 0.24 = 6.76 to 7.24, or 6 to 17 million. 

Model error variation only: 
S~andard deviation of prediction due to model error= Sqrt(OJ 0) = 0.32 
If the mean ESALs were estimated to be IO million (using best estimates for each input), then 
the 68 percent confidence limits around this value would be approximately 

log(l0,000,000) ± 0.32 = 7.00 ± 0.32 = 6.68 to 7.32, or Sto 21 million. 

Thus, the total scatter of data in any of the "actual" versus "predicted" ESAL plots should be 
considered as consisting of several components of variation, including estimation of the historical 
ESALs (horizontal axis), estimation of true inputs to the model for each section (vertical axis), 
random differences in performance between sections due to unknown replication error (vertical 
axis), and true lack of ability of the model to represent pavement performance (vertical axis). 
These components of variance can be broken down into percentages of the total variation (VJ as 
follows: 

Variance Component 
ESAL Estimation, V1 

Input Estimation, V; 
Random Variation, V, 
Model Error, V m 

Total, V0 

Estimated Variance 
0.09 
0.07 
0.06 
0.10 
0.32 

Percent of Total 
28 
22 
19 
31 

100 

As stated in the beginning of this section, the preceding analysis of the components of variation of 
the performance model is approximate, and the actual values should only be considered as rough 
estimates. It does point out that, for example, an improvement in estimation of historical ESALs 
would clearly reduce the &catter on any of the figures, as would an improvement of estimation of 
inputs .. These variations are important because they all need to be considered in determining the 
overall standard deviation for pavement design reliability using the new model. The model error 
is the most important component of variation insofar as what needs to be reduced through 
improved modeling in the future. 
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CONCLUSIONS 

The k-Value Guidelines 

Based on the results of these analyses using the data from the L TPP GPS-3, -4, and -5 pavement 
sections, the following improvements to the NCHRP 1-30 k-value guidelines are recommended 
and have been made in the proposed supplement to the AASIITO Guide (see the appendix). 

• R-value vs. k-value correlation eliminated. The LTPP data analyses indicated not only that 
the R-k correlation showed no agreement with the available data, but also that the available 
data did not demonstrate any significant trend in k-value with R-value. · 

• Plate load testing on a test embankment is only recommended if the embankment is at least 
10 ft [3.0 m] thick. Otherwise, the k of the underlying subgrade should be detennined based 
on testing or correlations and adjusted as a function of the thickness and density of the 
embankment. Testing on top of a granular embankment only a few feet thick may result in k­
values too high for use in design. 

• A minimum static k-value of25 psi/in (6.8 kPa/mm]is recommended for fine-grained 
soils at 100 percent saturation. Deflection testing and backcalculation of all of the LTPP 
sections and many other pavements around the United States have never yielded k-values 
lower than this. 

• A summary table was developed that lists soils by AASIITO soil class, unified soil class, and 
descriptive name, and identifies corresponding reasonable ranges for dry density, CBR, and 
static elastic k-value. 

• The correlation of CBR to k-value was plotted with CBR on a log scale to better illustrate 
the relationship of CBR to k in the CBR range of 1 to 10. 

• The best fit backcalculation algorithm yielded more consistent results than the AREA 
algorithm with respect to differences in sensor configuration, basin radius, inclusion of 
deflections under and very near the load plate, coefficient of variation with multiple load levels 
and load drops, and coefficient of variation along the project length. In general, use of the 
best fit methods is preferable to use of the AREA methods, but depends on software 
availability. For highway pavements, the Best Fit 4 solution is recommended. 

• The AREA, method is proposed for use in the AASHTO Guide because it involves a few 
equations that can be easily presented on paper and solved by calculator or spreadsheet. Also, 
among the AREA methods, AREA7 yielded the closest results to the best fit methods. The 
AREA, method can therefore be considered a quick and reasonable approximation of the 
results that best fit analysis would yield. 

• A slab size correction is strongly recommended to correctly backcalculate the k-value, 
because all of the solution methods reviewed in this study are based on the assumption of 
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infinite slab behavior, which is not realistic for highway slabs. It should be noted, however, 
that the slab size correction procedure originally developed by Crovetti and modified .in this 
study still does not consider the effect that transverse and longitudinal joint load transfer and 
edge support, such as a tied PCC shoulder, may have in increasing the effective slab size. 
Crovetti has researched this topic, but further investigation is needed to develop a reliable and 
easy-to-use procedure to correct backcalculated k-values for rectangular slab sizes and partial 
load transfer. 

• The k-values backcalculated from FWD deflections exceeded plate load k-values, for 
those L TPP sections for which plate load data were available, by factors averaging very close 
to 2 for all of the backcalculation algorithms. Thus, the simple rule for dividing the 
backcalculated k by 2 to estimate the plate load k is considered valid. 

Concrete Pavement Performance Model 

The predictive capability of the proposed new rigid pavement design model (developed under 
NCHRP Project 1-30) has been evaluated using the LTPP data from GPS-3 (JPCP), GPS-4 
(JRCP), and GPS-5 (CRCP). These data were carefully retrieved and cleaned prior to use in the 
evaluation. Data were retrieved or calculated and entered in a spreadsheet for all required inputs 
to the new rigid pavement design model. This required a major effort to estimate all of the inputs 
required for the model. 

The predicted log W was then calculated for each section in the L TPP database and compared to 
the accumulated ESALs for that section. Plots of predicted log W versus log ESALs were 
prepared for a variety of comparisons. These plots (Figures 26-39) show the overall quality of 
prediction for the new model and also of the 1986 AASHTO model. In addition, paired t-tests 
were conducted to detennine if there were significant differences between predicted log W and 
actual log ESALs for the GPS-3 (JPCP). The following conclusions were reached after all of the 
data analyses were completed. 

• The initial IRI (and, therefore, estimated PSD was not available for most of the LTPP 
sections, and thus this value had to be estimated. For all of the analyses, a value of 4.25 was 
used. However, the specific 500-ft [152-m] L TPP sections could have an initial PSI ranging 
from 3.8 to 4.8. The impact of this variable was tested through predicted vs. actual runs for 
GPS-3 data. Results showed the following: 

Initial PSI 

4.5 

4.25 

4.0 

Mean Actual ESALs 

4,500,000 

4,500,000 

4,400,000* 

Predicted ESALs 

6,600,000 

4,500,000 

2,600,000 

* This slightly different value is due to four sections being dropped from the analysis because 
the current PSI was greater than 4.0. 
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Therefore, if the mean PSI was 4.25 for all of these sections, the new prediction model,· on 
average over all the data, predicts the actual ESALs on the sections from the time that they 
were opened to traffic. Since most of these sections were constructed in the 1960s, 1970s, 
and early 1980s (before the time when many states adopted smoothness specifications), an 
average initial value of 4.25 is certainly typical. 

• Predicted log W vs. actual log ESALs plots were prepared for the following comparisons for 
GPS-3 (JPCP). The results achieved are provided for each. 

Slab thickness - Both thicker slabs(~ 10 in [25 cm]) and thinner slabs (<10 in [25 cm]) 
show unbiased prediction (i.e., data evenly scattered on either side of the 1:1 line). 

Base type - Treated and non-treated aggregate base show unbiased prediction. 

Climate zone- Predictions in wet and dry freeze zones (northern United States) and wet 
and dry non-freeze zones (southern United States) show unbiased results. 

• Data were also obtained for GPS-4 (JRCP) and GPS-5 (CRCP). Since the new recommended 
model was really applicable to JPCP, there is some interest in making the comparison for 
JRCP and CRCP. The main problem is in the selection of a hypothetical joint spacing for 
input. The evaluation and results show some potentially valuable conclusions that may be 
useful for design purposes. 

JRCP - Predicted log W vs. actual log ESALs plots were prepared for the GPS-4 data 
for a range of joint spacings (from actual to 15 ft [4.6 m]), all for an initial PSI of 4.25. 
The results clearly show that a joint spacing of 30 ft [9.1 m] maximum should be used for 
design purposes so that the mean log Wis equal to the mean log ESALs. 

CRCP - Predicted log W vs. actual log ESALs plots were prepared for the GPS-5 data 
for a range of joint spacings (from 15 to 30 ft [4.6 to 9.1 m]), all for an initial PSI of 4.25. 
The results show that a joint spacing of 15 ft [ 4.6 m] should be used as a design input for 
CRCP so that the mean log Wis equal to the mean log ESALs. 

The predictive capability of the proposed new rigid pavement design model (developed under 
NCHRP 1-30) has been evaluated using the wide-ranging LTPP data from GPS-3 (JPCP), GPS-4 
(JRCP), and GPS-5 (CRCP). The overall results show that the prediction error is about the same 
as that for the 1986 AASHTO model. An approximate analysis of the components of variation 
associated with the model was conducted. The results show significant variation associated with 
estimation of historical ESALs and with model inputs from each section, random variation 
between replicate sections, and, of course, true model error (or the inability of the model to 
predict actual performance). The new design/performance model includes many additional design 
capabilities and more realistically considers various design features such as joint load transfer, the 
base cover as a structural layer, thermal gradients in the slab, and cracking from undoweledjoints. 
Overall, the model provides a much better accounting of the many concrete pavement design 
details that ultimately affect performance. 
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APPENDIX 

SUPPLEMENTAL VERSION OF AASHTO GUIDE, PART II, 
SECTION 3.2 RIGID PAVEMENT DESIGN AND 

SECTION 3.3 RIGID PAVEMENT JOINT DESIGN 

Titis appendix has been prepared for consideration as a supplemental method for rigid pavement 
design, in the form of an addendum to the current AASHTO Guide. It contains the 
recommendations from NCHRP 1-30, modified based on the results of the verification study 
conducted using the L TPP database. 

3.2 RIGID PAVEMENT DESIGN 

Titis section describes the design for Portland cement concrete pavements, including jointed plain 
(JPCP), jointed reinforced (JRCP), and continuously reinforced (CRCP). As in the design for 
flexible pavements, it is assumed that these pavements will carry traffic levels in excess of 70,000 
18-kip [80-k.N] (rigid pavement) ESALs over the perfonnance period. Examples of use of this 
rigid pavement design procedure are presented at the end of this appendix. 

Design of Different Types of Concrete Pavement. The JPCP design concept is to provide a 
sufficient slab thickness and joint spacing to minimize the development of transverse cracking. 
The JRCP and CRCP design concepts provide sufficient slab thickness and reinforcement to hold 
very tight the transverse cracks that fonn so that aggregate interlock will be maintained. The 
thickness of the design model upon which this guide is based was developed and validated 
specifically for JPCP, for which joint spacing is one of the important required design inputs 
affecting thermal curling stresses and, thus, transverse cracking. A proper selection of slab 
thickness and joint spacing is required to control the development of transverse cracking for a 
given climate, base, and subgrade. JRCP has much longer joint spacing and CRCP has no joints, 
and the transverse cracks that eventually form in these types of pavements must be held tight by 
sufficient steel reinforcement. 

The use of this design method to determine an appropriate slab thickness for JRCP or CRCP 
requires the selection of an input "hypothetical" joint spacing. Research using the LTPP database 
has shown that the following input values of joint spacing will result in reasonable design 
thicknesses using this design method. 

JPCP: Actual joint spacing, ft. 

JRCP: Actual joint spacing ifless than 30 ft [9 m], or 30 ft maximum (use this value only 
to obtain slab design thickness). 

CRCP: 15 ft [4.6 m] (use this hypothetical value only to obtain slab design thickness). 

] Preceding Page Blank '! 
i 
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Load Transfer at Joints. The AASHTO design procedure is based on the AASHO Road Test 
pavement performance algorithm that was extended to include additional design features. 
Inherent in the use of the AASHTO procedure is the use of dowels at transverse joints. Joint 
faulting was not a distress manifestation at the Road Test due to the adequacy of the dowel 
design. A faulting design check is provided for doweled joints to ensure that the dowels are sized 
properly. If a significant faulting· problem is expected, an increase in dowel diameter or other 
design change may be warranted. The non-doweled faulting check was developed using more 
recent measurements of field data. 

If the designer wishes to consider undoweled joints, a design check for faulting is provided, If the 
faulting check indicates inadequate load transfer, design modifications such as the use of dowels 
or changes in base type, drainage, and joint spacing may be made. 

In addition, if the designer wishes to consider undoweled joints, a design check is also made for 
critical stresses due to axle loads applied near the transverse joint, along with a negative thermal 
gradient, creating a comer loading situation that would lead to premature cracking. If this check 
shows a potential problem, design modifications such as the use of dowels, increased slab 
thickness, or changes in base type may be made. 

3.2.1 Develop Effective Modulus of Subgrade Reaction (k-Value) 

The modulus of subgrade reaction (le-value) is defined as that measured or estimated on top of the 
finished roadbed soil or embankment upon which the base course and/or concrete slab will 
eventually be constructed. The k-value represents the subgrade (and embankment, if present); it 
does not represent the base course. The base course is considered a structural layer of the 
pavement along with the concrete slab, and thus its thickness and modulus are important design 
inputs in determining the required slab thickness in Section 3.2.2. 

The k-Value input defined. The elastic k-value on top of the subgrade or embankment is the 
required design input. The gross k-value incorporated in previous versions .of the AASHTO 
Guide represents not only elastic deformation of the subgrade under a loading plate, but also 
substantial permanent deformation. Only the elastic component of this deformation is considered 
representative of the response of the subgrade to traffic loads on the pavement. The elastic k­
value test was the main subgrade test conducted extensively at the AASHO Road Test. When the 
elastic k-value was used in structural analysis of the AASHO Road Test pavements, it was found 
that slab stresses computed with a three-dimensional finite element model were approximately 
equal to those measured in the field under full-scale truck axle loadings at creep speed, providing 
further justification for use of the elastic k-value in the design. 

Steps in determining design k-value. The k-value input required for this design method is 
determined by the following steps, which are described in this section: 

l. Select a subgrade k-value for each season, using any of the three following methods: 
(a) Correlations with soil type and other soil properties or tests. 
(b) Deflection testing and backcalculation (most highly recommended). 
(c) Plate bearing tests. 
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2. Detennine a seasonally adjusted effective k-value. 
3. Adjust the seasonal effective k-value for effects of a shallow rigid layer, if present, and/or an 

embankment above the natural subgrade, 

Note that the AASI-ITO design methodology requires the mean k-value, not the lowest value 
measured or some other conservative value. Note also that no additional adjustment to the k­
value is applied for loss of support. Substantial loss of support existed for many sections at the 
AASHO Road Test, which led to increased slab cracking and loss of serviceability. Therefore, the 
performance data, upon which the AASHO Road Test performance model is based, already 
reflect the effect of considerable loss of support. 

Step 1. Select a Subgrade k-Value for Each Season. A season is defined as a period of time 
within a year, such as 3 months (i.e., spring, summer, fall, winter). The number of seasons and 
the length of each season by which a year is characterized depend on the climate of the 
pavement's location. 

There are several ways to measure or estimate the subgrade elastic k-value. Procedures are 
provided for three methods described below-:Correlation methods, backcalculation methods, arid 
plate testing methods. 

Correlation Methods. Guidelines are presented for selecting an appropriate k-value based on 
soil classification, moisture level, density, California Bearing Ratio (CBR), or Dynamic Cone 
Penetrometer (DCP) data. The CBR may also be estimated from the R-value. These correlation 
methods are anticipated to be used routinely for design. The k-values obtained from soil type or 
tests correlation methods may need to be adjusted for embankment above the subgrade or a 
shallow rigid layer beneath the subgrade. 

The k-values and correlations for cohesive soils (A-4 through A-7). The bearing capacity 
of cohesive soils is strongly influenced by their degree of saturation (S,, percent), which is a 
function of water content (w, percent), dry density (y, lb/ft3

), and specific gravity (G.): 

s = r 

w 

[25] 

Recommended k-values for each fine-grained soil type as a function of degree of saturation are 
shown in Figure 40. Each line represents the middle of a range of reasonable values fork. For 
any given soil type and degree of saturation, the range of reasonable values is about ± 40 psi/in 
[11 kPa/mm]. A reasonable lower limit fork at 100 percent saturation is considered to be 25 
psi/in [7 kPa/mm]. Thus, for example, an A-6 soil might be expected to exhibit k-values between 
about 180 and 260 psi/in [49 and 70 kPa/mm] at 50 percentsaturation, and k-values between 
about 25 and 85 psi/in [7 and 23 kPa/mm] at 100 percent saturation. 

Two different types of materials can be classified as A-4: predominantly silty materials (at least 
75 percent passing the #200 sieve, possibly organic), and mixtures of silt, sand, and gravel (up to 
64 percent retained on #200 sieve). The former may have a density between about 90 and 105 
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lb/ft3 [1442 and 1682 kg/m3
], and a CBR between about 4 and 8. The latter may have a density 

between about 100 and 125 lb/ft' [1602 and 2002 kg/m3
], and a CBR between about 5 and 15. 

The line labeled A-4 in Figure 40 is more representative of the fonner group. If the material in 
question is A-4, but possesses the properties of the stronger subset of materials in the A-4 class, a 
higher ksvalue at any given degree of saturation (for example, along the line labeled A-7-6 in 
Figure 40) is appropriate. 
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Figure 40. The k-value versus degree of saturation for cohesive soils. 
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Recommended k-value ranges for fine-grained soils, along with typical ranges of dry density and 
CBR for each soil type, are summarized in Table 11. 

The k-values and correlations for cohesionless soils (A-1 and A-3). The bearing capacity 
of cohesionless materials is fairly insensitive to moisture variation and is predominantly a function 
of their void ratio and overall stress state. Recommended k-value ranges for cohesionless soils, 
along with typical ranges of dry density and CBR for each soil type, are summarized in Table l l. 

The k-values and correlations for A-2 soils. Soils in the A-2 class are all granular materials 
falling between A-l and A-3. Although it is difficult to predict the behavior of such a wide variety 
of materials, the available data indi.cate that in terms of bearing capacity, A-2 materials behave 
similarly to cohesionless materials of comparable density. Recommended k-value ranges for A-2 
soils, along with typical ranges of dry density and CBR for each soil type, are summarized in 
Table 11. 

Correlation of k-values to California Bearing Ratio. Figure 41 illustrates the approximate 
range of k-values that might be expected for a soil with a given California Bearing Ratio. 

Correlation of k-values to penetration rate by Dynamic Cone Penetrometer. Figure 42 
illustrates the range of k-values that might be expected for a soil with a given penetration rate 
(inches per blow) measured with a Dynamic Cone Penetrometer. This is a rapid hand-held testing 
device that can be used to quickly test dozens of locations along an alignment. The DCP can also 
penetrate AC surfaces and surface treatments to test the foundation below. 

Assignment of k-values to seasons. Among the factors that should be considered in 
selecting seasonal k-values are the seasonal movement of the water table, seasonal precipitation 
levels, winter frost depths, number of freeze-thaw cycles, and the extent to which the subgrade 
will be protected from frost by embankment material. A "frozen" k may not be appropriate for 
winter, even in a cold climate, if the frost will not reach and remain in a substantial thickness of 
the subgrade throughout the winter. If it is anticipated that a substantial depth (e.g., a few feet) of 
the subgrade will be fr:ozen, a k-value of 500 psi/in (135 kPa/mm] would be an appropriate 
"frozen" k. 

The seasonal variation in degree of saturation is difficult to predict, but in locations where a water 
table is constantly present at a depth of less than about 10 ft (3 m], it is reasonable to expect that 
fine-grained subgrades will remain at least 70 to 90 percent saturated, and may be completely 
saturated for substantial periods in the spring. County soil reports can provide data on the 
position of the high-water table (i.e., the typical depth to the water table at the time of the year 
that it is at its highest). Unfortunately, county soil reports do not provide data on the variation in 
depth to the water table throughout the year. 
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T3:ble 11. Recommended k-value ranges for various soil types. 

AASHTO Description Unified Dry density CBR k-value 
class class Ob/ft') foercent) (osi/in) 

Coarse-grained soils: 

A-1-a. well graded 125 - 140 60- 80 300- 450 
gravel GW,GP 

A-1-a, poorly graded 120-130 35 - 60 300 - 400 

A-1-b coarse sand SW 110 - 130 20-40 200 - 400 

A-3 fine sand SP 105 - 120 15 - 25 150 - 300 

A-2 soils (granular materials with high fines): 

A-2-4, gravelly silty gravel GM 130 - 145 40- 80 300 - 500 

A-2-5, gravelly silty sandy gravel 

A-2-4, sandy silty sand SM 120 - 135 20-40 300 - 400 

A-2-5, sandy silty gravelly sand 

A-2-6, gravelly clayey gravel GC 120 - 140 20-40 200 - 450 

A-2-7, gravelly clayey sandy gravel 

A-2-6, sandy clayey sand 
SC 105 - 130 10 - 20 150 - 350 

A-2-7, sandy clayey gravelly 
sand 

Fine-grained soils: 

silt 90 - 105 4-8 25-165* 
A-4 ML,OL 

silt/sand/ 100 - 125 5 - 15 40 - 220 * 
gravel mixture 

A-5 poorly graded MH 80- 100 4-8 25-190* 
silt 

A-6 plastic clay a.. 100 - 125 5 - 15 25 - 255 * 

A-7-5 moderately plastic CL,OL 90 - 125 4 - 15 25-215* 

. 
elastic clay 

A-7-6 highly plastic CH,OH 80- llO 3-5 40 - 220 * 
elastic clay 

* k-value of fine-grained soil is highly dependent on degree of saturation. See Figure 40. 

These recommended k-value ranges apply to a homogeneous soil layer at least 10 ft[3 m] thick. If an embankment layer less 
than l Oft [3 m] thick exists over a softer subgrade, the k-value for the underlying soil should be estimated from this table 
and adjusted for the type and thickness of embankment material using Figure 43. If a layer of bedrock exists within 10 ft (3 
m] of the top of the soil, the k should be adjusted using Figure 43. 

l lb/ft3 =16.018 kg/m3
, l psi/in= 0.271 kPa/mm 
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Figure 41. Approximate relationship of k-value range to CBR. 
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Deflection Testing and Backcalculation Methods. These methods are suitable for determining 
k-value for design of overlays of existing pavements, for design of a reconstructed pavement on 
existing alignments, or for design of similar pavements in the same general location on the same 
type of subgrade. An agency may also use backcalculation methods to develop correlations 
between nondestructive deflection testing results and subgrade types and properties. Cut and fill 
sections are likely to yield different k-values. No embankment or rigid layer adjustment is 
required for backcalculated k-values if these characteristics are similar for the pavement being 
tested and the pavement being designed, but backcalculated dynamic k-values do need to be 
reduced by a factor of approximately 2 to estimate a static elastic k-value for use in design. 

An appropriate design subgrade k-value for use as an input to this design method is determined by 
the following steps: 

1. Measure deflections on an in-service concrete or composite (AC-overlaid PCC) pavement 
with the same or similar subgrade as the pavement being designed. 

2. Compute the appropriate AREA of each deflection basin. 
3. Compute an initial estimate (assuming an infinite slab size) of the radius of relative stiffness, e. 
4. Compute an initial estimate (assuming an infinite slab size) of the subgrade k-value. 
5. Compute adjustment factors for the maximum deflection do and the initially estimated e to 

account for the finite slab size. 
6. Adjust the initially estimated k-value to account for the finite slab size. 
7. Compute the mean backcalculated subgrade k-value for all of the deflection basins considered. 
8. Compute the estimated mean static k-value for use in design. 

These steps are described below, with the relevant equations for bare concrete and composite 
pavements given for each step. 

Measure deflections. Measure slab deflection basins along the project at an interval 
sufficient to adequately assess conditions. Intervals of 100 to 1000 ft [30 to 300 m] are typical. 
Measure deflections with sensors located at 0, 8, 12, 18, 24, 36, and 60 in [O, 203,305,457,610, 
915, and 1524 mm] from the center of the load. Measure deflections in the outer wheel path. A 
heavy-load deflection device (e.g., Falling Weight Deflectometer) and a load magnitude of 9,000 
]bf [40 kN] are recommended. ASTM D4694 and D4695 provide additional guidance on 
deflection testing. 

Compute AREA. For a bare concrete pavement, compute the AREA7 of each deflection 
basin using the following equation: 

AR~ = 4 + 6 ( :: ) + 5 ( d: ) + 6 ( d: ) + 9 ( :: ) + 18 ( ;06 ) + 12 ( :: ) (26] 

where do = deflection in center of loading plate, inches 
d; = deflections at 0, 8, 12, 18, 24, 36, and 60 in [O, 203,305,457,610,915, and 1524 

mm] from plate center, inches 
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For a composite pavement, compute the AREA5 of each deflection basin using the following 
equation: 

[27] 

Estimate e assuming an infinite slab size. The radius of relative stiffness for a bare 
concrete pavement (assuming an infinite slab) may be estimated using the following equation: 

ln 

~est = 

60 - AREA, 

289.708 
-0.698 

2.566 

The radius of relative stiffness for a composite pavement (assuming an infinite slab) may be 
estimated using the following equation: 

Qest = 

ln ( 48 - AREA5 ) 

158.40 
-0.476 

2.220 

Estimate k assuming an infinite slab size. For a bare concrete pavement, compute an 
initial estimate of the k-value using the following equation: 

pd* 
k = o 
.,, d (Q ) 2 

0 est 

where k = backcalculated dynamic k-value, psi/in 
P = load, lb 

do = deflection measured at center of load plate, inch 
Q,,.1 = estimated radius of relative stiffness, inches, from previous step 
do• = nondimensional coefficient of deflection at center of load plate: 

d 
• . [ -o 141= (-0.07565 ,,,, ) l 

0 
= 0.1245 e · u, e . .. · 
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For a composite pavement, compute an initial estimate of the k-value using the following 
equation: 

d12 = 
Q.,., = 

k,sr = 
p di; 

. dl2 ( Q.,,) 2 

deflection measured 12 in [305 mm] from center of load plate, inch 
estimated radius of relative stiffness, in, from previous step 

[32] 

d12 
• = nondirnensional coefficient of deflection 12 in [305 mm] from center of load plate: 

d1; = 0.12188 e [-o.79432 e(-0.010141.,,)] [33] 

Compute adjustment factors for d0 and Q for finite slab size. For both bare concrete and 
composite pavements, the initial estimate of Q is used to compute the following adjustment factors 
to do and Q to account for the finite size of the slabs tested: 

( 
L )llll0l51 

-0.71878 -

AFd = 1 - 1.15085 e 
1
"' 

0 

[34] 

-0.61662 ( ...!::.. ) I.0483I 

= 1 - 0.89434 e 
1
'" 

· [35] 

where, if the slab length is less than or equal to twice the slap width, Lis the square root of the 
product of the slab length and width, both in inches, or if the slab length is greater than twice the 
width, Lis the product of the square root of two and the slab length in inches: 

if L, ~ 2 * Lw, L = ✓L, Lw 

Adjust k for finite slab size. For both bare concrete and composite pavements, adjust the 
initially estimated k-value using the following equation: 
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Compute mean dynamic k-value. Exclude from the calculation of the mean k-value any 
unrealistic values (i.e., less than 50 psi/in [14 kPa/mm] or greater than 1500 psi/in [407 kPa/mm]), 
as well as any individual values that appear to be significantly out of line with the rest of the 
values. 

Compute the estimated mean static k-value for design. Divide the mean dynamic k-value by 
two to estimate the mean static k-value for design. 

A blank worksheet for computation of k from deflection data and example computations of k 
from deflection basins measured on two pavements, one bare concrete and the other composite, 
are given in Table 12. 

Seasonal variation in backcalculated k-values. The design k-value determined from 
backcalculation as described above represents the k-value for the season in which the deflection 
testing was conducted. An agency may wish to conduct deflection testing on selected projects in 
different seasons of the year to assess the seasonal variation in backcalculated k-values for 
different types of subgrades. 

Plate Bearing Test Methods. The subgrade or embankment k-value may be determined from 
either of two types of plate bearing tests: repetitive static plate loading (AASHTO T22 l, ASTM 
D1195) or nonrepetitive static plate loading (AASHTO T222, ASTM Dl 196). These test 
methods were developed for a variety of purposes, and do not provide explicit guidance on the 
determination of the required k-value input to the design procedure described here. 

For the purpose of concrete pavement design, the recommended subgrade input parameter is the 
static elastic k-value. This may be determined from either a repetitive or nonrepetitive test on the 
prepared subgrade or on a prepared test embankment, provided that the embankment is at least 10 
ft [3 m] thick. Otherwise, the test should be conducted on the subgrade, and the k-value obtained 
should be adjusted to account for the. thickness and density of the embankment, using the 
nomograph provided in Step 3. 

In a repetitive test, the elastic k-value is determined from the ratio of load to elastic deformation . 
(the recoverable portion of the total deformation measured). In a nonrepetitive test, the load­
deformation ratio at a deformation of0.05 in [1.25 mm] is considered to represent the elastic k­
value, according to extensive research by the U.S. Army Corps of Engineers. 

Note also that a 30-in-diameter [762-mm-diameter] plate should be used to determine the elastic 
static k-value for use in design .. Smaller diameter plates will yield substantially higher k-values, 
which are not appropriate for use in this design procedure. 
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Table 12. Determination of design subgrade k-value from deflection measurements. 

BARE CONCRETEPAVEMENT 

Sti>n - .. 
I ~ 

. . · v .. , .... t>-~--,nlo 

do 0.00418 

<ls 0.00398 
d,2 0.00384 
dl8 0.00361 ~. 0.00336 

'½6 0.00288 

dw 0.00205 

AREA, (26] 45.0 

Initial estimate of I [28] 40.79 . . 

Nondimensional do• [31] 0.1237 
and initial estirnate of k [30] 160 

AF<l. [34] 0.867 
AF, [35] 0.934 

Adjusted k [37] 212 

Mean dynamic k 212 

Mean static k for desi= 106 
.. 

COMPOSITE PAVEMENT 
. 

Sten r., .. . C.alrnlatod V<>IQ{' · l<'v3mn)1' 
. 

d,2 0.00349 
d11 0.00332 ~. 0.00313 

'½6 0.00273 

dw 0.00202 

AREAs . [27] 37.8 

Initial estimate of I [29] 48.83 

Nondimensional d 12 • [3-3] 0.1189 
and initial estimate ofk [32] 128 

AF<l. [34] 0.823 
AF, [35J 0.896 

. 

Adjusted k [37] 195 

Mean dynamic k 195 

Mean static k for de<ion 97 
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Step 2. Determine Seasonally Adjusted Effective k-Value. The effective k-value is obtained 
by combining the seasonal k-values into a single "effective" value for use in concrete pavement 
design. The effective k-value is essentially a weighted average based on fatigue damage. The 
effective k-value results in the same fatigue damage over the entire year that is caused by the 
seasonal variation ink-value. The seasonally adjusted effective k-value is determined by the 
following steps: 

1. Select tentative values for the slab thickness D, concrete flexural strength S 'c, concrete elastic 
modulus Ee, base elastic modulus Bi, and friction coefficient f (both depending on base type), 
base thickness Hb, design temperature differential TD (for a given climatic region, as a 
function of the trial slab thickness D), joint spacing L, and initial and terminal serviceability Pl 
and P2. The tentative values selected for these parameters need only be approximate. 

2. Select a k 0value to represent each distinct season of the year. 
3. Using ~ach of the seasonal k-values in turn, calculate W 18 , the allowable number of 18-kip 

[80-kN] ESALs for the design traffic lane, using the rigid pavement performance model given 
in Section 3.2.2. 

4. Compute the relative damage for each season as the inverse of the calculated W 18. 

5. Compute the total relative damage for the year and divide by the number of seasons to obtain 
the mean annual damage. 

6. Compute a W 18 corresponding to the mean damage as the inverse of the mean damage. 
7. Use the rigid pavement performance model to determine a single k-value that produces a 

predicted W 18 matching the W 18 obtained in Step 6. This k-value is the seasonally adjusted 
effective k-value. 

Table 13 may be used to determine the effective k-value. The example shown in Table 13 was 
developed using the following tentative design parameters: 

D = 9in [229 mm] 

Ee = 4,200,000 psi [28,959 :MPa] 
S' 

C = 690 psi [4758 kPa] 

Eb = 25,000 psi for aggregate base [172 kPa] 

Hb = 6 in (152 mm] 
L = 180 in [4.57 m] 

TD = + 7.92°F [+4.40C] 

Pl = 4.5 
P2 = 2.5 

Step 3. Adjust the Effective k-Value for the Effects of Embankment and/or Shallow Rigid 
Layer. A nomograph is provided in Figure43 for adjustment of the seasonally adjusted effective 
subgrade k-value if: (a) fill material will be placed above the natural subgrade, and/or (b) a rigid 
layer (e.g., bedrock or hardpan clay) is present at a depth of 10 ft [3 m] or less beneath the 
existing subgrade surface. Note that the rigid layer adjustment should only be applied if the 
subgrade k was determined on the basis of soil type or similar correlations. If the k-value was 
determined from nondestructive deflection testing or from plate bearing tests, the effect of a rigid 
layer, if present at a depth of less than 10 ft [3 m], is already represented in the k-value obtained. 
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Table 13. Determination of seasonally adjusted effective subgrade k-value. 

Mean Dama e 

w 

Effective k-value 

Notes: W 18 is computed from the rigid pavement performance model given in Section 3.2.2. 
A year may be divided into as many seasons as desired to represent distinct subgrade conditions. 
1 psi/in= 0.27 kPa/mm 

EXAMPLE 

100 13.18 

Summer 200 14.60 

Fall 300 15.71 

Winter 400 16.72 

Mean Dama e 

million 

si/in 

0.0759 

0.0685 

0.0637 

0.0598 

0.0670 

w 14.92 million 

Effective k-value 229 si/in 

1 psi/in = 0.27 kPa/mm 
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12 Thickness of fill (ft) Density of fill (lb/ft3} 

90 100110 120 130 140 150 

10 

8 

6 
4 
2 

'° 0 

600 400 400 

Adjusted k-value 

200 

Enter with k for 
natural subgrade 

Depth to 400 

rigid layer 
- ft .a.a. 1 ft= 0.305 rn 



3.2.2 Determine Required Structural Design 

A slab thickness is detennined for the midslab loading position, shown in Figure 44, because for 
doweled pavements this is the critical fatigue damage location. Most cracks initiate at the edge of 
the slab as a result of this loading. ·This slab thickness becomes the design thickness if the 
transverse joints are doweled. If the joints are not doweled, a design check is made to see if the 
joint loading position causes a more critical stress at the top of the slab. Also, a design check is 
made for joint design adequacy with respect to faulting, as described in Section 3.3. 

Determine Required Inputs. The following inputs must be selected or obtaine.d. 

Section of Guide 
1. Estimated ESALs, W 18 , for the performance period in the design lane. 2.1.2 

2. Design reliability, R, percent. 2.1.3 

3. Overall standard deviation, S0 • 2.1.3 

4. Design serviceability loss, PSI= P1 - P2• 2.2.1 

5. Effective (seasonally adjusted) elastic k-value of the subgrade, psi/in. 3.2.1 

6. . Concrete modulus of rupture, S '
0

, psi. 2.3.4 

7. Concrete elastic modulus, E0 , psi. 2.3.3 

8. Joint spacing, L, inches. 3.3.2 

9. Base modulus, Et,, psi. 2.3.3 

10. Slab/base friction coefficient, f. 

11. Base thickness, Hb, inches. 

12. Effective positive temperature differential through concrete slab, TD, °F. 

13. Lane edge support condition: 

a. Conventional lane width (12 ft [3.7 m]) with free edge. 

b. Conventional lane width (12 ft [3.7 m]) with tied concrete shoulder. 

c. Wide slab (e.g., 14 ft [4.3 m]) with conventional traffic lane width (12 ft [3.7 m]). 
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· Joint Loading 
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Tire Print: 

1 in = 25.4 mm, 1 ft = 0.305 m 

Figure 44. Midslab andjoint loading positions defined. 
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Design Equations for Rigid Pavement. The rigid pavement design equation for 50 percent 
reliability is given below: 

log W' • log w + ( 5.065 - 0.03295 P2 '' ) [ log ( ( S~:, )' ) - log ( 6:, ) ] [38] 

where W' = number of 18-kip [80-kN] ESALs estimated for design traffic lane 
W = number of 18-kip (80-kN] ESALs computed from Equation 39 below: 

(Note: Logarithm is to base 10). 

G 
log W = log R + -

y [39] 

log R = 5.85 + 7.35 log (D + l) - 4.62 log (Li + L2) + 3.28 log L2 [40] 

3.63 (Li + L2)5·2 
y = 1.00 + --'-----~ 

(D + l )846 L2 3.s2 

G = lo ( p 1 - P2 ) 
g Pl - 1.5 

D = concrete slab thickness, inches 
Ll = load on a single or tandem axle, kips 
L2 = axle code, 1 for single axle, 2 for tandem axle 
P 1 = initial serviceability index 
P2 = terminal serviceability index 

(S'c)' = mean 28-day; third-point loading flexural strength, psi 
(690 psi [4758 kPa] for AASHO Road Test) 

at = midslab tensile stress due to load and temperature from Equation 43 
with AASHO Road Test constants 

0 1' = midslab tensile stress due to load and temperature from Equation 43 
with inputs for new pavement design 

a, = a, E F [ 1.0 + 10(1og b) TD ] 

0 1 = midslab tensile stress due to load only, from Equation 44 
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l ( ) 02 · [ E H ] o.s 
cr = 

18•000 4.227 - 2.381 180 . - 0.0015 _b_b - 0.155 
I D2 Q 1.4 k 

Ee = modulus of elasticity of concrete slab, psi 
(4,200,000 psi [28,959 MPa] for AASHO Road Test) 

Ei, = modulus of elasticity of base, psi 
(25,000 psi [172 MPa] for AASHO Road Test) 

Hb = thickness of base, inches (6 in [152 mm] for AASHO Road Test) 

4 
E D 3 

C 

k = effective elastic modulus of subgrade support, psi/in 
(110 psi/in [29.92 kPa/mm] for AASHO Road Test) 

µ = Poisson's ratio for concrete (0.20 for AASHO Road Test) 

E = edge support adjustment factor (1.00 for AASHO Road Test) 
= 1.00 for conventional 12-ft-wide [3.66-m-wide] traffic lane 

(44] 

[45] 

= 0.94 for conventional 12-ft-wide [3.66-m-wide] traffic lane plus tied concrete shoulder 
= 0.92 for 2-ft [0.6-m] widened slab with conventional 12-ft [3.66-m] lane width 

F = ratio between slab stress at a given coefficient of friction (t) 
between the slab and base and slab stress at full friction, from Equation 46 

F = 1.177 - 4.3 * 10-s D Eb - 0.01155542 D 

+ 6.27 * 10-7 Eb - 0.000315 f 

f = friction coefficient between slab and base (see Table 14) 
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Table 14. Modulus of elasticity and coefficient of friction for various base types. 

Base Type or Modulus of Elasticity Peak Friction Coefficient 
Interface Treatment (osi) low mean hi2h 

Fine-grained soil 3,000 - 40,000 0.5 1.3 2.0 

Sand 10,000 - 25,000 0.5 0.8 1.0 

Aggregate 15,000 - 45,000 0.7 1.4 2.0 

Polyethylene sheeting NA 0.5 0.6 1.0 

Lime-stabilized clay 20,000 - 70,000 3.0 NA 5.3 

Cement-treated gravel (500 + CS) * 1000 8.0 34 63 

Asphalt-treated gravel 300,000 - 600,000 3.7 5.8 10 

Lean concrete without (500 + CS) * 1000 > 36 
curing compound 

Lean concrete with single (500 + CS) * 1000 3.5 4.5 
or double wax curing compound 

Notes: CS = compressive strength, psi 
Low, mean, and high measured peak coefficients of friction summarized from various references are shown above. 
I psi = 6.89 kPa 

log b = -1.944 + 2.279 D + 0.0917 L - 433,080 D 
2 

Q Q k Q4 

) 
* [ Eb Ht, 1.s ) o.s 

1.4 k 
- 43 8 642 _Q__.=__ - 498,240 D 

3 
L 

, kQ2 kQ6 

L = joint spacing, inches (180 in [4572 mm] for AASHO Road Test) 
TD = effective positive temperature differential, top of slab minus bottom of slab, °F 

effective positive TD = 0.962 -
52

·
181 

+ 0.341 WIND 
D 

+ 0.184 TEMP - 0.00836 PRECIP 

D = slab thickness, inches 
WIND = mean annual wind speed, mph 
TEMP = mean annual temperature, °F 

PRECIP = mean annual precipitation, inches 
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Contour maps for the three climatic inputs are provided in Figures 45, 46, and 47. In addition, these 
climatic data are provided for several U.S. cities in Table 15. Data for other locations are obtainable 
from local weather stations or other sources. 

Required Slab Thickn~. The rigid pavement design equations given above may be used to 
determine the required slab thickness for the design traffic. The design equations are too complex to 
put into nomograph form. However, the new design equations can easily be solved in a spreadsheet 
or computer program. In addition, for a given set of design inputs, a straight-line relationship exists 
between log W18 and slab thickness D: 

[49] 

where D = required slab thickness, inches 
Ao and A1 = regression constants dependent on other design features 

W18R = design 18-kip [80-kN] ESALs for the specified level of design reliability R 

The W18R for any level of design reliability and overall standard deviation is computed as follows: 

W = ld log W18 • Z S0 ) 

!8R 

where W18R = design 18-kip [80-kN] ESALs for a specified level of design reliability R 
W18 = estimated 18-kip [80-kN] ESALs over the design period in the design lane 

[50] 

Z = standard deviate from normal distribution table for given level of reliability (e.g., 
1.28 for R = 90 percent) 

S0 = overall standard deviation 

The required slab thickness D was computed for a range of joint spacings, concrete flexural 
strengths, subgrade k-values, and temperature differentials, for each of three base types and three 
levels of design reliability, as summarized below. Note that an appropriate friction coefficient for 
each base type was selected using Table 14. 

Table Reliability Base Type Base Modulus, psi 
16 95 Granular 25,000 
17 95 Treated 500,000 
18 95 High-strength 1,000,000 
19 90 Granular 25,000 
20 90 Treated 500,000 
21 90 High-strength 1,000,000 
22 85 Granular 25,000 
23 85 Treated 500,000 
24 85 High-strength 1,000,000 

[1 psi= 6.89 kPa] 

Example designs are provided at the end of this appendix. 
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Figure 46. Mean annual air temperature, 0 F. 
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Figure 47. Mean annual precipitation, inches. 



Table 15. Mean a-nnual temperature, precipitation, and wind speed for selected U.S. cities. 

i- " 1 .9. ... -!! ... .5 :t ti-- !! s If s g ]~ s If ] c ]t s - s g j i, Ji l :~ a a l g l i l ~ < ii l! l ~ 
! t ! -~ :;1 ~ § ii t st H t § g ii 'ii 

u:x:atioo · 2 .. 2 .l: 2 "' Location 2 .. 2 .l: :al 1..ocation 2 .. ,; .. ::i;J 
AU.SAMA KANSAS OKLAHOMA 
Bilrninglwn 622 52.2 72 Topeka 54.1 · 28_6 IO.I Ol<Jahoma City 59.9 3M 12.S 
Mobile 675 64.6 9.0 Wichita 56.4 -40.l 12.3 Tulsa 60.3 38-8 10.4 
Montgomery 67.S 492 6.7 KENTIJCKY OREGON 

AU.SKA Lexington 54.9 45_7 7.1 Medfoid 53.6 19.8 4.8 
Ancbozage 35.3 152 6.9 Louis\lille 562 43_5 BJ Ponland 53.0 37.4 7.9 
Fai.tbaaks 25-9 10.4 5.S LOUISIANA Salem 52-0 40.4 7.0 
KingSalmoo 32.8 193 J0_8 Baton Rouge 67.S 55.8 7.7 PENNSYLVANIA 

ARIZONA l..alr.e Charles 68_0 53.0 8.6 Hanisbwg 53.0 39.1 7.6 
Flagstalr 45.4 20.9 7.1 New Orleans 682 59_7 82 Philadelphia 543 41.4 9.S 
Pboeoix 712 7-1 6.3 Shroveport 65-4 43.8 8.S . Pittsbwgh 503 36.3 9.1 
Tucson 68.0 ILi 82 MAlNE RHODE ISLAND 

ARKANSAS Canbou 38.9 36.6 112 Provid=lce 50.3 45.3 10.6 
Little Rod< 61.9 492 7.9 Portland 45.0 43.8 8.7 sourn CAROLINA 

CALlRJRNIA MARYLAND Oiarlc:ston 64.8 S!.6 3_7 
Balmsfield 65.6 5_7 6.4 Baltimore 55.l 41-8 92 Columbia 633 49.\ 6.9 
Fresno 62.5 · 10.S 6.4 MASSACHUSE1TS SOUIHDAKUl'A 
Los Angeles 62.6 12.l 7.S Boston 51.S 43-8 12.4 Huron 44.7 18.7 !1.6 
Sacramento 60.6 17.l 8.1 Worcester 46.8 47.6 12.4 Rapid City 46.7 163 l!J 
San Diego 63.8 93 6.9 MICHIGAN TENNESSEE 
San Fran.cisco 56.6 19.7 105 Detroit 48.6 4.0 102 Chattanooga 59.4 52.6 6.1 
Santa Barbar> 58.9 162 6.1 Flint 46.8 292 10.6 KnoJ.vilJe 58.9 473 7.1 

COLORADO Gtand &.p;ds 475 34.4 9.7 Meroprus 61.8 51.6 9_0 
Color>do Springs 48-9 15.4 10.1 MINNE.'ial'A Nashville 592 48.S 8.0 
Denver 503 153 8.8 Duluth 382 29_7 112 TEXAS 

CONNECTICUT Minneapolis 44_7 26.4 10.6 Amarillo 572 19.l 13.6 
Hartfoid 49.8 44_4 92 MISSISSIPPI Brownsville 73.6 25.4 11.6 

DC Jackson 64_6 528 7.4 Corpus Christi 72.l 302 12.0 
Washington 575 39_0 93 MISSOURI Dallas 66.0 29.S 10-8 

DELAWARE Kansas City 563 35-2 10.7 EI Paso 63.4 7-8 9.0 
Wilmington 54.0 41.4 92 MONTANA Galveston 69.6 402 11.0 

FLORIDA Great Falls 44.7 152 128 Houston 683 44_3 7.8 
Jaci:soaville 68.0 528 8.1 NEBRASKA Lubbock 59.9 17-8 12.4 
Miami 75.6 57_6 .92 Omaha 495 i9_9 10.6 Midland 63.S 13.7 II.I 
Orlando 72.4 47.8 ·-"8:6 NEVADA Sao. Anronio 68.7 292 9.4 
Tallahassee 612 64_6 6.4 las Vegas 663 42 92 Waco 67.0 31.0 11.3 
Tampa 720 46.7 85 Rcno 49.4 7.S 65 Wichita Falls 63.S 26.7 11.7 
West Palm Beach 74.6 59.7 9.4 NEW JERSEY tJrAH 

GEORGIA Atlantic City 53.! 41.9 ID.I Salt Luo City 51.7 !SJ 8.8 
Atlanta 612 48.6 9.l NEW MEXICO VERMONT 
Augusta 632 43.I 65 Albuquerque 562 8.1 9.0 Burlington 44.1 33-7 8-8 
Macon 64.7 44.9 7.7 NEW YORK VIRGINIA 
Savannah 6S.9 49.7 7.9 Albany 473 35.7 8.9 Norfoll: 59.S 45-2 10_6 

HAWAil Buffalo 47_5 375 12.l Richmond 57.7 44_1 7.6 
Hilo 73.6 1282 7.1 New Yolk City 54.S 44.1 12.l Roanolte 56.l 392 82 
Honolulu 77.0 235 11.S Roches1<r 47_9 313 9.7 WASHINGTON 

IDAHO Syracwo 47.7 39.1 9.7 Olympia 49.6 51.0 6.7 
Boise 51.1 11.7 8.8 NORTII CAROilNA Seattle 52.7 38.8 9_0 
Pocatello 46.6 10.9 102 Charlone 60.0 43.2 7.S Spokane 412 16.7 8.8 

ll.UNOIS G rtCI1Sboro 57_9 42.5 1.S WEST VIRGINIA 
Oric;;ago 492 333 102 Ral01gh 59.0 41.8 7.8 Oiarleston 54,8 424 6.4 
Peoria 50.4 34.9 !OJ Wilmington 63.4 53.4 8.8 Huntington 552 40_7 6.S 
Springfield 526 33.8 HJ NORTII DAKUI' A WISCONSIN 

INDIANA Bismaltic 413 15.4 lOJ Green Bay 43.6 28.0 10.1 
Evansville 55_7 41.6 82 F"'l!o 40.S 19.6 124 Madison 452 30.8 9.8 
Fort.Wayne 49_7 34.4 10.l OHIO Milwaukee 46.1 30.9 lL6 
Indianapolis 52l 39.1 9.6 Ak.l'On-c.anton 495 35.9 9.8 WYOMING 
Souih Bend 49_4 382 10.4 Cleveland 49.6 35.4 10.7 Casper 452 11.4 13.0 

IOWA Columbus 51.7 37.0 8.7 Cheyenne 45.7 13.3 12.9 
Des Moines 49.7 30.8 10.9 Dayton 51.9 34.7 10.l 
Sioux City 48.4 25.4 !LO Youngsto.....-n 483 373 10.0 
Waterloo 46.l 33.1 10.7 

°C =(°F - 32)/1.8, I in= 25.4 mm, I mph= 1.6 I km/h Source: Natioaal Climatic Data Center, 1986 

100_ 



Table 16. Slab thickness computed for granular base and 95 percent reliability. 
E,, = 25 ksi [172.25 MPa], R = 95 percent, S0 = 0.39, P2 = 2.5, 12-ft-wide (3.7-in-wide] lanes with AC shoulders. 

Computc:d thicknesses less than 6.0 in (152 mm] or grcatcr than 15.0 in (381 mm) arc not shown . 

. 

Joint FIUIU1II Subgrado Politi" De,ipESALl.milliom 
Spacing Sm,gm t 1D 

(in) (psi) (poi/In) (do ...... F) 5 10 lO 30 40 50 7' 100 

· 144 600 100 5 10.7 11.8 . 129 1:1.6 14.0 14.4 - -
144 600 100 7 10.6 11.7 128 13.5 13.9 14.3 14.9 -
144 600 100 9 lo.5 11.7 128 1:1.4 139 14.3 14.9 -
144 600 100 11 '°' 11.6 127 1:1.4 13.8 142 14.9 -
144 600 100 13 10.4 11.5 126 13.3 13.8 14.1 14.8 -
144 600 250 5 10.1 11.4 127 13.4 139 14.4 - -
144 600 250 7 10.l 11..l 128 116 14-1 14-6 - -
144 fJ1J 250 9 10.3 11.7 13.0 13.8 14.4 14.8 - -
144 fJ1J 250 II 10.4 11.8 13.I 139 14.5 14.9 - -
144 fJ1J 250 13 10., 11.9 13.3 14.l 14.7 - - -
144 fJ1J 500 5 9,1 10.8 12.5 13.4 14-1 14.7 - -
144 fJ1J 500 7 9.5 11.3 1:1.1 14.l 14-9 - - -
144 fJ1J 500 9 9.9 11.8 13.7 14.8 - - - -
144 fJ1J 500 II 10.3 123 14.3 - - - - -
144 fJ1J 500 13 10.7 l:Z.8 14.8 - - - - -
144 700 100 5 9.7 1118 11.8 l:Z.4 l:Z.9 132 13.8 14.3 
144 700 100 7 9.6 10.7 11.7 123 l:Z.8 111 13.7 142 
144 700 100 9 9.6 10.7 11.7 l:Z.4 118 13.l 13.8 14.2 
144 700 100 11 9.5 10.6 11.7 12.3 1:Z.7 13.l 13.7 14-1 
144, 700 100 13 9.5 10.5 11.6 122 117 13.0 i3.6 14.1 
144 700 250 5 9.0 102 11.4 122 117 13.1 ll.8 14.3 
144 700 250 7 92 10.4 11.7 114 119 13.3 14.0 14.5 
144 700 250 9 9.3 10.6 11.8 l:Z.6 13.l 13.5 J4.2 14-7 
144 700 250 II 9.4 10.7 il.9 117 13.2 13.6 14.3 14.8 
144 700 250 13 9.5 10.8 12.l 118 13.4 13.8 14-5 15.1 
144 700 llXl 5 8.1 9.6 11.1 12.0 12.6 Ill 14.0 14.6 
144 700 .500 7 8.5 10.0 11.6 116 13.2 13.7 14.7 -
144 700 500 9 8.7 ID.• 122 13.2 13.9 14-4 - -
144 700 500 II 9.1 10.9 l:Z.6 13.7 14.4 15.0 - -
144 700 500 13 9.4 11.3 13.l 14.1 14.9 - - -
144 800 100 5 l9 99 10.9 11.5 11.9 122 118 112 
144 800 JOO 7 l9 99 10.8 11.4 11.8 lll, 117 13.1 
144 800 100 9 8.8 9.8 10.8 11.4 ii.I Ill 126 13.0 
144 800 100 II 8.8 9.8 10.7 11.3 ll.7 110 12.6 110 
144 800 100 13 8.8 9.7 10.7 11.3 11.7 120 12.5 12.9 
144 800 250 5 82 9.3 10.5 II.I 11.6 110 116 13.1 
144 800 250 7 8.3 9.5 10.7 11.3 ll.8 122 12.9 13.4 
144 800 250 9 8.5 9.6 10.8 11.5 12.0 12.4 13.1 13.6 
144 800 250 II 8.6 9.8 11.0 11.7 l:Z.2 12.6 13.3 13.8 
144 800 250 lJ 8.7 99 11.1 11.9 12.4 12.8 13.5 14.0 
144 800 500 5 72 B.6 IQO 10.8 11.4 11.9 12.7 113' 

144 800 500 7 7.6 9,1 10.5 11.4 12.0 12.5 13.4 14.0 
144 800 500 9 7.9 9.5 11.0 11.9 116 13.0 14.0 14.6 
144 800 500 II 82 9.8 · 11.4 123 13.0 13.5 14.4 -
144 800 500 13 8.6 102 11.8 12.7 13.4 13.9 14.8 -
192 '51111 100 5 10.8 12.0 13.1 13.8 14.2 14-6 - -
192 '51111 100 7 I0.8 11.9 111 117 14.2 14.5 - -
192 600 100 9 10.8 119 13.0 117 14.I 14.5 - -
192 '51111 100 II 10.7 119 13.0 116 14.1 14.5 - -
192 600 100 13 10.7 11.8 119 116 14.1 14.4 - -
192 600 250 5 ln4 11.7 13.0 13.7 14.3 14.7 - -
192 600 250 7 1116 11.9 13.2 14-0 !4.6 15.0 - -
192 600 250 9 10.8 122 13.5 14.3 14.9 - - -
192 600 250 11 10.9 123 117 14.5 - - - -
192 600 250 13 11.1 12.5 14.0 14.8 - - - -
192 '51111 .500 5 9.5 11.3 13.0 14-1 - - - -
192 600 500 7 ID. I 12.0 119 110 - - - -
192 fJ1J 500 9 10.7 1:Z.7 14.7 - - - - -
192 600 500 11 11.3 114 - - - - - -
192 fJ1J 500 13 11.8 14.0 - - - - - -
192 700 100 5 99 10.9 12.D 126 13.l 13.4 14.0 14.5 
192 700 100 7 99 10.9 12.0 l:Z.6 13.0 114 14.0 14.4 
192 700 100 9 9.8 10.9 12.0 12.6 13.D 13,4 14,Q 14.4 
192 700 100 11 9.8 ID.9 11.9 116 13.0 13.3 14.0 14.4 
191 700 100 13 9.8 10.9 11.9 12.5 13.0 113 13.9 14.4 
192 700 250 5 9.4 10.6 11.8 12.5 13.0 13.4 14.! 14.6 
192 700 250 7 9.6 10.8 1:Z.0 118 13.3 13.7 14-4 14.9 
192 700 250 9 9.8 11.1 ill 13.1 13.6 14.0 14.8 -
192 700 250 11 IClO 11.3 12.6 13.4 13.9 14.3 - -
192 700 250 13 10.2 11.5 128 13.5 14,1 14.5 

I 

101 I ill• 25.4 mm, I psI • 6.89 kPa, I psi/ID= 0.271 kPalmm, 'C ~ ('1' • 32),'l.8 



Table 16. Slab thickness computed for granular base and 95 percent reliability (continued). 

Eb= 25 ksi [ 172.25 MPa], R = 95 percent, S0 = 0.39, P2 = 2.5, 12-ft-wide [3.7-m-wide] lanes with AC shoulders. 

Joint 
Spacing 

(in) 

192 
192 
192 
192 
192 

192 
192 
192 
192 
192 
192 
192 
192 
192 
192 
192 
192 
192 
192 
192 

240 
240 
240 
240 
240 
240 
240 
240 
240 
240 
240 
240 
240 
240 

240 

240 
240 

240 
240 

240 
240 
240 

240 
240 
240 
240 
240 

240 
240 
240 

240 
240 
240 
240 
240 

240 
240 

240 
240 
240 
240 

240 · 
240 
240 
240 

Computed thicknesses less than 6.0 in (152 mm] or greater than 15.0 in (381 mm] are not shown .. 

Fiexural 
Strength 

(Jlsi) 

700 
700 
700 
700 
700 

800 
800 
800 
800 
800 
800 
800 
800 
800 
800 
800 
800 
800 
800 
800 

600 
600 
600 
600 
600 

·600 

600 
600 
600 
600 
600 

600 
600 
600 
600 

700 
700 
700 
700 
700 
700 
700 
700 
700 
700 
700 
700 
700 
700 
700 

800 
800 
800 
800 
800 
800 
800 
800 
800 
800 , 
800 
800 
800 
800 
800 

Subgradc 
t 

{psi/in) 

500 
500 
500 
500 
500 

100 
100 
100 
100 
100 
250 
250 
250 
250 
250 
500 
500 
500 
500 
500 

100 
100 
100 
JOO 
100 
250 
250 
250 
250 
250 
500 
500 
500 
500 
500 

100 
100 
100 
100 
100 
250 
250 
250 
250 
250 
500 
500 
500 
500 
500 

100 
100 
100 
100 
100 
250 
250 
250 
250 
250 
500 
500 
500 
500 
500 

Positive 
m 

(degrees FJ 

11 
13 

5 
7 
9 
11 
13 
l 

7 
9 

11 
ll 

7 
9 
II 
13 

7 
9 

11 
ll 
5 
7 

9 

11 
13 
5 
7 
9 
II 
ll 

9 
II 
13 
5 
7 
9 
11 
13 
5 

11 
13 

l 

7 

9 
11 
13 
5 

9 

11 
13 

7 
9 
11 
ll 

5 

8.5 
9.0 
9.6 

10.1 
10.6 

9.1 
91 
9.1 
91 
9,1 

8.5 
8.7 
8.9 
9.2 
9.4 
7.7 
8.3 
8.7 
9.2 
9.6 

11.0 
11.0 
11.0 
11.0 
11.0 
10.7 
11.0 
11.J 

11.6 
I 1.8 
10.0 
10.8 
11.7 
12.4 
13.2 

10.l 
10.! 
ID.I 
10.1 
10,2 
9.7 

10.0 
10.3 
10,6 
10.9 
9.0 
9,8 

10.6 
11.2 
11.9 

9.3 
9.3 
9.4 
9,4 
9.5 
8.8 
9.3 
9.6 
9,8 

ID.I 
8.3 
9.0 
9.7 

10.4 
10.9 

10 

10.l 
10.7 
11.3 
1L9 
12.4 

10.1 
IO.I 
10.l 
10.J 
10.l 
9.7 
9.9 

10.2 
10.4 
10.6 
92 
9.8 

10.3 
10.8 
I I .3 

12.1 
12.1 
12.1 
12.1 
12.2 
12.0 
12.3 
12.7 
13.0 
13.2 
11.9 
12.8 • 
13.8 
14.6 

11.l 
II.I 
11.2 
11.2 
11.2 
10.9 
11.3 
11.6 
11.9 
12.2 
10.7 
11.6 
12.4 
13.1 
13.7 

10.3 
10.3 
10,4 
10.4 
10.5 
10.0 
10.4 
10.8 
11.0 
11.3 
9.8 

10.6 
I l.l 
12.0 
12.5 

20 

11.6 
12.4 
13.I 
13.7 
14.3 

I I.I 
II.I 
II.I 
11.l 
II.I 
10.8 

II.I 
11.4 
11.6 
11.8 
10.6 
11.3 
11.9 
12.5 
13.0 

13.2 
ll.2 
13.3 
13.3 
13.3 
13.3 
13.7 
14.1 
14.5 
14,7 
13.7 
14.8 

12.2 
12.2 
12.2 
12.2 
12.l 
12.1 
12.6 
12.9 
13.2 
13.5 
123 
13.3 
14.2 
14.9 

11.3 
11.l 
11.4 
11.4 
I l.l 
11.2 
11.6 
12.0 
12.2 
12.5 
11.3 
12.2 
12.9 
ll.6 
14.2 

Design ESALs, rnilliuns 

JD 40 

12.6 
13.4 
14.1 
14.8 

11.7 
11.7 
11.6 
11.6 
11.6 
11.5 
11.8 
12.l 
12.3 
12.5 
11.5 
12.2 
12.8 
13.4 
13.9 

13.9 
13.9 
ll.9 
13.9 
13.9 
14.1 
14.5 
14.9 

12.8 
12.8 
12.8 
12.9 
12.9 
12.9 
13.3 
13.7 
14.0 
14.J 
13.3 
14.3 

11.9 
11.9 
12.0 
12.0 
12.1 
11.9 
12.3 
12.7 
13.0 
13.J 
12.1 
13.1 
13.9 
14.6 

13.2 
14.l 
14.9 

12.1 
12.l 
12.l 
12.I 
12.0 
12.0 
12.J 
12.6 
128 
13.0 
12.1 
12.8 
13.5 
14.l 
14.6 

14.3 
14.4 
14A 
14.4 
14.4 
14.6 
il.O 

13.3 
13 2 
13.3 
13.3 
13 3 
13.4 
13.8 
14.2 
14.5 
14.9 
14.0 
15.0 

12.3 
12.3 
12.4 
12.4 
12.5 
12.4 
12.8 
13.2 
13.5 
13.8 
12.7 
13.7 
14.5 

50 

13.7 
14.7 

12.4 
12.4 
12.4 
12.4 
12.4 
12.4 
12.7 
13.0 
13.2 
13.4 
12..5 
13.3 
14.0 
14.6 

14.7 
14.7 
14.7 
14,8 
14.8 
15.0 

13.6 
13.6 
13.6 
13.6 
13.7 
13.8 
14.3 
14,6 
14.9 

12.6 
12.7 
12.7 
12.8 
12.8 
12.8 
13.2 
13.6 
13.8 
14.2 
13.2 
14,2 

15.0 

75 

13.0 
13.0 
IJ.0 
12.9 
12.9 
ll.0 
13.4 
13.7 
13.9 
14.1 
13.4 
14.2 
14.9 

14.2 
14.2 
14.2 
14.2 
14.3 
14.5 
15.0 

!J.2 
13.2 
13.3 
13.4 
13.4 
13.5 
13.8 
14.J 
14.5 
14.9 
14.1 

100 

ll.4 
13.4 
13.4 
13.4 
13.J 
13.5 
13 9 
14.2 
144 
14.6 
14.0 
14.8 

14.7 
14.6 
14 7 

14.7 
14_7 

15.0 

13.6 
13.7 
13.7 
13.8 
13.8 
14.0 

14.3 
14.8 
15.0 
15.4 
14.7 

l 02 I in= 2S.4 mm, I ps, = 6.89 kPa, I psi/in= 0.271 kPalmm. •c = ("F - 32)/1.8 



Table 17. Slab thickness computed for treated base and 95 percent reliability. 

E, = 500 ksi [3445 MPa], R = 95 percent, So= 0.39, P2 = 2.5, 12-ft-wide [3.7-m-wide) lanes with AC shoulders. 

Jolff.L 
Spacing 

(ill) 

144 
144 
144 
144 
144 
144 
144 
144 
144 
144 
144 
144 
144 
144 
144 

144 
144 
144 
144 
144 
144 
144 
144 
144 
144 
144 
144 
144 
144 
144 

144 
144 
144 
144 
144 
144 
144 
144 
144 
144 
144 
144 

144 

144 
144 

192 

192 
192 
192 

192 

192 

192 
192 
192 

192 

192 

192 

192 
192 

192 

192 
192 

192 
192 
192 
192 
192 

192 

192 
192 

Computed thicknesses less than 6.0 in (152 mm) or greater than 15:0 in (381 mm) are not shown. 

FIOiural 

Sucngdl 
(psi) 

600 
600 
600 
600 
600 
600 
600 
600 
600 
600 
600 
600 
600 
600 
600 

700 
700 
700 
700 
700 
700 
700 
700 
700 
700 
700 
700 
700 
700 
700 

800 
800 
800 
800 
800 
800 

800 
800 
800 
800 
800 
800 
800 
800 
800 

600 
600 

600 
600 
600 
600 
600 
600 
600 
600 
600 
600 
600 
600 

600 

700 
700 
700 
700 
700 
700 
700 
700 
700 
700 

S,bg_ 

k 
(p,iflll) 

100 
100 
100 
100 
100 
2.!0 
250 
2.!0 
2.!0 
2.!0 
500 
500 
500 
500 
500 

100 
100 
100 
100 
100 
2.!0 
2.!0 
2.!0 

2.!0 
2.!0 
500 
500 
500 
500 
500 

100 
100 
100 
100 
100 
250 
250 
250 
250 
250 
500 
500 
500 
500 
500 

100 
100 
100 
100 
100 
2.!0 
250 
2.!0 
250 
250 
500 
500 
500 
500 
500 

100 
100 
100 
100 
100 
250 
250 
250 
250 
250 

Positive 

TD 
(dq=s Fl 

7 
9 
II 
13 

• 
II 
13 

• 
II 
13 

7 

II 
IJ 

• 
II 
13 

II 
13 

9 

II 
13 
. l 

9 

II 
13 

II 
13 

9 

II 

13 

9 
II 

13 
5 

9 
II 

13 

9 

II 
13 
s 

II 
IJ 

92 

9.4 

9_j 

9,6 

9,6 

8.6 
9.1 
9,4 

9.7 
10.0 

1-' 
8.4 
9.1 
9,4 

10.1 

8_j 

8.6 
8.8 

8.9 
9.0 
8.0 
8.3 

8.7 
9.0 
9.2 

6.6 

1.6 
8,J 

8.6. 
9,2 

7.9 
8.0 
8.2 
8.3 

u 
7.) 

7.7 
8.1 
8.4 
8,6 

6,4 
6.9 
7,6 
7.9 
8.l 

9.l 
9.7 
9.8 
9.9 

JO.I 
9,1 
9.6 

10.0 
10.4 

10.6 

8.1 
9.1 
9,8 

10.6 

11.3 

8.7 
9,0 
9.1 

9.3 

9,4 
8.3 
8.9 
9,) 

9,7 
9.9 

10 

103 
10.4 
I0_j 

10.6 
10.7 
10.0 
10.4 
10,7 
ll.0 

113 

•2 
LO.I 
10.8 
113 

11.9 

9,5 
9.6 
9,7 
9.8 
9.9 
9,2 
9_j 

9,9 

10.2 
10.4 

8.2 
9,1 
9.8 

10,J 
10.9 

. 8.8 

8,9 

9.1 
9.2 
9.3 
8..5 
8,9 
9.2 
9_j 

9.7 
7.7 
8.4 
9,1 

9.l 
lO.O 

10..5 
10.7 
10.9 

11.0 
ll.l 
10.4 

10.9 

l'I.J 
11.7 
12.0 
9.8 

10.9 

11.7 
12.j 
13 2 

9,7 
9,9 

10.1 

10.:" 
l0.4 

9_j 

10.1 
10.5 

l0.9 
112 

20 

11.3 
11.4 
11.5 
11.6 
11.7 

11.J 
11.7 

12.1 
12.4 
12.6 

10.9 
11.8 
12.S 
1).2 
IJ,8 

10.4 

10.6 
10,7 
10.8 
10.9 
10,J 
10.7 
I U 
11.4 

11.7 
9,8 

10.7 
IJ.4 
12.0 
12 . .S 

9,7 
9,9 

10.0 
10.1 

10.2 
9,6 

10.0 
103 
10.6 
10.9 
9.1 
9,8 

10.S 
!LO 

11.5 

11.6 
11.7 

11.9 
12,0 
12.l 

11.7 

12.2 
12.6 

13.0 · 
13.S 
11.5 
12.6 
13.5 
1~.J 

W.7 

10.9 
11.0 

11.2 
11.J 
10.8 
11.3 
I 1.7 
12.1 
12.4 

De.s:ign ESA~. millions 

30 40 

12.0 
12.l 
12.1 
122 
123 
12.1 
12.5 
12.8 

13.1 
IJ.4 
11.9 

12.8 
IJ.l 
14.3 

14.!:I 

11.0 
ILi 
11.l 
113 
ll.4 
11.0 
11 . .5 
ll ,8 

12.l 

12.4 

10.8 
11.6 

12.3 
12.!:I 

13.4 

10,3 
I0,4 

10 . .5 
10.6 

10.7 
10.2 
10.6 
IL.0 

11.J 
ILS 

9,9 

10.7 
l 1.3 
11.9 

ll.4 

12.2 
123 

12 . .5 
12,6 
12,7 

12 . .S 
13.0 
13,4 

13.8 

14.J 
12.5 
13.6 
14.6 

11.J 

11.4 

11.6 

11.7 
11.9 
11.S 
12,0 
12,4 

12.8 
13.1 

12.4 
12.5 
12.6 
12.6 
12.7 
12.6 
13.0 
13.4 

13.7 
14.0 

12.6 

13 . .5 
14.2 

ll.4 
ll.5 

11.6 
11.7 

11.8 
11.5 
12.0 
123 
12.6 
12.9 
11.4 
12.3 
12.9 

13.6 

14.l 

10.7 
10.8 

10.9 

11.0 

11.l 

10.7 

11.1 
11.4 

11.7 

12.0 
10 . .S 
11.3 

I 1.9 
12 . .S 
IJ.0 

12.6 
12.8 

12.9 

lJ.O 
LJ.I 

\J.O 

13.5 

14.0 

14.] 

15.0 
1).2 
14.3 

11.7 

11.8 
12.0 

12.1 
12.l 
12.0 
12.5 

12.9 

IJ~ 
l],6 

50 

12.7 
12.8 
12.9 
IJ.0 

13.0 
13.0 

13.4 

IJ.8 
14.1 
14.4 

lJ.I 
l4.0 

14.R 

11.8 

11.9 

12.0 
12.0 
12,1 
11.9 

12.4 
12,7 
130 
13.3 

12.0 
12.R 
13.4 
14.2 

14.6 

11.0 

11.1 

I 1.2 
113 
I 1.3 
11.l 
11.4 
11,8 

12.l 
12.J 
11.0 

11.7 
12.4 

13.0 
13.S 

1),0 
13.1 

I l.3 
13.3 
13.4 

13.4 

ll.9 
14.4 
14.8 

l!i.4 

1).8 

14.9 

15 

IJ.4 
13.4 
IJ_j 

13.6 
13.6 
13.8 
14.2 
14.6 

14.9 

12.J 
12.4 

12.5 
12.6 
12.7 
12.6 
13.1 

13.4 
13 7 
14.0 

12.9 
13.7 
14.4 

11.S 
11.6 

11.7 

11.8 

11.8 

11.7 
12.1 
12.5 
12.7 
13,0 
11.8 

12.6 
13.2 

13.~ 
14.3 

13,6 
13.7 

13,9 

13.9 
14.0 

14.2 

14,7 

1.5.1 
15.5 
16.) 
14.8 

12.U 12.:5 

ll.2 12.7 

12.) 12.9 
12,4 13.0 
12..5 13.l 
12.4 13.! 
12.9 13,6 
13.3 14.0 

13.7 14.4 
14.0 . 14.8 

100 

IJ.8 
13.9 

IJ.9 
14.0 

14.1 
14.J 
14,7 

12.7 
12.8 

12.9 
IJ.0 
13.0 
13.1 

13.6 

13.9 

14.2 
14.5 
\J.6 
14.3 

15.0 

11.9 
12.0 

12.1 
12.l 

12.2 
12.2 
12.6 

12.9 

13.2 
13.5 
12.4 

13.2 

13.8 

14.S 

14.9 

14.0 

14.2 

14.J 

14.3 

14.4 

14.7 

12.9 

13.1 
13.2 
IJ,4 

IJ.5 
13.6 
14.1 

l4.5 

14.9 

103 1 in= 25 4 mm. I psi = 6.89 kPo, I psi/in= 0.271 kPo/mm. "C = ("F - 32)11.8 



Table 17. Slab thickness computed for treated base and 95 percent reliability (continued). 

Et,= 500 ksi [3445 MPa], R = 95 percent, S0 = 0.39, P2 = 2.5, 12-ft-wide [3.7-m-wide] lanes with AC shoulders. 

Joint 
Spaciag 

(in) 

192 

192 

192 

192 
192 

192 
192 

192 
192 
192 

192 

192 
192 

192 

192 
192 
192 

192 
192 

192 

240 

240 

240 

240 

240 

240 

240 

240 
240 

240 

240 

240 
240 
240 

240 

240 

240 
240 

240 

240 

240 
240 

240 

240 

240 

240 
240 

240 

240 

240 

240 
240 

240 

240 

240 
240 

240 
240 

240 
240 
240 

240 

240 

240 
240 

Computed thicknesses less than 6.0 in [152 mm] or greater than 15.0 in [381 mm] are not shown. 

Aexura.l 
SucagLh 

(psi) 

700 

700 

700 

700 
700 

800 
800 
800 
800 
800 
800 

800 

800 

800 
800 
800 
800 
800 
800 
800 

600 
600 

600 

600 
600 
600 
600 
600 

600 
600 

600 
600 
600 
600 
600 

700 
700 
700 

700 
700 

700 
700 
700 

700 

700 

700 
700 

700 

700 

700 

800 
800 
800 
800 

800 
800 
800 
800 

800 

800 
800 

800 
800 

800 
800 

Subgrade 
k 

(psi/in) 

500 
500 

500 
500 

500 

100 

100 

100 

100 

100 

250 
250 

250 
250 

250 
500 
500 

500 
500 

500 

100 

100 
100 

100 

100 

250 
2l0 

250 
250 
250 
500 

500 
500 

500 
500 

100 

100 
100 

100 

100 

250 
250 

250 
250 

250 

500 
500 

500 

500 

500 

100 
100 

100 

100 

100 
250 
250 
250 

250 

250 

500 
500 
500 

500 
500 

Pos.iLive 
TD 

(degree, F) 

II 
13 

7 

9 

II 
13 
5 

II 
13 
5 
7 

9 

II 
13 

5 
7 
9 

II 
13 

II 
13 
5 
7 

9 

II 
13 

7 
9 

II 
13 
5 

7 

9 

II 
13 

9 

II 
13 

5 
7 

II 
13 

7 

9 
II 
13 

II 
13 

1.S 
8.S 

9.1 

9.9 
10.S 

8.1 

8.4 

8.6 

8.8 

8.9 

7.8 

SJ 
8.7 

9.1 

9.4 

6.9 

7.9 

8.S 
92 
9.6 

9.7 
10.0 
10.2 

10.4 

10.5 
9.S 

10.1 

10.7 
11.0 

11.5 
8.8 

9.8 
10.9 
11.8 
12.S 

9.0 
9.3 

9.5 

9.7 

9.9 

8.8 

9.S 
9.9 

10.4 

10.8 
8.3 

9.2 
10.3 
11.0 
11.7 

8.5 
8.8 
90 

9.2 
9.4 
8.3 
8-Y 
9.4 

98 

10.2 
7.8 
8.8 
9.7 

10.4 
11.0 

ID 

9.0 
10.0 

10.7 

11.S 
12.1 

9.0 

9.3 
9.5 

9.6 

9.8 

8.9 

9.4 

9.8 

10.2 

IO.S 
SJ 
9.3 

10.0 
10.7 
II.I 

10.8 

11.0 
11.2 

11.4 
11.5 

10.! 
11.4 

12.0 
12.4 
12.! 

10.6 

11.7 
12.8 
13.7 

14.5 

10.0 
10.3 
10.5 

10.7 

108 

10.0 

10.7 

II.I 
11.6 

12.D 
9.8 

10.8 
11.8 

12.7 
13.4 

9.4 
9.6 
9.9 

IO.I 
10.2 

9.4 

10.0 

ID.S 
10.9 
11.3 
9.2 

10.2 
I I.I 
11.8 

12.4 

20 

ID.6 
11.S 
12.3 

13.1 
13.7 

10.0 

10.2 
10.4 

ID.5 
10.6 

10.0 
10.5 
ID.9 
1 l.l 
11.6 
9.8 

ID.7 
11.4 

12.1 
12.7 

11.8 
12.0 
12.2 
12.4 
12.5 
12.1 
12.8 

13.3 
13.8 
14.2 

12.J 
13.6 
14.6 

11.0 
11.2 
11.4 

11.6 

11.8 

11.2 

I l.8 

12.4 
12.8 

13.2 

11.J 
12.S 

13.4 
14.4 

ID.3 
10,5 
10,8 
10.9 

I I.I 
10.5 

II.I 
11.6 
12.0 
12.4 
10.6 
11.6 
12.5 

13.2 
13.9 

Dei.agn ESAL.. millions 

JO 40 

11.S 
12,4 

13.3 
14.0 

14.6 

10.S 

10.7 
ID.9 
11.0 

11.l 
10.7 

11.2 

11.6 

12.0 
12.3 
10.6 

11.S 
12.3 
13.0 
13.6 

12.4 
12.6 
12.8 
13.0 

13.1 
12.9 
13.5 
14 0 
146 
15.0 

13.J 
14.7 

11.5 

11.8 
12.D 
12.2 
12.J 
11.9 

12.5 
13.1 

13.5 
13.9 

12.2 
13.4 
14.3 

10.8 
11.0 
Ill 
11.5 
11.6 
I I.I 
11,8 
12.3 
12.7 
13,0 
11.4 

12.5 
13.J 
14.1 

14.7 

12.1 

13.I 
14,0 

14.7 

10.9 

I I.I 
11.2 
11.4 

11.5 
II.I 
11.6 

12.1 
12.4 
12.7 

I 1.2 
12.I 
12.9 
13.6 

14.2 

12.9 
13.1 
13.3 

13.4 
13.5 

13.4 
14.1 
14.6 

14.0 

11.9 
12.2 
12.4 

12.6 

12.7 
12.4 

13.0 
13.6 

14.0 
14,4 

12.9 
14.! 

15.0 

II.I 
11.4 
11.6 

11.8 
12.0 
11.6 
12.2 
12.7 
13.1 
13.5 
12.0 
11.1 
11.9 
14.7 

50 

12.6 
13.6 

14.5 

11.2 
11.4 
11.5 
11.7 

11.8 

11.5 

12.0 

12.4 

12.8 
13.I 
11.7 
12.6 
13,4 
14.0 
14.7 

13.2 
13.4 
13.6 

13.7 
13.8 
IH 
14.l 

15.0 

12.2 
12.5 

12.7 

12.9 

13.0 
12.8 
13.4 
14.0 
14.4 

14.7 
13.4 
14.6 

11.4 
11.7 
11.9 

12.1 

12.l 
12.0 
12.6 
13.1 
13.5 
13.8 
12 4 

135 
14.4 

75 

13.S 
14.5 

11.7 

11.9 
12.0 

12.2 

12.3 

12.1 
12.6 
13.1 

13.4 

13.8 
12.S 

13.4 
14.2 
14.9 

13.8 

14.0 
14.2 
14.3 
14.4 

14.6 

12.8 

13.D 
13.2 
13,4 
13.6 

13.5 
14.1 

14.7 

14.3 

12.0 
12.2 
12.4 
12.6 
12.8 
12.6 
13,2 

13.7 
14,1 
14.4 
11.2 
14.4 

100 

12.1 
12.3 

124 
12.S 

12.6 

12.6 

131 
I J.S 
13.9 

14.2 

13.I 
14,0 

14.8 

14.2 
14.4 
14.6 
14.8 
14.8 

13.2 
13.4 
13.6 
13.8 
14.0 
14.0 

14.6 

14.9 

12.3 
12.6 
12.8 
13.0 
13.1 

13 I 
13,7 
14.2 

14.6 
14.9 
11.8 
14.9 

104 I in= 25.4 mm, l psi= 6.89 kPa. l psi/ic = 0.271 kl'almm. "C = ("F - 32)/l.8 



Table 18. Slab thickness computed for high-strength base and 95 percent reliability. 
E, = I million psi [6890 MPa], R = 9~ percent, S0 = 0.39, P2 = 2.5, 12-ft-widc [3. 7-m-wide] lanes with AC shoulders. 

Computed thicknesses less than 6.0 in [152 mm] or greater than 15.0 in [381 mm] are not shown. 

Joint Flaw>! Subgnode Positive Design ESA.u, millions 

S~acing Somgih k TD 
(in) (psi) (p.si/in) Cdegroa F) 5 10 20 JO 40 l0 75 100 

144 600 100 5 8.5 ,.s 10.:5 11.2 ll,6 ll.9 12.5 13.0 

144 600 100 7 8.8 •. 8 10.8 11.4 11,8 12.J 12.7 l).J 

144 600 JOO 9 9.0 10.0 II.Cl 11.6 12,0 12.3 12.9 133 

144 600 100 II 9.2 10.2 II.I 11.7 12.1 125 13.0 13.4 

144 600 JOO 13 9.4 10.3 11.3 11.9 12,3 12.6 13.1 13.5 

144 600 250 5 8.1 9,4 10.7 lJ.4 12.0 12.4 13.1 13.7 

144 600 250 7 8.8 10.0 11.2 12.0 12.5 12.9 13.6 14.l 

144 600 250 9 •3 10.5 11.7 12.4 12.9 131 14.0 14.5 

144 600 250 II 9.6 10,8 12.0 12.8 13.l 13.7 14.4 14.9 

144 600 250 13 9.9 ll.l 12.4 13.l 13,6 14,0 14.7 15.2 

144 600 500 5 7.4 8,9 10.4 11.3 IL9 12.4 13.3 13.9 

144 600 500 7 7.9 9.6 11.2 12.2 12,9 13.5 14.4 -
144 600 lOO 9 8.9 10.S 12.1 13,0 IJ,7 14.2 -- -
144 600 500 11 9.7 111 12.8 13.6 14 3 14.8 -- --
144 600 lOO 13 10.0 11.7 13.4 i4.4 - ·-- -- .... 

144 700 100 5 7.9 8.9 9.8 10.4 10.8 11.1 tl.7 12.1 

144 700 100 7 8,2 9.2 10.1 10.7 11.0 I l.J 11.9 12.3 

144 700 100 9 8.5 9,4 I0.3 10,8 ll.2 " 5 12.1 12.4 

144 700 100 11 8.7 9.6 I0.5 11.0 11.4 11.7 12.2 12.6 

144 700 100 I] 8.8 9.7 10.0 11.2 11.5 ll.8 12.3 12.7 

144 700 250 5 7.5 8.7 9.9 10.6 11.I IU 12.2 12.8 

144 700 250 1 8.2 9.3 10-'I 11.2 11.6 12.0 12.7 13.1 

144 700 250 9 8.4 9,6 10.e 11.6 12.1 12.5 13.2 13.7 

144 700 250 11 9.0 10.1 112 11.9 12.4 12 8 13.4 13.9 

144 700 250 13 9.3 10,4 11.6 12.2 12.7 11.0 13.7 14.2 

144 700 500 l 6.8 8,2 9.6 IO.l 11.1 11.5 12.4 12.9 

144 700 500 1 7.3 8,9 10.'4 113 11.9 12.4 13.3 13.9 

144 700 500 9 8.4 9,8 11,2 12.0 12.6 13.l 13.9 14.5 

144 700 500 II 9.1 10.S IUI 12.6 LJ.2 13.7 14.S 15.0 

144 700 500 13 9.4 10.9 12.3 1).2 13.8 14.3 - ---
144 800 100 5 7.4 8.3 9,3 98 10.2 10.5 11.0 11.4 

144 800 JOO 1 7.7 8.6 9.3 10.0 10.4 10.7 11.2 11.6 

144 800 100 9 8.0 8,9 9,7 10.2 10.6 10.IJ ll.4 11.7 

144 800 100 11 8.2 9,1 9.9 10.4 W.8 11.0 11.5 11.9 

144 800 100 13 8.4 9.2 IO.! 10.6 10.9 11.2 11.7 12.0 

144 800 250 5 6.9 8.1 9.J 10.0 10.5 10.8 11.5 12.U 

144 800 250 7 7.7 8.8 9.8 10.5 10.9 ll.3 11.9 12.3 

144 800 250 9 8.0 9.1 10.2 10.9 11.3 1 t.7 12.4 12.8 

144 800 250 11 8.S 9.S 10.6 11.2 11.7 12.0 12.6 13.1 

144 800 250 13 8.8 9.9 10.9 IU I 1.9 rz.3 12.9 13,3 

144 800 500 l 6.2 7.6 8.9 9.1 10.J 10.7 11.5 12.l 

144 800 500 1 6.8 8.2 9.7 10.5 II.I 11.6 12.5 13.I 

144 800 500 9 7.9 9.2 10.5 11.J 11.8 12.2 1).0 1).5 

144 800 lOO 11 8.5 9,8 11.l 11.8 12.4 l2.8 13.5 14,1 

144 BOO 500 13 8.9 10.2 11.5 12.3 12.8 13.3 l4.0 14,6 

192 600 100 5 8.8 9,8 10,!! ll.4 11.8 12.2 12.8 13,2 

192 600 100 1 9.2 IO.I 11.l 11.7 l2.L 12.4 13.0 13.4 

192 600 100 9 94 10.4 11.4 11-9 12.3 12.7 13.2 13.6 

192 600 100 11 9.6 10.6 11.6 12.1 12.5 12.8 13.4 13,R 

192 600 100 13 9.9 10,lil 11.7 12.) 12.7 13.0 13.5 IJ.9 

192 600 l!O 5 8.7 9.9 11.J 11.9 12.4 12.8 13 l 14,0 

192 600 250 7 9,4 10.6 II.II 12.5 13.0 13,J 14,0 14.S 

192 600 250 9 9,8 11,0 12.3 13.0 13 . .S 13.9 14,6 --
192 600 250 II 10.) 11.5 12.7 IJ.4 13.9 14.3 15,0 -
192 600 250 13 10.7 11.9 13.1 13.8 14.3 14.6 -- --
192 600 500 5 8.2 9,6 11.J 12.0 12.6 1).0 13.9 ---
192 600 lOO 7 8.9 10.l 12.J 1).0 137 14.2 - -
192 600 lOO 9 10.0 11.l 13.0 13.9 14 5 15.0 -- ·--
m 600 500 II 10.S 12.2 13.8 14.7 -- ·-- -- ---
192 600 S00 13 I 1.3 12.!i 14.4 - -- ·-- --- ---· 

192 700 100 l t2 9.2 10,l 10.7 ll.l 11.4 11.9 12,3 

192 700 100 1 ft.6 9.5 104 11.0 I 1.4 II 7 12.2 12.0 

192 700 100 9 8.9 9.8 10.7 I 1.2 11,6 I l.~ 12.4 12.8 

192 700 100 II 9.2 IO.O 10.9 11.4 IUI 12 I 12.6 13.0 

192 700 100 13 9.4 I0,2 11.l 11.6 12.0 12 2 12.k 13.1 

192 700 250 5 8.) 93 10,4 ILi 11.6 ll.9 12.6 13.J 

192 700 250 7 86 9,8 11.0 11.7 12.2 12.6 13.2 13.7 

192 700 250 9 9.J 10.4 11.:l 12.2 12.6 lJ,0 13.6 14.l 

192 700 250 11 9.8 10.S 11.9 12.6 13.0 13.4 14.0 14.5 

192 700 250 ll 10.1 11.2 12.J 12.IJ 13.4 137 14.4 14,8 

I in= 25.4 mm, I psi = 6.89 kP>, I psUin = 0 271 kP:ilmm, "C = (''F · 32)11.8 



Table 18. Slab thickness computed for high-strength base and 95 percent reliability (continued). 

Eb"' I million psi (6890 MPa], R = 95 percent, S0 = 0.39, P2 = 2.5, 12-ft-wide [3,7•m-wide] lanes with AC shoulders. 

Joio.l 
Spacing 

(in) 

192 

192 

192 
192 
192 

192 
192 
192 

192 
192 
192 

192 

192 

192 
192 

192 

192 

192 
192 
192 

24-0 
24-0 
24-0 
24-0 
24-0 
240 

24-0 
240 
24-0 
240 
240 
24-0 
240 
24-0 

' 24-0 

i4-0 
24-0 
240 
240 
24-0 
240 
240 
24-0 
240 
240 
240 
240 

240 
240 
24-0 

24-0 
240 
240 
24-0 
240 
240 
24-0 
240 
24-0 
240 
240 
24-0 
240 
240 
24-0 

Computed thicknesses Jess than 6.0 in (152 mm] or greater than 15.0 in [381 mm] are not shown. 

flexural 
Slmlgth 

(psi) 

700 

700 

700 

700 

700 

800 
800 
800 
800 
800 
800 
800 
800 
800 

'800 
800 
800 
800 
800 
800 

600 
600 
600 
600 
600 
600 
600 
600 
600 
600 
600 
600 
600 
600 
600 

700 
700 

700 
700 

700 
700 

700 

700 

700 

700 

700 

700 

700 

700 

700 

800 

800 

800 
800 
800 
800 
800 
800 
800 
800 

800 
800 
800 

800 
800 

Subgradc 
k 

(pst/in) 

500 

500 

500 

500 
500 

100 

100 

100 

100 
100 

250 
250 
250 
250 

250 

500 

500 

500 

500 

500 

100 

100 
100 

100 

100 

250 

250 
250 

250 

250 

500 
500 

500 

500 
lOO 

100 
100 

100 

100 

100 

250 

250 
250 

250 
250 

500 

500 

500 

500 

500 

100 

100 

100 

100 

100 
250 
250 
250 
250 
250 
500 
500 
500 

500 
500 

Positive 

• TD 
(deuces F) 

l 
7 

9 
II 
13 

5 
7 

9 

II 
13 
5 
7 

9 

II 
lJ 
5 
7 

9 
II 
13 

5 
7 
9 

II 
13 
5 
7 
9 

II 
13 
5 

11 
13 

7 

9 

II 
13 

5 
7 
9 
11 
13 

7 
9 
11 

13 

5 

7 
9 
11 
13 

5 
7 

9 
11 

13 
5 

7 
9 

11 
13 

7.(, 

8.6 

9.1 

10.0 
10.7 

7.8 

8.2 

8.5 

8.7 
8.9 

7.7 
8.2 

8-8 
9.3 
9.6 
7,2 

8,1 

8.8 
9.5 
9.9 

9.1 

9.5 
98 

l0.1 

l0.4 

9.2 

9.9 
IO.S 
11.0 
11,4 
8,4 

9,9 
10.8 
11.7 
124, 

8,6 

9.0 
9.4 
96 
9,9 
8,7 

H 
10,0 

10.4 
10,9 
8,2 

9,2 
10.4 
11,0 
11,8 

8.2 

8.6 

8.9 
9.2 
9,5 
8,1 
9,0 
9.5 

10,0 

10,4 

7.9 
9,0 ' 

IO.O 
10,6 
11.2 

10 

9.0 

9.9 
10.6 
11.4 

12.0 

8.7 

9,0 
9.3 

9.5 
9,7 

8.7 

9.3 
99 

10.3 
10,6 

8.5 
9.4 

10.l 
10.8 
11.3 

10.I 
l0.5 
10,8 

11.1 
11.3 
l0.4 

11.1 

11.7 

12.2 
12.6 
10.l 
11.5 
12.4 
13.4 
14.2 

9.5, 

9.9 

10.2 
10.5 
10.7 

9.8 
l0.5 
11.1 

I 1.5 
12,0 
9.6 

10,7 

11.8 
12.5 
13.2. 

9.0, 

9.4 

9.8 

10.0 
10.3 

9.2 
10.0 
!Ol 
I 1.0 
11.4 

9.2 
J0.3 
11.2 
11.9 
12.5 

106 

20 

10,4 

lLJ 
12.l 
12,8 

13.4 

9,6 

9,9 

10,2 
10,4 

106 
9.8 

10.4 

109 
11.3 
11.6 

9.7 

10.7 
11.4 

12.I 
12.6 

ll.l 
11.S 
I 1.8 
12.0 
12.2 
11.6 

12.3 
12.9 
13.4 
13,9 

11.7 
13.0 
14.1 

15.0 

10.4 

10.8 

l l.l 
11.4 

11.6 

10.9 
11.6 
12.2 

12.7 

13.0 
11.0 

12.2 

13.1 

13.9 

14.6 

9.9 

JO.~ 
IM 
ID.8 
11.0 
10,3 
11.0 
11.6 

12.0 

12.4 
10.5 

11.5 
12,4 

13.1 
13,7 

Design ESALs, millmns 

JO 40 

11.2 
12.l 
13,0 

13.6 
14,2 

10.l 

10.4 

10.6 

10.9 
11.0 
10.4 
11.0 

I 1.5 
11.9 
12.2 
10.S 
11.4 

12.2 

12.8 
13.4 

11.7 
12.0 
12.3 
12.5 

12-7 
12.3 

13.0 
13.6 
14.1 

14.6 
12.6 
1).9 

11.0 

l l.J 
11.6 
11.9 

12.l 

11.6 

12.3 
12.8 

13.J 

13.7 
11.9 
13.1 
13.9 

14.8 

10.4 

10.8 
II.I 

11.l 

11.5 
11.0 
11.6 
12,2 
12.6 
13.0 
11.2 
Jl,) 

13 . .l 
13,9 
14.4 

11.7 

12.7 
13,7 

14,2 

14,8 

10.5 
10,7 

11.0 

11.2 
11.4 
10,9 

!LS 
I 1.9 
12,J 
12.7 
I 1.0 
12.0 

12.7 
13.4 
14.0 

12.l 
12.4 
12.7 
12.9 
13.1 
12.8 
13,5 
14,l 
14.5 

13.3 

14.5 

11.4 

l l.7 

12.0 
12.2 
12.4 
12.0 
12-7 
13.3 

13.8 
14.1 
124 

13.7 
14 5 

10.8 
II.I 
11.4 

11.6 
11.8 

11.4 

12.0 
12.6 
13.0 
ll.4 
11.8 
12.M 

13.7 
14.4 
14,9 

50 

12.2 

13.2 
14.l 

14.7 

10.7 

11.0 

11.3 
11.5 
11.6 

11.2 

11.8 

12.3 

12.6 
1).0 
11,4 

12.4 

1).1 
13.8 
14.4 

12,4 

12.8 
13,0 
13.2 
13.4 
13,2 
13,9 

14.5 

14.9 

13.K 

ll.7 
12,0 
12,3 
12.5 
12.7 
12.4 

13.I 
13.6 
14.1 

14.5 
12.9 
14.2 

14.9 

11.0 
11.4 
ll ,7 

11.9 
12.1 
I I.M 
12.4 
12.9 
13.3 

ll.7 
12.2 
13.2 

14.1 

14.8 

75 

13.0 

14.0 
15.o, 

11.3 
11.5 
11.8 

11.9 

12.l 

11.9 

12.5 
12.9 
13.2 
13.6 

12.2 
13.1 
13.9 

14.5 

IJO, 

133 

13.6 
13,8 

14,0 

13,9 
14.7 

14.K 

12,2 
12,5 
12,8 

13.0 

13.2 
13.0 
13.7 

14.2 

14.8 
15.l 
11_7 

I 1.5 
11.9 
12.1 
12.4 
12.6 
12.4 
13.0 
13.5 
13.9 

14J 
12.9 
14.0 

14.~ 

100 

13.5 
14.5 

11.6 
11.9 
12.I 
12.3 
12.4 
12.3 
12.9 
13,J 
13 7 
14.0 

12.7 
137 

14.5 
15,0 

13.4 
138 
14.0 
14,2 
14.3 

14.4 

12.6 

12.9 
13,2 
13.4 

13.6 

13.5 
14.2 
14.7 

14.3 

11.9 

12.2 
12.S 
12.7 

IB 
12.9 
134 
14.0 

14.3 
14.7 
13.S 
145 

I ID = 25,4 mm. I psi = 6.89 kPa, I psi/in = 0.271 kPa/mm, "C = ("F • 32)/ l.8 



Table 19. Slab thickness computed for granular ba:se and 90 percent reliability. 

E,, = 25 ksi [172.25 MPa], R = 90 percent, S0 = 0.39, P2 = 2.5, 12-ft-wide [3.7-m-wide] lanes with AC shoulders. 
Computed thicknesses less than 6.0 in [152 mm] or greater than 15.0 in [381 mm] are not shown. 

Joint Flexural Subgrnde Positive De.sign ESALs. millions 
Spacing Strecgth k lD 

(iJJ) (psi) (psi/in) (degrees F) 1.5 2 2.S 3 4 s 7.S 10 

144 600 100 s 8.2 8.7 9.0 9.3 9.8 10.2 I0.8 11.3 

144 600 100 7 8.1 8.6 9.0 9.2 .. 9.7. 10.1 10.7 11.2 

144 600 100 9 8.0 8.5 8.9 9.2 9.6 10.0 10.7 ll.l 
144 600 100 II 8.0 8.4 8.8 9.1 9.6 9.9 10.6 11.0 

144 600 100 13 7.9 8.4 8.7 9.0 9.5 9.9 10.5 11.0 

144 600 250 s 7.3 7.8 8.2 8.S 9.1 9.S 10.2 10.8 

144 600 250 7 7.3 7.9 8.3 8.6 9.2 9.6 10.4 10.9 

144 600 250 9 7.4 7.9 8,4 8.7 9.3 9.7 10.S II.I 

144 600 250 II 7.4 8.0· 8.4 8.8 9.4 9.8 10.6 11.2 

144 600 250 13 1.S 8.1 8.S 8.9 9.4 9.9 10.7 11.3 

144 600 soo s - 6.1 6.7 7.1 7.8 8.3 9.3 10.0 

144 600 soo 7 - 6.J 6.9 7.4 8.1 8.7 9.1 10.5 

144 600 500 9 - 6.5 7.1 7.6 8.4 9.0 10.1 10.9 

144 600 500. II 6.0 6.8 7.4 7.9 8.8 9.4 10.5 11.4 

144 600 soo 13 6.1 7.0 7.7 8.2 9.1 9.7 10.9 11.8 

144 700 100 s 7.4 7.8 8.2 8.4 8.9 9.2 9.8 10.l 

144 700 100 7 7.3 7.8 8.1 8.4 8.8 9.1 9.8 10.2 

144 700 100 9 7.2 1.1 8.0 8.3 8.7 9.1 9.7 10.2 

144 700 100 II 1.2 7.6 8.0 8.3 8.7 9.0 9.7 10.1 

144 700 100 13 7.1 7.6 7.9 8.2 8.6 9.0 9.6 10.0 

144 700 250 5 6.3 6.8 7.2 7.5 8.0 8.4 9.1 9.6 

144 700 250 1 6.s· 7.0 7.4 7.7 8.3 8.6 9.4 9.9 

144 100 250 9 6.6 7.1 7.5 7.8 8.4 8.8 9.5 10.0 

144 700 250 II 6.1 7.2 7.6 7.9 8.4 8.8 9.6 IO.I 

144 700 250 13 6.7 7.3 7.7 8.0 8.5 8.9 9.7 10.2 

144 700 500 s - - - 6.2 6.9 7.3 8.2 8.9 

144 700 500 7 - - 6.1 6.5 7.2 7.7 8.6 9.3 

144 700 500 9 - - 6.2 6.7 7.4 7.9 8.9 9.6 

144 700 500 II - - 6.5 7.0 7.7 8.3 9.3 10.0 

144 700 500 13 - 6.2 6.8 7.2 8.0 8.6 9.6 10.4 

144 800 100 s 6.7 7.2 7.5 7.7 8.1 8.5 9.0 9.4 

144 800 100 7 6.7 7.1 7.4 7.7 8.1 8.4 9.0 9.4 

144 800 100 9 6.7 7.1 7.4 7.6 8.1 8.4 8.9 9.3 

144 800 100 II 6.6 7.0 7.4 7.6 8.0 8.3 8.9 9.l 

144 800 100 13 6.6 7.0 7.3 7.6 8.0 8.3 8.9 9.3 

144 800 250 s - 6.1 6.5 6.8 7.3 7.7 8.3 8.8 

144 800 250 7 - 6.2 6.6 6.9 7.4 7.8 8.5 8.9 

144 800 250 9 - 6.3 6.7 7.0 7.5 7.9 8.6 9.1 

144 800 250 I I - 6.4 6.8 7.1 7.6 8.0 8.7 9.2 

144 800 250 13 - 6.5 6.9 7.2 7.7 8.1 8.8 9.3 

144 800 500 s - - - - 6.1 6.5 7.4 7.9 

144 800 500 7 - - - - 6.4 6.9 7.7 8.4 

144 800 500 9 - - - 6.0 6.7 7.2 8.1 8.7 

144 800 500 11 - - - 6.3 7.0 7.5 8.4 9.1 

144 800 500 13 - - 6.2 6.6 7.3 7.8 8.7 9.4 

192 600 100 5 8.4 8.8 9.2 9.5 l0.0 10.J 11.0 11.4 

192 600 100 7 8.3 8.8 9.1 9.4 9.9 10.J 10.9 11.4 

192 600 100 9 8.3 8.7 9.1 9.4 9.9 10.2 10.9 11.4 

192 600 100 II 8.2 8.7 9.1 9.4 9.8 10.2 10.9 11.3 

192 600 100 Il 8.2 8.7 9.0 9.3 9.8 10.2 10.8 11.3 

192 600 250 5 1.5 8.0 8.4 88 9.3 9.7 10.5 11.0 

192 600 250 7 7.6 8.2 8.6 9.0 9.5 9.9 10.7 11.3 

192 600 250 9 1.1 8.3 8.8 9.1 9.7 IO.I 10.9 I 1.5 

192 600 250 II 1.9 8.5 8.9 9.3 9.8 10.3 II.I 11.7 

192 600 250 13 8.0 8.6 9.0 9.4 10.0 10.5 I 1.3 11.9 

192 600 500 s - 6.4 6.9 7.4 8.1 8.7 9.7 10.4 

192 600 500 1 - 6.7 7.3 7.8 8.6 9.2 10.3 11'.I 

192 600 500 9 6.3 1.1 7.8 8.3 9.1 9.8 10.9 11.8 

192 600 500 II 6.6 1.S 8.2 8.7 9.6 10.3 11.5 12.4 

192 600 500 13 1.0 7.9 8.6 9.2 10.l I0.8 12.I 13.0 

192 700 100 s 7.5 8.0 8.3 8.6 9.0 9.4 10.0 10.4 

192 700 100 7 7.5 8.0 8.3 8.6 9.0 9.4 10.0 10.4 

192 700 100 9 1.S 7.9 8.3 8.6 9.0 9.3 10.0 104 

192 700 100 ll 1.S 1.9 8.3 8.5 9.0 9.3 9.9 10.4 

192 700 100 13 7.S 7.9 8.3 8.5 9.0 9.3 9.9 10.4 

192 100 250 5 6.7 7.2 7.6 7.9 8.4 8.8 9.5 10.0 

192 700 250 7 6.9 7.4 7.8 8.1 8.6 9.0 9.7 10.2 

192 700 250 9 7.0 7.5 7.9 8.3 8.8 9.2 9.9 105 

192 700 250 ll 7.1 7.7 8.1 8.4 9.0 9.4 IO.I l0.7 
192 700 250 13 7.3 7.8 1.2 8.6 9.1 9.S 10.3 10.9 

~ 

107 I iD • 25.4 mm. I psi= 6.89 lcPa. 1 psi/in = 0.271 lcPa/mm. 'C = ("F • 32~ 1.8 



Table 19. Slab thickness computed for granular base and 90 percent reliability (continued). 
~ = 25 ksi [172.25 MPa], R = 90 percent, S0 = 0.39, P2 = 2.5, 12-ft-wide [3.7-m-wide) Janes with AC shoulders. 

Computed thickness!!s less than 6.0 in [152 mm] or greater than 15.0 in [381 mm) are not shown . 

. 

Joint Flexural Subgrnde Positive Design ESALs, millions 
Spacing Strength k TD 

(in) (psi) (psi/in) (degrees F) l.S 2 2.5 3 4 5 7.S 10 

192 700 500 5 - - 6.2 6.6 7.3 7.8 8.7 9.3 
192 700 500 7 - - 6.5 6.9 7.7 8.2 9.2 9.9 
192 700 500 9 - 6.4 7.0 7.4 8.2 8.7 9.8 10.5 
192 700 500 II 6.1 6.8 7.4 7.9 8.6 9.2 10.3 11.J 
192 700 500 13 6.S 7.2 7.8 8.3 9.1 9.7 10.8 11.6 

192 800 100 5 6.9 7.3 7.6 7.9 B.3 8.6 9.2 9.6 
192 800 100 7 6.9 7.3 7:6 7.9 8.3 8.6 9.2 9.6 
192 800 100 9 6.9 7.3 7.6 7.9 8.3 8.6 9.2 9.6 
192 800 100 II 6.9 7.3 7.6 7.9 8.3 8.6 9.2 9.6 
192 800 100 13 6.9 7.3 7.7 7.9 8.3 8.6 9.2 9.6 
192 800 250 5 - 6.4 6.8 7.1 7.6 7.9 8.6 9.1 
192 800 250 7 6.1 6.6 7.0 7.3 7.B 8.2 8.9 9.4 
192 800 250 9 6.2 6.7 7.1 1.5 8.0 8.4 9.1 9.6 
192 800 250 II 6.6 7.1 1.5 7.8 8.3 8.6 9.3 9.8 
192 800 250 13 6.7 7.2 7.6 7.9 8.4 8.8 9.S 10.0 
192 800 500 5 - - - - 6.5 7.0 7.9 8.5 
192 800 500 7 - - 6.0 6.4 7.1 7.5 8.4 9.1 
192 800 500 9 - - 6.4 6.8 7.4 8.0 8.9 9.S 
192 800 500 II - 6.3 6.8 7.2 7.9 8.4 9.4 IO.I 
192 800 500 13 6.0 6.7 7.2 7.6 8.3 8.9 9.8 10.5 

240 600 100 5 8.5 9.0 9.4 9.6 10.l 10.5 11.J 11.6 

240 600 100 7 8.5 9.0 9.4 9.7 10.l 10.5 II.I 11.6 
240 600 100 9 8.5 9.0 9.4 9.7 10.l 10.5 II.I 11.6 
240 600 100 11 8.5 9.0 9.4 9.7 10.1 10.5 11.2 I J.6 

240 600 100 13 8.5 9.0 9.4 9.7 10.1 10.5 11.2 11.6 

240 600 250 5 7.7 8.3 8.7 9.1 9.6 10.0 10.8 11.4 

240 600 250 7 8.0 8.5 9.0 9.3 9.9 10.3 Ill 11.7 

240 600 250 9 8.2 8.8 9.2 96 10.2 10.6 11.4 12.0 

240 600 250 11 8.4 9.0 9.4 9.8 10.4 10.9 11.7 12.3 

240 600 250 13 8.6 9.2 9.6 10.0 10.6 II.I 11.9 12.5 

240 600 500 5 - 6.7 7.3 7.8 8.6 9.2 10.2 11.0 

240 600 500 7 6.5 7.3 7.9 8.4 9.3 9.9 II.I I 1.9 

240 600 500 9 7.0 7.9 8.6 9.1 10.0 10.7 11.9 12.8 

240 600 500 II 7.6 8.5 9.2 9.8 10.7 11.4 12.7 13.6 

240 600 500 13 8.1 9.l 9.8 10.4 11.4 12.1 13.4 14.4 

240 700 100 5 7.7 8.1 8.5 8.8 9.2 9.5 10.2 10.6 
240 700 JOO 7 7.8 8.2 8.5 8.8 9.2 9.6 10.2 10.6 

240 700 100 9 7.8 8.2 8.6 8.9 9.3 9.6 10.2 10.7 

240 700 100 II 7.8 8.3 8.6 8.9 9.3 9.7 10.3 10.7 

240 700 100 13 7.9 8.3 8.6 8.9 9.3 9.7 10.3 10.7 

240 700 250 5 7.0 7.S 7.9 8.2 8.7 9.1 9.8 10.3 

240 700 250 7 7.2 7.8 8.2 8.5 9.0 9.4 10.2 10.7 

240 700 250 9 7.5 8.0 8.4 8.8 9.3 9.7 · 10.5 11.0 

240 700 250 II 7.7 8.3 8.7 9.0 9.6 10.0 10.8 11.3 

240 700 250 13 7.9 8.5 8.9 9.3 9.8 10.2 11.0 11.6 

240 700 500 5 - 6.0 6.5 7.0 7.7 8.2 9.2 9.9 

240 700 500 7 6.0 6.7 7.2 7.7 8.4 9.0 10.0 10.7 

240 700 500 9 6.6 7.3 7.9 8.4 9.1 9.7 10.B I 1.5 

240 700 500 II 7.2 7.9 8.5 9.0 9.8 10.4 11.5 122 

240 700 500 13 7.7 8.5 9.1 9.6 10.4 11.0 12.1 129 

240 BOO 100 5 7.1 7.5 7.8 8.1 8.5 8.8 9.4 9.8 

240 800 100 7 7.1 7.5 7.9 8.1 8.5 8.9 9.5 9.9 

240 800 100 9 7.2 7.6 7.9 8.2 8.6 8.9 9.5 9.9 

240 800 100 II 7.2 77 8.0 8.2 8.7 9.0 9.6 IO.0 

240 800 100 13 7.3 7.7 8.0 8.3 8.7 9.0 9.6 IO.0 

240 800 250 5 6.2 6.7 7.1 7.4 7.9 8.3 9.0 9.5 

240 800 250 7 6.7 7.2 7.6 7.9 8.3 8.7 9.4 9.9 

240 800 250 9 6.9 7.4 7.8 8.1 8.6 9.0 9.7 I0.2 

240 800 250 II 7.2 7.7 8.1 8.4 8.9 9.3 100 10.5 

240 800 250 13 7.4 7.9 8.3 8.6 9.1 9.5 10.2 10.7 

240 800 500 5 - - 6.1 6.5 7.1 7.6 8.5 9.1 

240 800 500 7 - 6.2 6.7 7.1 7.8 8.3 9.2 9.8 

240 800 S00 9 6.2 6.9 7.4 7.8 8.5 9.0 9.9 10.6 

240 800 500 II 6.8 7.4 8.0, 8.4 9.1 9.6 10.5 11.2 

240 800 500 13 7.3 7.9 8.5 8.9 9.6 10.1 II.I 11.8 

108 I in= 25.4 mm, I psi= 6.89 kPo, I psi/in= 0.271 kPolmm, "C = ("F - 32)/1.8 
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Table 20. Slab thickness computed for treated base and 90 percent reliability. 
Eb= 500 ksi [3445 MPa], R = 90 percent, S0 = 0.39, P2 = 2.5, 12-ft-wide [3.7-m-wide] lanes with AC shoulders. 

Computed thicknesses less than 6.0 in [152 mm] or greater than 15.0 in [381 mm] arc not shown. 

Joint F1e~ural Subg,ade Positive Design ESALs, millions 
Spacing Stn:ngtb k TD 

{iD) (psi) (psifm) (deg,ecs FJ 1.5 2 2.5 3 4 5 7.5 

144 600 100 5 6.9 7.4 7.7 8.0 8.4 8.7 9.4 
144 600 100 7 7.1 7.5 7.8 8.1 8.5 8.9 9.5 
144 600 100 9 7.2 7.6 8.0 8.2 8.7 9.0 9.6 
144 600 100 II 7.3 7.7 8.l 8.3 8.8 9.1 9.7 
144 600 100 13 7.4 7.8 8.1 8.4 8.8 9.2 9.8 
144 600 250 5 - 6.3 6.7 7.0 7.6 8.0 8.8 
144 600 250 7 6.2 6.7 7.1 7.5 8.0 8.5 9.2 
144 600 250 9 6.5 7.1 7.5 7.8 8.4 · 8.8 9.6 
144 600 250 II 6.8 7.4 7.8 8.1 8.7 9.1 9.9 
144 600 250 13 7.1 7.6 8.1 8.4 9.0 9.4 10.2 
144 600 500 5 - - - - 6.2 6.7 7.7 

144 600 500 7 - - - 6.3 7.0 7.5 8.5 

144 600 500 9 - 6.0 6.6 7.0 7.7 8.3 9.3 
144 600 500 II - 6.0 6.6 7.1 7.9 8.5 9.7 

144 600 500 13 6.0 6.8 7.4 7.9 8.6 9.2 10.3 

144 700 100 5 6.3 6.7 7.0 7.3 7.7 8.0 8.6 
144 700 100 7 6.5 6.9 7.2 1.S 7.9 8.2 8.8 
144 700 100 9 6.7 7.1 7.4 7.6 8.0 8.3 8.9 

144 700 100 II 6.8 7.2 7.5 7.7 8.1 8.4 9.0 

144 700 100 13 6.9 7.3 7.6 7.8 8.2 8.5 9.1 

144 700 250 5 - - 6.2 6.S 7.0 7.4 8.1 

144 700 250 7 - 6.1 6.5 6.8 7.3 7.7 8.4 

144 700 250 9 6.0 6.5 6.9 7.2 7.7 8.1 8.8 

144 700 250 II 6.3 6.8 7.2 7.5 8.0 8.4 9.1 

144 700 250 13 6.5 7.0 7.4 7.8 8.3 8.7 9.4 

l44 700 500 5 - - - - - - 6.8 

l44 700 500 7 - -- - 5.7 6.4 6.9 7.8 

144 700 500 9 - - 6.0 6.4 7.0 7.5 8.4 

l44 700 500 11 - - 6.1 6.6 7.3 7.8 8.8 

144 700 500 13 - 6.3 68 7.2 7.9 8.4 9.4 

144 800 100 > - 6.2 6.5 6.7 7.1 7.4 8.0 
144 800 100 7 6.0 6.4 6.7 6.9 7.3 76 8.1 

144 800 100 9 6.2 6.5 6.8 7.1 7.4 77 8.3 

144 800 100' II 6.4 6.8 7.0 7.3 7.6 7.9 8.4 
144 800 100 13 6.5 6.9 7.2 7.4 7.7 8.0 8.5 
144 800 250 5 - - - 6.0 6.4 6.8 7.5 

144 800 250 7 - - 6.1 6.4 6.8 7.2 7.9 

144 800 250 9 - 6.0 6.4 6.7 7.2 7.5 8.2 
144 800 250 11 - 6.3 6.7 7.0 7.5 7.8 8.5 

144 800 250 13 6.1 6.6 7.0 7.3 7.7 8.1 8.7 
144 800 500 5 - - - - - - 6.5 
144 800 500 7 - - - - - 6.2 7.1 

144 800 500 9 - - - - 6.5 6.9 7.8 
144 800 500 II - -· - 6.1 6.7 7.2 8.1 

144 800 500 13 - - 6.3 6.7 7.3 7.8 8.7 

192 600 100 s 7.1 7.6 7.9 8.2 8.6 9.0 9.6 

192 600 100 7 7.4 7.8 8.1 8.4 8.8 9.2 9.8 

192 600 100 9 7.5 8.0 8.3 8.6 9.0 9.3 9.9 

192 600 100 11 7.7 8.1 8.5 8.7 9.1 9.5 ID.I 
192 600 100 13 7.8 8.3 8.6 8.8 9.3 9.6 10.2 

192 600 250 5 6.2 6.7 7.1 7.5 8.0 8.4 9.2 

192 600 250 7 6.7 7.2 7.6 8.0 8.5 9.0 9.7 

192 600 250 9 7.1 7.7 8.1 8.4 9.0 9.4 10.2 

192 600 250 II 7.5 8.0 8.S 8.8 9.4 9.8 ·10.5 

192 600 250 13 7.4 8,0 8.4 8.8 94 9.9 10.7 

192 600 500 5 - - - 6.1 6.8 7.3 8.3 

192 600 500 7 - 6.1 6.6 7.1 7.8 8.3 9.3 

192 600 500 9 - 64 7.0 7.5 8.3 8.9 10.0 

192 600 500 11 6.5 7.3 7.9 8.4 9.1 9.7 10.8 

192 600 500 13 7.1 7.9 8.5 9.0 9.8 10.4 11.5 

192 700 100 5 6.6 7.0 73 7.6 8.0 83 8.9 

192 700 100 7 6.8 7.2 7.5 7.8 8.2 8.5 9.1 

192 700 100 9 7.0 7.4 7.7 8.0 8.4 8.7 9.2 

192 700 100 11 7.2 7.6 7.9 8.2 8.5 8.9 9.4 

192 700 100 13 7.4 7.7 8.0 8.3 8.7 9.0 9.5 

192 700 250 5 - 6.1 6.5 6.8 7.4 7.7 8.S 
192 700 250 7 6.2 6.7 7.1 7.4 7.9 8.3 9.0 

192 700 250 9 6.7 7.2 7.5 7.9 8.4 8.7 9.4 

192 700 250 II 7.0 7.5 7.9 8.2 8.7 9.1 9 8 
192 700 250 13 7.2 7.7 8.1. 8.4 8.9 9.3 10.1 

10 

9.8 
9.9 

10.0 
JO.I 
10.2 
9.3 
9.8 

IO.I 
10.4 
10.7 
8.4 
9.3 

10.0 
10.4 
II.I 

9.0 
9.2 
9.3 
9.4 
9.5 
8.6 
8.9 
9.3 
9.6 
9.9 
7.5 
8.4 
9.1 
9 5 

10.1 

8.4 
8.5 
8.6 
8.8 
8.9 
7.9 
8.3 
8.7 
8.9 
9.2 
7.1 
7.7 
8.4 
8.7 
9.3 

10.0 
10.2 
10.4 
10.5 
10.6 
9.7 

10.3 
10.7 
II.I 
11.4 
9.0 

10.1 
10.8 
11.6 
12.3 

9.3 
9.5 
9.6 
9.8 
9.9 
9.0 
9.5 
9.9 

10.3 
l0.6 

109 I in= 25.4 mm, I psi= 6.89 kP11. l psi/in= 0.271 kP.l/mm, "C = ('F - 32)/1.1:i 



Table 20. Slab thickness computed for treated base and 90 percent reliability (continued), 

Eb= 500 ksi [3445 MPa], R = 90 percent, S" = 0.39, P2 = 2.5, 12-ft-wide [3.7-m-wide) lanes with AC shoulders. 
Computed thicknesses less than 6.0 in (152 mm] or greater than 15.0 in [381 mm) are not shown. 

Joint Flexural Subgrade Positive Design ESALs. millions 
Spacing Strength k TD 

(jn) (psi) (psi/in) (degrees Fl 1.5 2 2.5 3 4 5 7.5 

192 700 500 5 - - - - 6.3 6.8 7.7 
192 700 500 7 - - 6.2 6.6 7.3 7.7 8.6 
192 700 500 9 - 6.2 6.7 7.1 7.8 8.3 9.3 
192 700 500 II 6.3 7.0 7.5 7.9 8.6 9.1 100 
192 700 500 13 6.9 7.6 8.1 8.5 9.2 9.7 10.7 

192 800 100 5 6.1 6.5 6.8 7.0 7.4 7.7 8.2 
192 800 100 7 6,4 6.8 7.1 7.3 7.7 8.0 8.5 
192 800 100 9 6,6 7.0 7.3 7.5 7.9 8.2 8.7 
192 800 100 II 6.8 7.2 7.5 7.7 8.1 8.3 8.9 
192 800 100 13 7.0 7.3 7.6 7.8 8.2 8.5 9.0 
192 800 250 5 - - 6.2 6.5 6.9 7.3 7.9 
192 800 250 7 - 6.3 6.6 6.9 7.4 7.8 8.4 
192 800 250 9 6.3 6.7 7.1 7.4 7.8 8.2 8.8 
192 800 250 11 6.6 7.1 7.4 7.7 8.2 8.6 9.2 
192 800 250 13 6.9 7.3 7.7 8.0 8.5 8.8 9.5 
192 800 500 5 - - - - - 6.2 7.1 
192 800 500 7 - - - 6.2 6.8 7.2 8.1 
192 800 500 9 - - 6.4 6.8 7.4 7.8 8.7 
192 800 500 II 6.1 6.6 7.1 7.5 8.1 8.6 9.4 
192 800 500 13 6.2 6.9 7.4 7.8 8.4 8.9 9.8 

240 600 100 5 7.4 7.8 8.2 8.S 8.9 9.2 9.8 
240 600 100 7 7.7 8.1 8.5 8.7 9.2 9.5 IO.I 
240 600 100 9 7.9 8.4 8.7 9.0 9.4 9.7 10.3 
240 600 100 II 8.1 8.5 8.9 9.1 9.6 9.9 10.5 
240 600 100 13 8.3 8.7 9,0 9.3 9.7 10.0 I0.6 
240 600 250 5 6.6 7.2 7.6 7.9 8.5 8.9 9,7 
240 600 250 7 7.2 7.8 8.2 8.6 9.1 9.5 lO.l 
240 600 250 9 7.8 8.3 8.7 9.1 9.6 10.0 l0.8 
240 600 250 II 8.0 8.5 9.0 9.4 9.9 10.4 11.2 
240 600 250 13 8.4 9.0 95 9.8 I0.4 10.8 11.6 
240 600 500 s - - 6.3 6.8 7.5 8.0 9.0 
240 600 500 7 - 6.4 7.0 75 8.3 89 10.0 
240 600 500 9 6.9 7.6 8.2 8.7 9.5 to.I ILi 
240 600 500 II 7.7 8.5 9.1 9.6 10.4 11.0 12.0 
240 600 500 13 8.1 8,9 9.6 LO.I 10.9 11.6 12.8 

240 700 100 5 6.9 7.3 7,6 7.9 8.3 8.6 9.1 
240 700 100 7 7.2 7.6 7.9 8.2 8.5 · 8.9 9.4 
240 700 JOO 9 7.4 7,8 8.1 8.4 8.8 9.1 9.6 
240 700 100 II 7.7 8.0 8.3 8.6 9.0 9.3 9.8 
240 700 100 13 7,8 8.2 8.5 8.8 9.2 9.S 10.0 
240 700 250 5 6.2 6.7 7.1 7.4 7.9 8.3 9.0 
240 700 250 7 6.8 7.3 7.7 8.0 8.5 8.9 9.6 
240 700 250 9 n 7.7 8.1 8.4 8.9 9.3 10.0 
240 700 250 II 77 8.2 8.6 8.9 9.4 9.8 10.5 
240 700 250 l3 8.1 8.6 9.0 9.3 9.8 I0.2 10.9 
240 700 500 5 - - 6.0 6.4 7.1 7.6 8.5 
240 700 500 7 - 6.4 6.9 7.3 8.0 8,5 9.4 
240 700 500 9 6.8 7.4 8.0 8.4 9.0 9.5 10.4 
240 700 500 II 7.2 7.9 8.5 8.9 9.6 10.2 11.2 
240 700 500 13 8.0 8.7 9.3 9.7 10.4 10.9 11.9 

240 800 100 5 '6.S 6.8 7.1 7.4 7.7 8.0 86 
240 800 100 7 6.8 7.2 7.5 7.7 8.1 8.3 8.9 
240 800 100 9 7.1 7.4 7.7 7.9 8.3 8.6 91 
240 800 100 II 7.3 7.6 7.9 8.1 8.5 8.8 9.3 
240 800 100 13 7.5 7.8 8.1 8.3 8.7 9.0 9.5 
240 800 250 5 - 6.3 6.6 6.9 7.4 7.8 8.4 
240 800 250 7 6.5 6.9 7.3 7.6 8.0 8.4 9.0 
240 800 250 9 6.9 7.4 7.7 8.0 8.5 8.9 9.5 
240 800 250 ll 7.4 7.9 82 8.5 9.0 9.3 IO.O 
240 800 250 13 7.8 8.2 8.6 8.9 9.3 9.7 10.3 
240 800 500 5 - - - 6.1 6.7 7.2 8.0 
240 800 500 7 - 6.2 6.7 7.1 7.6 8.1 8.9 
240 800 500 9 6.6 7.2 7.6 8.0 8.6 9.0 9.9 
240 800 500 II 7.2 7.8 8.2 8,6 9.2 9.7 I0.5 
240 800 500 13 7.9 8.5 8,9 9.3 9.9 10.3 11.2 

10 

8.3 
9.3 

10.0 
10.7 
ll.3 

8.6 
8.9 
9.1 
9.2 
9.3 
8.4 
8.9 
9.3 
9.7 

IO.O 
7.7 
8.6 
9.3 

10.0 
I0.4 

l0.3 
l0.5 
10.7 
10.9 
11.0 
10.2 
10.8 
I l.4 
11.8 
12.2 
98 

10.8. 
11.9 
128 
13.6 

9.5 
9.8 

lO.O 
10.2 
10.4 
9.5 

IO.I 
10.5 
ll.0 
ll.4 
9.1 

IO. I 
ll.l 
11.9 
12.6 

8.9 
9.2 
9.5 
9.7 
9.8 
8.9 
9.5 

10.0 
10.4 
I0.8 
8.5 
9.5 

10.4 
ll.l 
11.8 

110 I in= 25.4 mm, I psi = 6.89 kPa. I psi/in = 0.271 kPalmm, 'C = ("F • 32)11.8 



Table 21. Slab thickness computed for high-strength base and 90 percent reliabillty. 
Eb= I million psi [6890 MPa], R = 90 percen~ S, = 0.39, P2 = 2.5, 12-ft-widc [3.7-m-wide] lanes with AC shoulders. 

Computed thicknesses less than 6.0 in [152 mm] or greater than 15.0 in [381 mm] arc not shown. 

Joint Fle:rnrn.! Subgrade Positive Design ESALs. millions 
Spacing Strength k TD 

(in) (psi) (psi/in) (degrees Fl 1.5 2 2.5 l 4 5 1.5 ID 

144 600 100 5 6.2 6.6 6.9 7.2 7.6 8.0 8.6 9.0 
144 600 100 7 6.6 7.0 7.3 7.6 8.0 8.3 8.9 9.3 
144 600 100 9 6.9 7.3 7.6 7.8 8.2 8.6 9.1 9.5 
144 600 100 11 7.0 7,4 7.7 8.0 8.4 8.7 9.3 9.7 
144 600 100 13 7.2 7.6 1.9 8.2 8.6 8.9 9.5 9.9 
144 600 250 5 - - 6.2 6.6 7.1 7.5 8.3 8.8 
144 600 250 7 6.1 6.6 70 7.3 7.8 8.2 8.9 9.4 
144 600 250 9 6.6 7.1 7.5 7.8 8.3 8.7 9.4 9.9 
144 600 250 11 6.8 7.3 7.7 8.1 8.6 9.0 9.7 10.2 
144 600 250 13 7.2 7.7 8.1 8.5 90 9.4 10.l 10.6 
144 600 500 5 - - - - 6.2 6.7 7.6 8.2 
144 600 500 7 - - - - 6.6 7.1 8.1 8.8 
144 600 500 9 - 6.1 6.6 7.0 77 8.2 91 9.8 
144 600 500 11 6.4 7.0 7.5 7.9 8.5 9.0 9.9 10.5 
144 600 500 13 6.3 7.0 7.5 8.0 8.7 9.2 10.2 10.9 

144 700 100 5 - 6.1 6.4 6.7 7.1 7.4 8.0 8.4 
144 700 100 7 6.1 6.5 6.8 7.1 7.5 7.8 8.3 8.7 

144 700 100 9 6.4 6.8 7.1 7.4 7.7 8.0 8.6 9.0 
144 700 100 11 6.7 7.0 7.3 7.6 7.9 8.2 8.8 91 
144 700 100 13 6.9 7.3 7.5 7.8 8.1 8.4 9.0 9.3 
144 700 250 5 - - - 6.0 6.5 6.9 7.6 8.1 

144 700 250 7 - 6.1 6.5 6.8 7.3 7.7 8.3 8.8 
144 700 250 9 - 6.2 6.6 69 7.4 7.8 8.5 9.0 
144 700 250 11 6.5 6.9 7.3 7.6 8.1 8.4 9.1 9.6 
144 700 250 13 6.9 7.3 7.7 8.0 8.5 8.8 95 9.9 

144 700 500 5 - - - - - 6.1 6.9 7.5 

144 700 500 7 - - - - 6.1 6.6 7.5 8.1 
144 700 500 9 - - 6.3 6.7 7.3 7.7 8.6 9.1 

144 700 500 11 6.0 6.6 7.0 7.4 8.0 8.4 9.2 9.8 

144 700 500 13 6.2 6.8 7.2 7.6 8.2 8.7 9.6 10.2 

144 800 100 5 - - 6.1 6.3 6.7 7.0 7.5 7.9 

144 800 100 7 - 6.2 6.4 6.7 7.0 7.3 7.8 8.2 

144 800 100 9 6.1 6.5 6.7 7.0 7.3 7.6 8.1 8.5 
144 800 100 11 6.4 6.7 7.0 7.2 7.6 7.8 8.3 8.7 
144 800 100 13 6.6 6.9 7.2 7.4 7.8 8.0 8.5 8.9 

144 800 250 5 - - - - 6.0 64 7.1 7.6 

144 800 250 7 - - 6.1 64 6.8 7.2 7.8 8.3 

144 800 250 9 - 6.0 6.3 6.6 7.1 7.5 8.1 8.6 
144 800 250 11 6.1 6.6 6.9 7.2 7.6 8.0 8.6 9.0 
144 800 250 13 6.5 7.0 7.3 7.6 8.0 Bl 8.9 9.4 

144 800 500 5 - - - - - - 6.4 6.9 
144 800 500 7 - - - - - 6.1 6.9 7.5 

144 800 500 9 - - - 6.3 6.8 7.2 8.0 8.5 
144 800 500 II - 6.2 6.6 7.0 7.5 7.9 8.7 9.2 
144 800 500 13 6.0 6.5 6.9 7.3 7.8 8.l 9.0 9.6 

192 600 100 5 6.6 7.0 7.3 7.6 8.0 Bl 8.9 9.l 

192 600 100 7 7.0 7.4 7.7 8.0 8.4 8.7 9.l 9.7 

192 600 100 9 7:2 7.6 8.0 8.2 8.6 8.9 9.5 9.9 

192 600 100 11 7:5 7.9 8c2 8.5 8.9 9.2 9.8 10.2 

192 600 100 13 7:8 8.2 8.5 8.7 9.1 9.4 10.0 10.4 

192 600 250 5 6.0 6.5 6.9 7.2 7.7 8.1 8.8 9.J 

192 600 250 7 6.8 7.2 7.6 79 8.4 8.8 9.5 10.0 

192 600 250 9 7.1 7.6 8.0 8.l 8.8 9.2 10.0 10.5 

192 600 250 11 7.7 8.2 8.5 89 9.4 9.7 104 10.9 

192 600 250 ll 8.1 8.6 9.0 9.3 9.8 10.1 10.8 11.J 

192 600 500 5 - - 6.0 6.4 7.0 7.5 8.3 8.9 

192 600 500. 7 - 6.1 6.6 7.0 7.7 8.2 9.1 98 

192 600 500 9 6.6 7.3 7.7 8.1 8.8 9.3 ID.I 10.8 

192 600 500 11 7.0 7.6 8.2 8.6 9.3 9.8 10.7 11.4 

192 600 500 13 7.8 8.4 9.0 9.4 10.0 10.5 11.5 12.l 

192 700 100 s 6.1 6.5 6.8 7.1 7.5 7.8 8.3 8.7 

192 700 100 7 6.6 7.0 7.3 7.5 7.9 8.2 8.7 9.1 

192 700 100 9 6.9 7.3 7.6 7.8 8.2 8.5 9.0 94 

192 700 100 II 7.2 7.6 7.9 8.1 8.5 8.7 9.l 9.6 

192 700 100 13 7.4 7.8 8.1 8.3 8.7 9.0 9.5 9.8 

192 700 250 5 - 6.1 6.4 6.7 7.2 7.6 B.J 8.7 

192 700 250 7 6.0 6.5 6.9 7.2 7.7 8.1 8.8 9.3 

192 700 250 9 6.8 7.3 7.7 7.9 8.4 8.8 9.4 9.9 

192 700 250 II 7.3 7.8 8.1 8.4 8.9 9.2 9.9 l0.3 
192 700 250 13 7.7 8.2 8.5 8 8 9.3 9.6 ]OJ l07 

111 I in~ 25.4 mm, I psi = 6.89 kPo, I psi/in = 0.271 kPolmm, "C • ("F • 32)11.8 



Table 21. Slab thickness computed for high-strength base and 90 percent reliability (continued). 
Et,= 1 million psi [6890 MPa], R = 90 percent, S0 = 0.39, P2 = 2.5, 12-ft-wide (3.7-m-wide] lanes with AC shoulders. 

Computed thicknesses less than 6.0 in (152 mm] or greater than 15.0 in [381 mm] are not shown. 

Joint Flexural Subgrade Positive Design ESALs. millioos 
Spacing Streogth k. TD 

(in) (psi) (psilio) (degrees F) 1.5 2 2.5 3 4 5 7.5 10 

192 700 500 5 - - - 6.0 6.5 7.0 7.8 8.4 
192 700 500 7 - 6.1 6.5 6.9 7.5 7.9 8.7 9.3 
192 700 500 9 - 6.4 6.9 7.3 7.9 8.4 9.3 9.9 
192 700 500 II 6.9 7.5 8.0 8.3 8.9 9.4 10.2 10.8 
192 700 500 13 7.6 8.2 8.6 9.0 9.6 10.0 10.8 11.4 

192 800 100 5 - 6.2 6.5 6.7 7.1 7.4 7.9 8.2 
192 800 100 7 6.3 6.6 6.9 7.1 7.5 7.8 8.3 8.6 
192 800 100 9 6.6 7.0 7.2 7.5 7.8 8.1 8.6 8.9 
192 800 100 11 6.9 7.3 7.5 7.7 8.1 8.3 8.8 9.2 
192 800 100 13 7.1 7.5 7.7 8.0 8.3 8.6 9.0 9.4 
192 800 250 5 - - 6.1 6.4 6.8 7.2 7,8 8.2 
192 800 250 7 - 6.3 6.6 6.9 7.4 7.7 8.4 8.8 
192 800 250 9 6.6 7.0 7.3 7.6 8.0 8.3 9.0 9.4 
192 800 250 II 7.0 7.5 7.8 8.0 8.5 8.8 9.4 9.8 
192 800 250 13 7.3 7.7 8.0 8.3 8.7 9.1 9.7 10.1 
192 800 500 5 - - 5.3 5.6 6.2 6.6 7.3 7.9 
192 800 500 7 - - 6.2 6.6 7.1 7.5 SJ 8.8 
192 800 500 9 - 6.4 6.8 7.2 7.7 8.1 8.9 9.5 
192 800 500 II 6.1 7.3 7.7 8.0 8.5 8.9 9.7 l0.2 
192 800 500 13 7.0 7.5 8.0 8.3 8.9 9.3 10.l l0.7 

240 600 100 5 6.9 7.3 7.7 7.9 8.3 8.7 9.2 9.6 
240 600 100 7 7.3 7.7 8.0 8.3 8.7 9.0 9.6 l0.0 
240 600 100 9 7.7 8.1 8.4 8.7 9.1 9.4 10.0 10.3 
240 600 100 ]] 8.1 8.4 8.7 9.0 9.4 9.7 10.2 10.6 
240 600 100 13 SJ 8.7 9.0 92 9.6 9.9 l0.5 !0.8 
240 600 250 5 6.6 7.1 7.4 78 8.3 8.6 9.4 98 
240 600 250 7 7.2 7.7 8.1 84 89 9.3 10.0 10.5 
240 600 250 9 7.9 8.4 8.8 91 96 lO.O l0.7 11.2 
240 600 250 11 8.5 8.9 9.~ 9.6 JO.I 10.5 ll.2 11.7 
240 600 250 13 8.7 9.2 9.6 9.9 10.4 10.8 11.5 12.0 
240 600 500 s - - 6.1 6.S 7.2 7.7 8.6 9.3 
240 600 500 7 6.6 7.2 7.7 8.1 8.7 9.2 10.1 10.7 
240 600 S00 9 7.1 7.8 8.3 8.8 9.5 10.0 11.0 11.7 
240 600 S00 ]] 8.1 8.8 9.3 9.8 10.4 11.0 11.9 12.6 
240 600 500 13 8.6 9.3 9.8 10.3 11.0 11.6 12.6 13.3 

240 700 100 5 6.5 6.9 7.2 7.5 7.9 8.2 8.7 9.1 
240 700 100 7 7.0 7.4 7.7 7.9 8.3 8.6 9.1 9.5 
240 700 100 9 7.4 7.8 8.1 8.3 8.7 9.0 9.5 9.8 
240 700 100 11 7.7 8.1 8.4 8.6 9.0 9.2 9.7 JO.I 
240 700 100 13 8.0 8.3 8.6 8.8 9.2 9.5 l0.0 10.3 
240 700 250 s 6.3 6.7 7.1 7.4 7.8 8.2 8.8 9.3 
240 700 250 7 7.0 7.4 7.8 8.1 8.5 8.9 9.5 l0.0 
240 700 250 9 7.7 8.1 8.4 8.7 9.2 9.5 10.2 l0.6 
240 700 250 11 8.0 8.5 8.8 9.1 9.6 9.9 10.6 11.0 
240 700 250 13 8.5 9.0 9.3 9.6 10.0 10.4 11.0 11.5 
240 700 500 5 - - 6.2 6.5 7.1 7.6 8.4 9.0 
240 700 500 7 - 6.5 7.0 7.4 8.0 8.5 9.4 10.0 
240 700 500 9 7.3 7.9 8.4 8.7 9.3 9.7 10.5 11.1 
240 700 500 II 7.9 8.5 8.9 9.3 9.9 10.4 11.2 11.8 
240 700 500 13 8.7 9.3 9.7 10.I I0.7 l l.l 11.9 12.5 

240 800 100 5 6.2 6.6 6.9 7.1 7.5 7.7 8.3 86 
240 800 JOO 7 6.7 7.1 7.4 7.6 79 8.2 8.7 9.0 
240 800 100 9 7.1 7.5 7.7 8.0 8.3 8.6 9.0 9.4 
240 800 100 11 7.5 7.8 8.0 8.3 8.6 8.8 9.3 9.7 
240 800 100 13 7.7 8.0 8.3 8.5 8.8 9.1 9.5 9.9 
240 800 250 5 - 6.1 6.5 6.8 7.2 7.6 8.2 8.7 
240 800 2S0 7 6.7 7.2 7.5 7.8 8.2 8.5 9.1 9.5 
240 800 250 9 7.2 7.6 7.9 8.2 8.6 9.0 9.6 10.0 
240 800 250 II 7.8 8.2 8.5 88 9.2 9.5 10.1 10.5 
240 800 250 13 8.2 8.7 90 9.2 9.6 IO.O l0.5 10.9 
240 800 500 5 - - 6.0 6.3 6.9 7.3 8.1 8.6 
240 800 500 7 6.1 6.7 7.1 7.4 8.0 8.4 9.1 9.7 
240 800 500 9 7.2 7.7 8.1 8.5 9.0 9.4 l0.1 Io.6 
240 800 500 ]] 7.8 8.4 8.8 9.1 9.6 10.0 l0.8 11.3 
240 800 500 13 8.5 9.0 9.4 9.8 l0.3 10.7 11.4 11.9 

112 1 in= 25.4 mm. I psi= 6.89 kPa, 1 psi/in= 0.271 kPa/mm. "C = ("F - 32)/1.8 



Table 22. Slab thickness computed for granular base and 85 percent reliability. 

~ = 25 ksi [172.25 MPa], R = 85 per,::ent, S0 = 0.39, P2 = 2.5, 12-ft-wide [3.7-m-wide] lanes with AC shoulders. 
Computed thicknesses less than 6.0 in [152 mm] or greater than 15.0 in [381 mm] are not shown. 

Joint Flexural Subgrade Positive Design ESAL., millions 
Spacing Strength k 1D 

(in) (psi) (psi/iD) <c:tocrees F) t.S 2 2..5 3 3.5 4 4.5 5 

144 600 100 ' 7.9 8.3 8.7 9.0 9.2 9.4 9.6 9.8 

144 600 100 1 7.8 8.2 8.6 8.9 9.1 9.4 9.S 9.7 

144 600 100 9 7.7 8.1 8.S 8.8 9.1 9.3 9.5 9.6 

144 600 100 II 7,6 8.1 8.4 8.7 9.0 9.2 9.4 9.6 

144 600 100 13 7.5 8.0 8.4 8.7 8.9 9.1 9.3 9.5 

144 600 250 5 6.9 7.4 7.8 8.1 8.4 8.7 8,9 9.1 

144 600 250 7 6.9 7.5 7.9 8.2 8.5 8.8 9.0 9.2 

144 600 250 9 6.9 7..5 7.9 8.3 8.6 8.9 9.1 9.3 

144 600 250 II 7.0 7.6 8.0 8.4 8.7 8.9 9.2 9.4 

144 600 250 13 7.0 7.6 8.1 8.4 8.7 9.0 9.2 9.4 

144 600 soo 5 - - 6.1 6.6 6.9 7.3 7.6 7.8 

144 600 500 7 - - 6.3 6.8 7.2 7.6 7.9 8.1 

144 600 500 9 - - 6..5 7.0 7.5 7.8 8.1 8.4 

144 600 500 II - 6.1 6.8 7.3 7.7 8.1 8.5 8.8 

144 600 500 13 - 6.4 7.0 7.6 8.0 8.4 8,8 9.1 

144 700 100 5 7.1 7.S 7.8 8.1 8.3 8.5 8.7 8,9 

144 700 100 7 7.0 7.4 7.8 8.0 8.3 8.5 8.7 8.8 

144 700 100 9 6.9 7.3 7.7 8.0 8.2 8.4 8.6 8.8 

144 700 100 II 6.8 7.3 7.6 7.9 8.1 8.4 8.5 8.7 

144 700 100 13 6.8 7.2 7.6 7.9 8.1 8.3 8.5 8.6 

144 700 250 5 - 6.4 6.8 7.1 7.4 7.6 7.8 8.0 

144 700 250 7 6.1 6,7 7.0 7.4 7.6 7.9 8.1 8.3 

144 700 250 9 6.2 6.7 7,1 7.4 7.7 8.0 8.2 8.4 

144 700 250 II 6.3 6.8 7.2 7.5 7.8 8.0 8.3 8.5 

144 700 250 13 6.3 6.9 7.3 7.6 7.9 8.1 8.3 8.5 

144 700 500 5 - - - - 6.1 6.4 6.6 6.9 

144 700 500 7 - - - 6.0 6.4 6.7 7.0 7.2 

144 700 500 9 - - - 6.1 6.S 6.8 7.1 7.4 

144 700 500 II - - - 6.4 6.8 7.1 7.4 77 

144 700 500 13 - - 6.2 6.7 7.1 7.4 7.7 8.0 

144 800 100 5 6.4 6.8 7.2 7.4 7.6 7.8 8.0 8.1 

144 800 100 7 6.4 6.8 7.1 7.4 7.6 7.8 7.9 8.1 

144 800 100 9 6.4 6.8 7.1 7.3 7.6 7.7 7.9 8.1 

144 800 100 II 6.3 6,7 7.1 7.3 7.5 7.7 7.9 8.0 

144 800 100 13 6.3 6.7 7.0 7.3 7.5 7.7 7.8 8.0 

144 800 250 5 - - 6.2 6.5 6.7 6.9 7,1 7.3 

144 800 250 7 - - 6.2 6.5 6.8 7.0 7.2 7.4 

144 800 250 9 - - 6.3 6.6 6.9 7.1 7.3 7.5 

144 800 250 11 - 6.0 6.4 6.7 7.0 7.2 7.4 7.6 

144 800 250 13 - 6.1 6.5 6.8 7.1 7.3 1.5 7.1 
144 800 500 5 - - - - - - - 6.1 

144 800 500 7 - - - - - - 6.2 6.4 

144 800 500 9 - - - - - 6.2 6,4 6.7 

144 800 500 II - - - - 6.2 6.5 6.8 7.0 

144 800 500 13 - - - 6.1 6.5 6.8 7.0 7.3 

192 600 100 5. 8.0 8.5 8.8 9.1 9.4 9.6 9.8 10.0 

192 600 100 7 8.0 8.4 8.8 9.1 9.3 9.5 9.7 9.9 

192 600 100 9 7,9 8.4 8.7 9.0 9.3 9.5 9.7 9.9 

192 600 100 II 7,9 8.3 8.7 9.0 9.3 9.5 9.7 9.8 

192 600 100 13 7.8 8.3 8.7 9.0 9.2 9.4 9.6 9.8 

192 600 250 5 7.1 7.6 8.0 8.4 8.7 8.9 9.1 9.3 

192 600 250 7 7.2 7.8 8.2 8.5 8.8 9.1 9.3 9.5 

192 600 250 9 7.3 7.9 8.3 8.7 9.0 9.3 9.5 9.7 

192 600 250 II 7.4 8.0 8.5 8.8 9.1 94 9.6 9.8 

192 600 250 13 7.5 8.1 8.6 8.9 9.3 9.5 9.8 10.0 

192 600 500 5 - - 6.4 6.8 7.2 7.6 7.9 8.1 

192 600 500 7 - 6.1 6.7 7.2 7.7 8.0 8.3 8.6 

192 600 500 9 - 6.5 7.1 7.7 81 85 8.8 9.1 

192 600 500 II 6.0 6.8 7.5 8.1 8.5 8.9 9.3 9.6 

192 600 500 13 6.3 7.2 7.9 8.5 9.0 9.4 9.8 10.I 

192 700 100 5 7.2 7.6 8.0 8.] 8.5 8.7 8.9 9.0 

192 700 100 7 7.2 7.6 8.0 8.2 8.5 8.7 8.9 9.0 

192 700 100 9 7.2 7.6 7.9 8.2 8.5 8.7 8.8 9.0 

192 700 100 II 7.2 7.6 7.9 8.2 8.4 8.7 8.8 9.0 

192 700 100 13 7.1 7.6 7.9 8.2 8.4 8.6 8.8 9.0 

192 700 250 5 6.3 6.8 7.2 7.5 7.8 8.0 8.2 8.4 

192 700 250 7 6.5 7.0 7.4 7.7 8.0 8.2 8.4 8.6 

192 700 250 9 6.6 7.1 7.5 7.9 8.2 8.4 8.6 8.8 

192 700 250 II 6.7 7.3 7.7 8.0 8.3 8.6 88 9.0 

192 700 250 13 6.9 7.4 7.8 8.2 8.5 8.7 8.9 9.1 

113 I in la' 25.4 mm, I psi= 6.89 kPa. I psiJin = 0.271 kPa/mm, °C = (°F • 32)11.8 



Table 22. Slab thickness computed for granular base and 85 percent reliability (continued). 

Et,= 25 ksi (172.25 MPa], R = 85 percent, S0 = 0.39, P2 = 2.5, 12-ft-wide [3.7-m-wide] lanes with AC shoulders. 
Computed thicknesses less than 6.0 in [152 mm] or greater than _15.0 in [381 mm] are not. shown. 

Joint Flexural Subgrade Positive Design ESALs, millioas 
Spacing Strength k TD 

(in) (psi) (psi/in) (degroes F) 1.5 2 2S 3 3.5 4 4.5 5 

192 700 500 5 - - - 6.1 6.5 6.8 7.1 7.3 
192 700 500 7 - - 6.0 6.4 6.8 7.1 7.4 7.7 
192 700 500 9 - - 6.4 6.9 7.3 7.6 7.9 8.2 
192 700 500 II - 6.2 6.8 7.3 7.7 8.1 8.4 8.7 
192 700 500 13 - 6.6 7.2 7.7 8.1 8.5 8.8 9.1 

192 800 100 5 6.6 7.0 7.3 7.6 7.8 8.0 8.1 8.3 
192 800 100 7 6.6 7.0 7.3 7.6 7.8 8.0 8.2 8.3 
192 800 100 9 6.6 7.0 7.3 7.6 7.8 8.0 8.2 8.3 
192 800 100 II 6.6 7.0 7.3 7.6 7.8 8.0 8.2 8.3 
192 800 100 13 6,6 7.0 7.3 7.6 7.8 8.0 8.2 8.3 
192 800 250 5 5.6 6.0 6.4 6.7 7.0 7.2 7.4 7.6 
192 800 250 7 - 6.2 6.6 6.9 7.2 7.4 7.6 7.8 
192 800 250 9 - 6.4 6.7 7.1 7.3 7.6 7.8 8.0 
192 800 250 11 6.2 6.7 7.1 7.4 7.7 7.9 8.1 8.3 
192 800 250 13 6.3 6.8 7.2 7.5 7.8 8.0 8.2 8.4 
192 800 500 5 - - - - - 6.1 6.3 6.5 
192 800 500 7 - - - - 6.3 6.6 68 7.1 
192 800 500 9 - - - 6.3 6.6 6.9 72 7.4 
192 800 500 11 - - 6.3 6.7 7.1 7.4 7.7 7.9 
192 800 500 13 - 6.2 6.7 7.1 7.5 7.8 8.1 8.3 

240 600 100 5 8.2 8.6 9.0 9.3 9.5 9.8 9.9 l0.1 
240 600 LOO 7 8.2 8,6 9.0 9.3 9.5 9.8 9.9 l0.1 
240 600 LOO 9 8.2 8.6 9.0 9.3 9.6 9.8 10.0 l0.1 
240 600 100 II 8.2 8.7 9.0 9.3 9.6 9.8 10.0 l0.1 
240 600 JOO 13 8.2 8.7 9.0 9.3 9.6 9.8 l0.0 l0.1 
240 600 250 5 7.3 7.9 8.3 8.6 8.9 9.2 9.4 9.6 
240 600 250 7 7.6 8.1 8.6 8.9 9.2 9.5 9.7 9.9 
240 600 250 9 7.7 8.3 8.8 9.1 9.5 9.7 l0.0 10.2 
240 600 250 II 7.9 8.5 90 9.4 9.7 lO.O 10.2 10.4 
240 600 250 13 8.1 8.7 9.2 9.6 9.9 10.2 l0.4 J0.6 
240 600 500 5 - 61 6.7 72 7.6 8.0 8.3 8.6 
240 600 500 7 - 6.6 7.3 7.8 8.3 8.6 9.0 9.3 
240 600 500 9 6.3 7.2 7.9 8.4 8.9. 9.3 9.7 J0.0 
240 600 500 II 6.9 7.8 8.5 9.1 9.6 10.0 l0.4 10.7 
240 600 500 13 7.4 8.4 9.1 9.7 l02 10.6 11.0 11.4 

240 700 100 5 7.3 7.8 8.1 8.4 8.7 8.9 9.0 9.2 
240 700 100 7 7.4 7.9 8.2 8.5 8.7 8.9 9.1 9.3 
240 700 100 9 7.5 7.9 8.2 8.5 8.8 9.0 9.1 9.3 
240 700 LOO 11 7.5 7.9 8.3 8.5 8.8 9.0 9.2 9.3 
240 700 100 13 7.5 8.0 8.3 8.6 8.8 9.0 9.2 9.3 
240 700 250 5 6.6 7.1 7.5 7.8 8.1 8.3 8.5 8.7 
240 700 250 7 6.8 7.4 7.8 8.1 8.4 8.6 8.8 9.0 
240 700 250 9 7.1 7.6 8.0 8A 8.7 8.9 9.1 9.3 
240 700 250 II 7.3 7.9 8.3 8.6 8.9 9.2 9.4 9.6 
240 700 250 13 7.5 8.1 8.5 8.8 9.1 9.4 9.6 9.8 
240 700 500 5 - - 60 6.4 6.8 7.1 7.4 7.7 
240 700 500 7 - 6.1 6.7 7.1 1.5 7.9 8.2 8.4 
240 700 500 9 6.0 6.8 7.3 7.8 8.2 8.6 8.9 9.1 
240 700 500 II 6.6 7.3 7.9 8.4 8.8 9.2 9.5 9.8 
240 700 500 13 7.1 7.9 8.5 9.0 9.4 9.8 10 I 10.4 

240 800 100 5 6.7 7.2 7.5 7.8 8.0 8.2 8.3 8.5 
240 800 100 7 6.8 7.2 7.5 7.8 8.0 8.2 8.4 8.5 
240 800 100 9 6.9 7.3 7.6 7.9 8.1 8.3 85 8.6 
240 800 100 II 6.9 7.3 7.7 7.9 8.1 8.3 8.5 8.7 
240 800 100 13 7.0 7.4 7.7 8.0 8.2 8.4 8.5 8.7 
240 800 250 s 5.9 6.3 6.7 7.0 7.3 7.5 7.7 7.9 
240 800 250 7 6.3 6.8 7.2 7.5 7.7 8.0 8.2 8.3 
240 800 250 9 6.6 70 7.4 7.8 8.0 8.2 8.5 8.6 
240 800 250 II 6.8 7 3 7.7 8.0 8.3 8.5 8.7 8.9 
240 800 250 13 7.0 7.5 7.9 8.2 8.5 8.7 8.9 9.1 
240 800 500 5 - - - 6.1 6.4 6.7 6.9 7.1 
240 800 500 7 - - 6.2 6.6 7.0 7.3 7.5 7.8 
240 800 500 9 - 6.4 6.9 7.3 7.6 8.0 8.2 8.5 
240 800 500 II 6.2 6.9 7.4 7.9 8.2' 8.6 8.8 9.1 
240 800 500 13 6.7 7.4 8.0 8.4 8.8 9.1 9.4 9.6 

114 
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Table 23. Slab thickness computed for treated base and 85 percent reliability. 
E,, = 500 k.si [3445 MPa], R = 8!1 percent, S0 = 0.39, P2 = 2.5, 12-ft-wide [3.7-m-wide] lanes with AC shoulders. 

Computed thicknesses less than 6.0 in [152 mm] or greater than 15.0 in (381 =l are not shown. 

Joint Flexurnl Subgrade Positive D<sian ESALs, millioc.s 
Spacing Stroagtb k m 

(ill) (psi) (pailia) (degrees f') I .S 2 2.5 3 3.5 4 4.5 5 

144 600 100 5 6.6 70 7.4. 7.6 7.9 8.1 8.3 8.4 
144 600 100 1 6.7 7.2 7:5 7.8 8.0 8.2 8.4 8.5 
144 600 100 9 6.9 7.3 7.6 7.9 8.1 8.3 8.5 8.7 
144 600 100 11 7.0 1.4 7.7 8.0 8.2 8.4 8.6 8,8 
144 600 100 13 7.1 7.5 7.8 8.1 8.3 8.5 8.7 8.8 
144 600 250 5 - - 6.3 6.6 6.9 7.2 7,4 7.6 
144 600 250 1 - 6.3 6.7 7.1 7.4 1.6 7.8 8.0 
144 600 250 9 6.1 6,1 7.1 7.4 1.1 8.0 8.2 8.4 
144 600 250 11 6.4 7.0 7.4 1.1 8.0 8.3 8.5 8.7 
144 600 250 13 6.7 7,2 7.6 8,0 8.3 8.5 8.8 9.0 
144 600 500 s - - - - - - - 6.2 
144 Ii()() 500 1 - - - - 6.1 6.4 6.7 7.0 
144 Ii()() 500 9 - - 6,0 6.5 6.9 1.2 7.5 7.7 
144 600 500 11 - - 6.0 6.5 7.0 7.3 1.1 1.9 
144 600 500 13 - 6.2 6.8 7.3 7.7 8.0 8.4 8.6 

144 700 100 5 6.0 6,4 6.7 6.9 7.2 7.4 7.5 7.7 
144 700 100 1 6,2 6.6 6.9 7.2 7.4 7.6 7.7 7.9 
144 700 100 9 6.4 6.8 7.1 7.3 7.5 7.7 1.9 8.0 
144 100 100 II 6.5 6.9 7.2 7.4 7.7 7.8 8.0 8.1 
144 100 100 13 6.6 7.0 7.3 1.5 7,8 7.9 8.1 8.2 
144 700 250 5 - - - 6.1 6.4 66 6.8 7,0 
144 700 250 1 - - 6.1 6.4 6.1 6.9 7.2 7.3 
144 700 250 9 - 6.1 6.5 6.8 7.1 7.3 7.5 7.7 
144 700 250 11 - 6.4 6.8 7.1 7.4 1.6 7.8 8,0 
144 700 250 13 6.2 6.1 7.l 7.4 7.6 7.9 8.1 8.3 
144 100 500 5 - - - - - - - -
144 700 500 7 - - - - - - 6.1 6.4 
144 100 500 9 - - - - 6.2 6.5 6.8 7.0 
144 700 500 II - - - 6.0 6.4 6.7 10 7.3 
144 700 500 13 - - 6.3 6.7 7.1 7.4 7.7 7.9 

144 800 100 s - - 6.2 6.4 6.7 6.8 7.0 7,1 

144 800 100 7 - 6.1 6.4 6.6 6.8 7.0 7.2 7.3 
144 800 100 9 - 6.2 6.S 6.8 70 7.2 7.3 7.4 
144 800 100 11 6.1 6.5 6.8 7.0 7.2 7,4 7.5 7.6 
144 800 100 13 6.2 6.6 6.9 7.1 7.3 15 7.6 7.7 
144 800 250 5 - - - - -· 6.1 6.3 6.4 
144 800 250 7 - - - 6.0 6.3 6.S 6.7 6.9 
144 800 250 9 - - 6.0 6.3 6.6 6.8 7,0 7.2 
144 800 250 II - 6.0 6.3 6.6 6.9 7,1 7.3 7.5 
144 800 250 13 - 6.2 6.6 6.9 7.1 7,4 7,6 7.7 
144 800 500 5 - - - - - - - -
144 800 500 7 - - - - - - - -
144 800 500 9 - - - - - 6.0 6.3 6.5 
144 800 500 11 - - - - 6.0 6.2 6.5 67 
144 800 500 13 - - - 6.2 6.6 6.9 7.1 7.3 

192 600 100 5 6.8 7,2 7.6 7.9 8.1 8.3 8.S 8.6 
192 600 100 7 7.0 7.5 7.8 8.1 8.3 8,5 8.7 8.8 
192 600 100 9 7.2 76 8.0 8.2 8.5 8.7 88 9.0 
192 600 100 II 7.4 7,8 8.1 8.4 8.6 8.8 9.0 9.1 
192 600 100 13 1.5 7.9 8.3 8.5 8.8 8.9 9.1 9.3 
192 600 250 5 - 6.3 6.7 7,0 7.3 7,6 7.8 8.0 
192 600 250 1 6.3 6.8 7.2 7.6 7,9 8.1 8.3 8.5 
192 600 250 9 6.7 7.2 7.7 8.0 8,3 8,6 8.8 9.0 
192 600 250 II 7.1 7.6 8.0 8.4 8,7 8.9 9.2 9.4 
192 600 250 13 6.9 7.5 8,0 8.4 8.7 9.0 9.2 9.4 
192 600 500 5 - - - - - 6.3 6.5 6.8 
192 600 500 1 - - 6.1 6.5 6.9 7,2 1.5 7.8 
192 600 500 9 - - 6.4 6.9 7.3 7.7 8,0 8.3 
192 600 500 11 - 6,7 7.3 7.8 8.2 8,6 8.9 9.2 
192 600 500 13 6.5 7,3 7.9 8.4 8.9 9,2 9.5 9.8 

192 700 100 5 6.3 6.7 7.0 7.3 7.5 7.7 78 8.0 
192 700 100 7 6.5 6,9 7.2 7.5 7.7 7.9 8,1 8.2 
192 700 100 9 6.1 7.1 7,4 7.7 7.9 8.1 8.2 8.4 
192 100 JOO II 6,9 7.3 7.6 7.9 8.1 8.2 8.4 8.6 
192 700 100 13 7.1 7,4 7.7 8.0 8.2 8.4 8.5 8.7 
192 700 250 s - - 6.1 6.S 6,7 7.0 72 7.4 

192 700 250 1 - 6.3 6.7 7.0 7.3 1.5 7.7 7.9 

192 700 250 9 6.3 6.8 7.2 7.5 7.7 8.0 82 84 
191 700 250 II 6.6 7.1 7.5 7.8 8,1 8.3 8.5 8,7 
191 700 250 13 6.8 7.3 77 8.0 8.3 . 8.6 8.8 9.0 

115 I io = 25.4 mm, I psi = 6.89 kPa, I psi/io = 0.271 kPalmm, "C = ("F - 32)/1.8 



Table 23. Slab thickness computed for treated b_ase and 85 percent reliability (continued). 
Et,= 500 ksi [3445 MPa], R = 85 percent. S0 = 0.39, P2 = 2.5; 12-ft,wide [3.7-m-wide] lanes ~ith AC shoulders. 

Computed thicknesses less than 6.0 in (152 mm] or greater than 15.0 in [381 mm] are not shown. 

Joint Aexural Subgrade Positive Design ESALs, millions 
Spacing Strength k TD 

(in) (psi) (psi/in) (de~esF) 1.5 2 2.5 . 3 3.5 4 4.5 5 

192 700 500 5 - - - - - - 6.0 6.3 
192 700 500 7 - - - 6.1 6.5 6.8 7.0 7.3 
192 700 500 9 - - 6.2 6.6 70 7.3 7.6 7.8 
192 700 500 II - 6.5 70 7.4 78 8.1 8.4 8.6 
192 700 500 13 6.4 7.1 7.6 8.0 8.4 8.7 9.0 9.2 

192 800 100 5 - 6.2 6.5 6.1 6.9 7.1 7.3 7.4 
192 800 100 1 6.1 6.5 6.8 7.0 7.2 7.4 7.6 7.7 
192 800 100 9 6.4 6.7 1.0 7.2 7.4 7.6 7.8 1.9 
192 800 100 II 6.5 6.9 7.2 7.4 7.6 1.8 7.9 8.1 
192 800 100 13 6.1 7.1 7.3 7.6 7.8 1.9 8.1 8.2 
192 800 250 s - - - 6.1 6.4 6.6 6.8 6.9 
192 800 2S0 1 - - 6.3 6.6 6.8 7.0 7.2 7.4 
192 800 250 9 - 6.4 6.7 7.0 7.3 1.5 7.7 78 
192 800 250 11 6.3 6.7 7.1 1.4 1.6 7.8 8.0 8.2 
192 800 2S0 13 6.S 1.0 7.4 7.6 7.9 8.1 8.3 8.5 
192 800 500 5 - - - - - - - -
192 800 500 1 - - - - 6.1 6.3 6.6 6.8 
192 800 500 9 - - - 6.3 6.6 6.9 7.2 7.4 
192 800 500 II - 6.2 6.7 1.0 7.4 7.6 7.9 8.1 
192 800 500 13 - 6.4 6.9 7.3 7.6 1.9 8.2 8.4 

240 600 100 5 7.1 7.5 7.8 8.1 8.4 8.6 8.1 8.9 
240 600 100 1 7.4 7.8 8.1 8.4 8.6 8.8 9.0 9.2 
240 600 100 9 7.6 8.0 8.4 8.6 8.9 9.1 9.2 9.4 
240 600 100 II 7.8 8.2 8.5 8.8 9.0 9.2 9.4 9.6 
240 600 100 13 8.0 8.4 8.7 9.0 9.2 9.4 9.6 9.7 
240 600 250 5 6.2 6.7 7.2 7.5 7.8 8.0 8.3 8.5 
240 600 250 7 6.8 7.4 1.8 8.1 8.4 8.7 8.9 9.1 
240 600 250 9 7.3 7.9 8.3 8.7 8.9 9.2 9.4 9.6 
240 600 250 II 7.5 8.1 8.6 8.9 9.2 9.5 9.7 9.9 
240 600 250 13 8.0 8.6 9.0 9.4 9.7 99 10.2 10.4 
240 600 500 5 - - - 6.2 6.6 6.9 7.2 7.5 
240 600 500 1 - - 6.4 6.9 7.3 77 8.0 8.3 
240 600 500 9 6.3 7.0 7.6 8.1 8.5 8.9 9.2 9.5 
240 600 500 11 7.2 7.9 8.S 9.0 9.4 98 JO.] 10.4 
240 600 500 13 7.5 8.3 8.9 9.5 9.9 10.3 10.7 11.0 

240 700 100 5 6.6 7.0 7.3 1.5 7.8 1.9 8.1 8.3 
240 700 100 1 6.9 7.3 7.6 7.8 8.1 8.2 8.4 8.6 
240 700 100 9 7.1 7.5 7.8 8.1 8.3 8.5 8.6 8.8 
240 700 100 11 7.4 7.7 8.0 8.3 8.5 8.7 8.8 9.0 
240 700 100 J3 7.5 7.9 8.2 8.5 8.7 8.9 9.0 9.2 
240 700 250 5 - 6.3 6.1 1.0 7.3 7.5 7.7 7.9 
240 700 250 1 6.5 6.9 7.3 1.6 1.9 8.1 8.3 8.5 
240 700 250 9 6.8 7.3 7.7 8.0 8.3 8.5 8.7 8.9 
240 700 250 II 7.3 7.8 8.2 8.5 8.8 9.0 9.2 9.4 
240 700 250 13 7.7 8.2 8.6 8.9 9.2 9.4 9.6 9.8 
240 700 500 5 - - - 6.0 6.3 6.6 6.9 7.1 
240 700 500 7 - - 6.4 6.8 7.2 7.5 7.7 8.0 
240 700 500 9 6.3 6.9 7.5 7.9 8.2 8.5 8.8 9.0 
240 700 500 II 6.7 7.4 7.9 8.4 8.8 9.1 9.4 9.6 
240 700 500 13 7.5 8.2 8.7 9.2 9.6 9.9 l0.2 l0.4 

240 800 100 5 6.2 6.6 6.8 7.1 73 7.5 7.6 7.7 

240 800 100 7 6.5 6.9 7.2 7.4 7.6 7.8 79 8.1 

240 800 100 9 6.8 7.1 7.4 7.7 7.9 8.0 8.2 8.3 
240 800 100 I] 7.0 7.4 7.6 7.9 8.1 8.2 8.4 8.5 
240 800 100 13 7.2 7.5 7.8 8.0 8.2 8.4 8.6 8.1 
240 800 250 5 - - 6.3 6.6 6.8 7.0 7.2 7.4 
240 800 250 7 6.1 6.6 6.9 7.2 1.5 7.7 7.9 8.0 
240 800 250 9 6.6 7.0 7.4 7.7 7.9 8.1 8.3 8.S 
240 800 250 II 7.1 1.S 7.9 8.2 8.4 8.6 8.8 9.0 
240 800 250 13 7.4 7.9 8.3 8.S 8.8 9.0 9.2 9.3 
240 800 S00 s - -- - - 6.0 6.3 6.5 6.1 
240 800 500 1 - - 6.2 6.6 6.9 7.2 1.4 7.7 

240 800 500 9 6.2 6.7 7.2 7.6 7.9 8.I 8.4 8.6 
240 800 500 II 6.1 73 7.8 8.2 8.5 8.8 9.0 9.2 

240 800 500 13 7.4 8.0 8.5 88 9.2 9.4 9.7 9.9 
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Table 24. Slab thickness computed for high-strength base and 85 percent reliability. 
E." I million psi [6890 MPa], R" 85 percent, S0 " 0.39, P2" 2.5, 12-ft-widc [3.7-m-wide] lanes with AC shoulders. 

Computed thicknesses less than 6.0_in [152 IDlll) or.greater than 15.-0 in [381 mm) are not shown. 

Joinc FlexuraJ Subgl'll& Positive Design ESAu, millions 
Spacing Strengch k TD 

(in) (psi) (psifw) (degrees F) J.j 2 2.5 3 3.5 4 4.5 5 
. . . 

144 600 100 5 - 6.3 6.6 6.9 7.1 7.3 7.5 7.7 
144 600 100 7 6.2 6.7 7.0 7.2 7.5 7.7 7.8 8.0 
144 600 100 9 6.5 6.9 7.3 7.5 7.7 7.9 8.1 8.2 
144 600 100 II 6.7 7.1 7.4 7.7 7.9 8.1 8.2 8.4 
144 600 100 13 6.9 7.3 7.6 7.9 8.1 8.3 8.5 8.6 
144 600 250 5 - - - 62 6.5 6.7 6.9 7.1 
144 600 250 7 - 6.2 6.6 6.9 7.2 7.4 7.7 7.8 
144 600 250 9 6.3 6.8 -7.1 7.5 7.7 8.0 8.2 8.3 
144 600 250 II 6.4 6.9 7.3 7.7 7.9 8.2 8.4 8.6 
144 600 250 13 6.8 7.4 7.7 81 8.3 8.6 8.8 9.0 
144 600 500 5 - - - - - - 6.0 6.2 
144 600 500 7 - - - - - 6.0 6.3 6.6 
144 600 500 9 - - 6.1 6.5 6.9 7.2 75 7.7 
144 600 500 II - 6.5 7.0 7.4 7.8 8.1 8.3 8.5 
144 600 500 13 - 6.5 7.0 1.5 7.8 8.2 8.4 8.7 

144 700 100 5 - - 6.1 6.4 6.6 6.8 7.0 7.1 
144 700 100 7 - 6.2 6.5 6.8 7.0 7.2 7.3 7.5 
144 700 100 9 6.2 6.5 6.8 7.1 7.3 7.5 7.6 7.7 
144 700 100 11 6.4 6.7 7.0 7.3 7.5 7,7 7.8 7.9 
144 700 100 13 6.6 7.0 7.3 75 77 7.9 8.0 8.1 
144 700 250 5 - - ·- - - 61 6.3 6.5 
144 700 250 7 - - 6.2 6.5 6.7 6.9 7.1 7.3 
144 700 250 9 - - 6.2 6.5 6.8 7.0 7.2 7.4 
144 700 250 II 6.1 6.6 6.9 7.2 7.5 7.7 79 8.1 
144 700 250 13 6.5 7.0 7.3 7.6 7.9 8.1 8.3 8.5 
144 700 500 5 - - - - - - - -
144 700 500 7 - - - - - - - 6.1 
144 700 500 9 - - - 6.3 6.6 6.8 7.1 7.3 
144 700 500 II - 6.2 6.6 7.0 7.3 1.5 7.8 8.0 
144 700 500 13 - 6.3 6.8 7.2 1.5 7.8 8.0 8.2 

144 800 100 5 - - - 6.0 6.2 6.4 6.6 6.7 
144 800 100 7 - - 6.2 6.4 6.6 6.8 6.9 7.0 
144 800 100 9 - 6.2 6.5 6.7 6.9 7.1 7.2 7.3 
144 800 100 II 6.1 6.4 6.7 6.9 7.1 7.3 7.4 7.6 
144 800 100 13 6.3 6.7 6.9 7.2 7.3 7.5 7.6 7.8 
144 800 250 5 - - - -- - - -· 6.0 
144 800 250 7 - - - 6.0 63 6.5 6.7 6.8 
144 800 250 9 - - 6.0 6.3 6.5 6.8 6.9 7.1 
144 800 250 II - 6.2 6.6 6.9 7.1 7.3 7.5 7.6 
144 800 250 13 6.2 6.6 7.0 7.2 7.5 7.7 7.8 8.0 
144 800 500 5 - - - - - - - -
144 800 500 7 - - - - - - - -
144 800 500 9 - - - - 6.1 6.4 6.6 6.8 
144 800 500 II - - 6.2 6.6 6.8 71 7.3 7.5 
144 800 500 13 - 6.1 6.5 6.9 7.2 7.4 7.6 7.8 

192 600 100 5 6.2 6.6 7.0 7:2 7.5 7.7 7.8 8.0 
192 600 100 7 6.7 7.1 7.4 7.7 7.9 8.1 8.2 8.4 
192 600 100 9 6.9 7.3 7.6 7.9 8.1 8.3 8.5 8.6 
192 600 100 11 7.2 7.6 7.9 8.2 8.4 8.6 8.8 8.9 
192 600 100 13 7.5 7.9 8.2 8.4 8.6 8.8 9.0 9.1 
192 600 250 5 - 6.1 6.5 6.8 7.1 7.3 7.5 7.7 
192 600 250 .,7 6.4 6.9 7.3 7.6 7.8 8.1 8.3 8.4 
192 600 250 .9 6.7 7.2 7.6 7.9 8.2 8.5 8.7 8.8 
192 600 250 II 7.3 7.8 8.2 8.5 8.7 90 9.2 9.4 
192 600 250 13 7.7 8.2 8.6 · 8.9 9.2 9.4 9.6 9.8 
192 600 500 5 - - - - 6.2 6.5 6.8 7.0 
192 600 500 7 - - 6.1 6.5 6.9 7.2 7.4 7.7 
192 600 500 9 6.1 6.8 7.3 7.7 8.0 8.3 8.5 8.8 
192 600 500 II 6.4 7.1 7.6 8.1 8.4 8.7 9.0 9.3. 
192 600 500 13 7.3 7.9 8.S 8.9 9.2 9.S · 9.8 l0.0 

192 700 100 s - 6.2 6.S 6.8 7.0 7.2 7.3 7.5 
192 700 100 7 6.3 6.7 7.0 7.2 7.4 7.6 7.8 7.9 
192 700 100 9 6.6 7.0 7.3 7.5 7.7 7.9 8.0 8.2 
192 700 100 II 6.9 7.3 7.6 7.8 8.0 8.2 8.3 8.5 
192 700 100 13 7.2 7.S 7.8 80 8.2 8.4 8.5 8.7 
192 700 250 5 - - 6.1 6.4 6.6 6.9 7.0 7.2 
192 700 250 7 - 6.1 6.5 .6.8 7.1 7.3 7.5 7.7 
192 700 250 9 6.5 6.9 7.3 7.6 7.8 8.1 8.2 8.4 
192 700 250 II 1.0 7.4 7.8 8.1 8.3 8.5 8.7 8.9 
192 700 250 13 7.4 7.8 8.2 8.5 8.7 8.9 9.1 9.3 
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Table 24. Slab thickness computed for high-strength base and.85 percent reliability (continued). 

Eb= I million psi [6890 MPa], R = 85-percent, S0 = 0.39, P2 = 2.5, 12-ft-wii:!e [3.7-m-wide] lanes with AC shoulders. 
Computed thicknesses less than 6.0 in [152 mm] or greater than 15.0 in [381 mm] are not shown. 

Joint Flexural Subgrade Positive Design ESALs, miUiocs 
Spacing Suength k TD 

(in) (psi) (psVin) (degrocs F) 1.5 2 2.5 3 3.5 4 4.5 5 

192 700 500 5 - - - - - 6.1 6.3 ' 6.6 
l92 700 500 7 - - 6.1 6.4 6.7 7.0 7.2 7.5 
192 700 500 9 - - 6.4 6.8 7.1 7.4 7.7 7.9 
l92 700 500 11 6c5 7.1 7.5 7.9 8.2 8.5 8.7 89 
l92 700 500 13 7.2 7.7 8.2 8.6 8.9 9.1 9.4 9.6 

192 800 100 5 - - 6.2 6.4 6.6 6.8 6.9 7.1 
192 800 100 7 6.0 6.3 6.6 6.8 7.0 7.2 7.4 7.5 
192 800 100 9 6.4 6.7 7.0 7.2 7.4 7.5 7.7 7.8 
192 800 100 11 6.7 7.0 7.3 7.5 7.7 7.8 8.0 8.1 
192 800 100 13 6.9 7.2 7.5 7.7 7.9 8.0 8.2 8.3 
192 ·soo 250 5 - - - 6.0 6.3 6.5 6.7 6.8 
192 800 250 7 - - 6.3 6.6 6.8 7.0 7.2 7.4 
192 800 250 9 6.2 6.7 7.0 7.3 7.5 7.7 7.9 8.0 
192 800 250 11 6.7 7.1 7.5 7.7 8.0 8.1 8.3 8.5 
192 800 250 13 6.9 7.4 7.7 8.0 8.2 8.4 8.6 8.7 
192 800 500 5 - - - - - - - 62 
l92 800 500 7 - - - 6.1 6.4 6.7 6.9 7.1 
192 800 500 9 - 6.0 6.4 6.8 7.1 7.3 7.5 7.7 
192 800 500 II 6:3 6.9 7.3 7.6 7.9 8.1 8.4 8.5 
192 800 500 13 6.6 7.1 7.6 7.9 8.2 8.5 8.7 8.9 

240 600 100 5 6.6 7.0 7.3 7.6 7.8 8.0 8.2 8.3 
240 600 100 7 7.0 7.4 7.7 8.0 8.2 8.4 8.6 8.7 
240 600 100 9 7.4 7.8 8.1 8.4 8.6 8.8 8.9 9.1 
240 600 LOO 11 7.8 8.1 8.5 8.7 8.9 9.1 9.2 9.4 
240 600 100 13 8.0 8.4 8.7 8.9 9.2 9.3 9.5 9.6 
240 600 250 5 6.2 6.7 7.1 7.4 7.7 7.9 8.1 8.3 
240 600 250 7 6.8 7.3 7.7 8.0 8.3 8.5 8.7 8.9 
240 600 250 9 7.5 8.0 8.4 8.7 9.0 9.2 9.4 9.6 
240 600 250 11 8.l 8.6 8.9 9.3 9.5 9.7 9.9 JO.I 
240 600 250 13 8.3 8.8 9.2 9.5 9.8 10.0 10.2 10.4 
240 600 500 5 - - - 6.0 6.3 6.6 6.9 7.2 
240 600 500 7 6.1 6.7 7.2 7.6 7.9 8.2 8.5 8.7 
240 600 500 9 6.6 7.3 7.8 8.3 8.6 8.9 9.2 9.5 
240 600 500 11 7.6 8.3 8.8 9.3 9.6 9.9 10.2 10.5 
240 600 500 13 8.0 8.7 9.3 9.7 10.1 10.5 10.8 11.0 

240 700 100 5 6.3 6.6 6.9 7.2 7.4 7.6 77 7.9 
240 700 100 7 6.7 7.1 7.4 7.6 7.8 8.0 8.2 8.3 
240 700 100 9 7.1 7.5 7.8 8.0 8.2 8.4 8.5 8.7 
240 700 100 II 7.5 7.8 8.1 8.3 8.5 8.7 8.8 9.0 
240 700 100 13 7.7 8.1 8.3 8.6 8.8 8.9 9.1 9.2 
240 700 2S0 . s - 6.4 6.7 7.0 7.3 7.5 7.7 7.8 
240 700 250 7 6.6 7.1 . 7.4 7.7 8.0 8.2 8.4 8.5 
240 700 250 9 7.3 7.8 8.1 8.4 8.6 8.8 9.0 9.2 
240 700 250 II 7.6 8.1 8.5 8.7 9.0 9.2 9.4 9.6 
240 700 250 13 8.2 8.6 9.0 9.2 9.5 9.7 9.9 10.0 
240 700 500 5 - - - 6.1 6.4 6.7 6.9 7.1 
240 700 500 7 - 6.0 6.5 . 6.9 72 7.5 ,7 8 8.0 
240 700 500 9 6.9 7.5 7.9 8.3 8.6 8.9 91 9.3 
240 700 500 II 7.4 8.0 . 8.5 8.S 9.2 9.4 97 9.9 
240 700 500 13 8.3 8.8 9.3 9.7 10.0 10.2 10.5 10.7 

240 800 100 5 6.0 6.3 6.6 6.8 7.0 7.2 7.3 7.5 
240 800 100 7 6.5 6.8 7.1 7.3 7.5 7.7 7.8 7.9 
240 800 100 9 6.9 7.2 7.5 7.7 7.9 8.0 8.2 8.3 
240 800 100 11 7.2 7.5 7.8 8.0 8.2 8.3 8.5 8.6 
240 800 100 13 ·7.4 7.8 8,0 .. 8.2 8.4 8.6 8.7 8.8 
240 800 250 5 - - 6.1 6.4 6.7 6.9 7.1 7.2 
240 800 250 7 6.4' 6.8 7.2 7.4 7.7 7.9 8.0 8.2 
240 800 250 9 6.8 7.3 7.6 7.9 8.1 8.3 8.5 8.6 
240 800 250 11 7.5 7.9 8.2 8.5 8.7 8.9 9.1 9.2 
240 800. 2S0 13 7.9 8.3 8.7 8.9 9.1 9.3 9.5 9.6 
240 800 500 5 - - - - 6.2 6.5 6.7 6.9 
240 800 500 7 - 6.3 6.7 7.0 7.3 7.6 7.8 8.0 
240 800 500 9 6.8 7.3 7.7 8.1 · 8.3 8.6 8.8 9.0 
240 800 SOil 11 7.4 8.0 8.4 8.7 9.0 9.2 9.4 9.6 
240 800 500 13 8.1 8.7 9.0 9.4 9.6 9.9 10.I 10.3 
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Example Determination of Required Slab Thickness. Using the rigid pavement design 
equations presented previously, a slab thickness that is adequate to support the design ESALs 
must be detennined by iteration. Consider, for example, the following inputs: 

Input 

Estimated future traffic, W ts 

Design reliability, R 
Overall standard deviation, S0 

Design serviceability loss, .!iPSI = P1 - P2 

Effective subgrade k-value, k 
Mean concrete modulus of rupture, S 'c 

Mean concrete elastic modulus, E, 
Joint spacing, L 
Base modulus, Ei, ' 

Slab/base friction coefficient, f 
Base thickness, Hb 
Average annual wind speed 
Average annual temperature 
Average annual precipitation 
Lane edge support condition 

Value 

20 million 
95 percent 
0.39 
4.5 - 2.5 = 2.0 
100 psi/in [27 kPa/mm] 
700 psi ,[4827 kPa] 
26454 S'.°"77 = 4,100,000 psi [28,270 MPa) 
16 ft = 192 in [4.88 m) 
1,000,000 psi [6895 MPa] (high-strength 
base) 
35 
5 in [127 mm] 
10 mph [16 km/h] 
53°F [1 l.7°C] 
40 in [1016 mm] 
Conventional slab width (12 ft [3.66 m]) 
and AC shoulders 

For the above climatic inputs and a trial slab thickness of 11 in [279 mm], an effective positive 
temperature differential TD of9°F [5°C] was computed from Equation 48. Using the rigid 
pavement design equations, a slab thickness of 10.75 in [273 mm] was found to be needed for a 
design traffic level of 20 million ESALs and a design reliability level of 95 percent. Similarly, 
Table 18 indicates a required slab thickness of 10.7 in [272 mm]. These thicknesses are close to 
the initial estimate of 11 in [279 mm]. If the thickness obtained differs by an inch or more from 
the estimated thickness used to compute the effective positive temperature differential, the 
detennination of the required slab thickness should be repeated, beginning with a new effective 
temperature differential for the new trial slab thickness. · 

Design Check for Joint Load Position Cracking. This check is not necessary if dowels are to 
be used at the transverse joints. Dowels reduce the stresses at the joint to levels much lower than 
those at the midslab load position. Cracking near adequately doweled joints is uncommon, and 
when it does occur, is attributable to causes other than fatigue damage. 

If dowels are not used at the transverse joints, a check must be made to ensure that stresses 
created at the top of the slab when the axle load is at the joint are not excessive. Under certain 
design and climatic conditions, truck axle loadings near an undoweled transverse joint may 
produce higher tensile stresses· at the top of the slab than the stresses produced at the bottom of 
the slab by midslab loading. These repeated high tensile stresses could result in the development 
of corner breaks or diagonal cracks. The load and climatic conditions that could potentially 
contribute to the critical stress being produced by joint loading are described below. 
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Axle load stress. When the ax.le load is near the transverse joint, a tensile stress occurs at the 
top of the slab. 

Negative temperature differential stress. Negative (nighttime) temperature differentials 
cause comers to curl upward, which, due to the weight of the slab, produces a tensile stress at the 
slab surface. 

Construction curling stress. If a high positive temperature differential through the slab 
exists in a concrete slab when it hardens (at which time the slab is flat), upward comer and edge 
curling may occur shortly thereafter when the temperature gradient dissipates. A high positive 
temperature differential occurs particularly on sunny days and when conventional curing 
procedures are used. This temperature differential has not been measured extensively and its 
typical magnitude is not well known at the present time. 

Moisture gradient stress. Moisture shrinkage warping of the top of the slab occurs over 
time. The stress induced by this type of warping can be detennined by representing the moisture 
warping by an equivalent temperature gradient. 

It is difficult to quantify construction curling stress and moisture gradient stress separately. 
However, their combined effect can be thought of as the positive temperature differential required 
to bring the slab into a flat position in the absence of an actual temperature differential through the 
slab. An approximate equivalent temperature differential may be assumed that is related to the 
climate of the site and to conventional curing procedures (i.e., curing compound, no wet cure): 

Wet climate (Annual precipitation~ 30 in [762 mm] or Thomthwaite Moisture 
Index > 0): 0 to 2°F per inch [Oto 0.044 °C per mm] of slab thickness. 

Dry climate (Annual precipitation < 30 in [762 mm] or Thomthwaite Moisture 
Index < 0): 1 to 3 °F per inch [0.022 to 0.066 °C per mm] of slab thickness. 

If wet curing or night construction are used, these values may be reduced significantly. 

The procedure to check for critical stress for the joint loading position for pavements without 
mechanical load transfer devices equivalent to dowel bars consists of the following steps: 

1. Determine the required slab thickness as described previously, assuming that the midslab 
loading position is critical. 

2. Compute the midslab stress for the required slab thickness and the site's climatic conditions. 
3. Estimate a total equivalent negative temperature differential that considers the contributions of 

the effective (weighted average annual) negative temperature differential, construction 
temperature differential, and moisture differential. 

4. Estimate the critical stress at the top of the slab due to joint loading and the total equivalent 
negative temperature differential. 

5. Compare the midslab loading stress (Step 2) with the joint loading stress (Step 4). If the joint 
loading position yields a stress equal to or higher than the midslab loading position, 
consideration should be given to redesign of the joints to reduce the joint loading stress. 
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Step 1. Determine the Required Slab Thickness assuming that the midslab loading position is 
critical, using the design equations or tables provided earlier. Note that the effect of slab/base 
friction is included in the required slab thickness obtained by either of these methods. 

Step 2. Compute the Midslab Stress for the required slab thickness and the site's effective 
positive temperature differential. This may already have been done in Step 1 if the required slab 
thickness was determined using the design equations provided earlier. The midslab stress may 
also be estimated by the following method: 

(a) Use the charts provided in Figures 48 through 53 to determine, interpolating as necessary, the 
midslab stress assuming full friction between the slab and base. Charts are provided for two 
levels of base modulus and three levels of subgrade k. 

(b) Use Equation 46 to compute a friction adjustment factor. 
(c) Multiply the full friction stress by the friction adjustment factor to obtain the proper estimate 

of the midslab stress. 

Step 3. Estimate the Total Equivalent Negative Temperature Differential from the following 
sources. 

(a) Effective negative temperature differential from the following equation: 

effective negative TD = -18.14 + 
52

·
01 

+ 0.394 WIND 
D 

+ 0.07 TEMP + 0.00407 PRECIP 

where effective negative TD = top temperature minus bottom temperature, °F 
D = slab thickness, inches 

WIND = mean annual wind speed, mph 
TEMP = mean annual temperature, °F 

PRECIP = mean annual precipitation, inches 

(b) Combined moisture gradient and construction temperature differential: 

Wet cJimate (Annual precipitation~ 30 in [762 mm] or Thomthwaite Moisture 
Index > 0): 0 to 2 °F per inch [0 to 0.044 °C per mm] of slab thickness. 

Dry cJimate (Annual precipitation < 30 in [762 mm] or Thomthwaite Moisture 
Index< 0): 1 to 3 °F per inch [0.022 to 0.066°C per mm] of slab thickness. 
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Figure 48. Tensile stress at bottom of slab for midslab loading position, positive temperature 
differential, and full friction, for aggregate base and soft subgrade. 
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Figure 49. Tensile stress at bottom of slab for midslab loading position, positive temperature 
differential, and full friction, for high-strength base and soft subgrade. 

123 



500 

475 

450 

425 

400 

375 

350 

325 

300 -·;;; 275 0.. .__, 
Oil 250 Oil 
~ ... 

225 ... 
~ 

200 

175 

150 

125 

100 

75 

50 

25 

0 

Midslab Load Position 
18,000 lbf, Single Axle 
k = 250 pci 

= 25,000psi 
= 6in 

. . 
' I I O I 

··-·------~-----------··· ....... . : : . . . 
-- -t - -----~-···· --;.---· 

·1 I I . ' ' . ' ' ···t--· ,-•i··-----~. -
: : . ' ---~---·---~--
' ' ' ••••••••• ........ _••••••p••••••1•• ......................... p 

I t t I I 
I I t I I 
I I I I I 
I I I • I ......... , ......... ~----···r····-·,----··-
1 I I I 
I I I I 
I I I I 

-- . 1------1-------t------
' ' ' ' 

' ' ' ' ' .. -----~-- ...... ~ ---- --~- ··---
' ' ' I I I I 

-------~------}------~-------~------•------' I I I I I 
I I I I I I 

I I I I I I I 

,••••• I ••••••~••••••~•••••••:• .. - .. •••t••••••~••••-••: • .. ••••t•••••• 
1 I I I I I I I 

I t I I I I 
I I I I I I I I 

------~------..... ·-----~------~---------------~------~-------~------~------' I I I f I I I I 
I I I I I t I I 1. 
I I I I I I I I o 
I I I I I I I I I ----... _,._ ... -----· ..... --- .. -- .......... ------------·------.. -------------·------I I I I I I I I I 
I I I I I I I I I 
I I I I I I I I I 

....... ---~-· ...... .:,.. ... ---· ~ ............ ~--·---4 • -...... -~ ----·· ~ .......... :- ...... ~. ' ... ... 
I I I I I I I I I 

I I I I I I I I 
I I I I I I I I 

........... i··----~ .......... ~ ......... ~ ......... ~ .......... t------i·-----~ ·-----t--···· 
I I I I I I I I t 
I I I O I I o 
I· I I I I I I 

0 2 4 6 8 10 12 14 16 18 20 

Positive Temperature Differential (°F) 

1 lbf = 4.45 N, l pci = 0.271 kPa/mm, 1 psi= 6.89 kPa, 1 in= 25.4 mm, °C = (°F - 32)/L8 

Figure 50. Tensile stress at bottom of slab for midslab loading position, positive temperature· 
differential, an:d full friction, for aggregate base and medium subgrade. 
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Figure SL Tensile stress at bottom of slab for midslab loading position, positive temperature 
differential, and full friction, for high-strength base and medium subgrade. 
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Figure 52. Tensile stress at bottom of slab for midslab loading position, positive temperature 
differential, and full friction, for aggregate base and stiff subgrade. 
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Figure 53. Tensile stress at bottom of slab for midslab loading position, positive temperature 
differential, and full friction, for high-strength base apd stiff subgrade. 
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Step 4. Estimate the Critical Stress at the Top of the Slab From Joint Loading and 
Negative Temperature Differential using Figures 54 through 60. Charts are provided in Figures 
54 through 59 for two levels of base modulus and three levels of subgrade. The full friction stress 
from Figures 54 through 59 is multiplied by the friction adjustment factor from Figure 60 to 
obtain the proper joint load stress. 

Step 5: Compare the Midslab Load Position Stress at the Bottom of the Slab and the Joint 
Loading Position Stress at the Top of the Slab. If the joint load position produces a stress 
equal to or greater than the stress produced by mid.slab loading, strong consideration should be 
given to a redesign of the joints. Design features that protect against critical joint load stresses 
are the use of properly sized and spaced dowels, and, to a lesser degree, a widened slab (i.e., slab 
paved wider than 12 ft [3.66 m], but with the traffic lane striped 12 ft [3.66 m] wide) or tied 
concrete shoulder. The other effect that good load transfer has on performance is that corner 
deflections are reduced. High differential deflections can lead to erosion and loss of support, 
resulting in even greater stresses under corner loading. Reducing the joint spacing ap.d/or 
changing the base type can also reduce stresses caused by joint loading. 

Example Design Check for Joint Load Position Cracking. The adequacy ofthejoint design is 
checked in this example for the same design parameters as used previously in the example slab 
thickness determination. From the equations given previously, the tensile stress at the bottom of 
the slab due to midslab load and a positive temperature differential is calculated to be 188 psi 
(1296 kPa]. 

The negative effective temperature gradient is-5.3°F [-2.9°C]. The combined negative 
construction and moisture shrinkage is assumed for this example to be the maximum for a wet 
climate, -2°F/in (-0.044 °C/mm] of slab thickness, or -22 °F [-12°C]. Thus, the total negative 
temperature differential is about -27°F [-15°C]. Using Figures 54 through 59, the full friction 
tensile stress at the top of the slab due to joint load and negative curling is about 130 psi [896 
kPa]. 

The full friction stress, when multiplied by the joint friction factor of 1.08 obtained from 
Figure 60, yields a joint loading stress of 140 psi [965 kPa]. The joint load position results in a 
lower stress than the mid.slab load position, so it is not necessary to modify the joint design to 
reduce the chance of corner breaks. 

3.2.3 Stage Construction (no change) 

3.2.4 Roadbed Swelling and Frost Heave (no change) 
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Figure 54. Tensile stress at top of slab for joint loading position, negative temperature 
differential, and full friction, for aggregate base and soft subgrade. 
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Figure 55. Tensile stress at top of slab for joint loading position, negative temperature 
differential, and full friction, for high-strength base and soft sub grade. 
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Figure 56. Tensile stress at top of slab for jointloading position, negative temperature 
differential, and full friction, for aggregate base and medium sub grade. 
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Figure 57. Tensile stress at top of slab for joint loading position, negative temperature 
differential, and full friction, for high-strength base and medium subgrade. 
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Figure 58. Tensile stress at top of slab forjoint loading position, negative temperature 
differential, and full friction, for aggregate base and stiff subgrade. 
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Figure 59. Tensile stress at top of slab for joint loading position, negative temperature 
differential, and full friction, for high-strength base and stiff subgrade. 

134 



R 

h,, = J 2 in 
[305 mm] 

1.4 ...--------__ -_-_-_ -__ --:--h,,-=~12:--:i-n-::[3::0~5-mm--:J-:, D=:T:--_-_ -:-14-:-:0:::F:-::[:-7 .~8 °::-:C::J---, I. I 5 

1.3 

1.2 

1.1 

1.0 

. 
• . . 

• .. 
• . 
Bi,= I Mpsi 
[6895 MPa] 

.. 

he= 9 in [229 mm], DT = 11 °F [6. l °C] 

Bi,= 1 Mpsi 
[6895 MPa] 

......... -.......... ......... 
P __ 400·k·s·-1. ·- ------- --- ·-- Eb = 400 ksi 
~ --------------------------------(2758 MPa] ·-·· 
[2758 MPa] 

1.10 

1.05 

1.00 

0.9 L...L-.J__..J......J........L......L......L--L--L---L---1'--L..-,.._..__..,__.....__,__.__.__..___.__...~-- 0.95 

D 10 20 30 40 50 . 

Coefficient of friction between slab and base 

Note: R = Oc I ofullfriclion 

hb = 5 in [127 mm], k = 200 psi/in [54 kPa/mm] 
Joint loading with nighttime curling DT 

Figure 60. Friction adjustment factor for stress at top of slab for joint loading. 

R 

h,,=9in 
[229 mm] 



3.3 RIGID PAVEMENT JOINT DESIGN 

This section covers the design considerations for the different types of joints in portland cement 
concrete pavements. A joint faulting check is made after the required slab thickness is determined 
as described in Section 3.2.2. 

3.3.1 Joint Types (no change) 

3.3.2 Joint Geometry and Load Transfer 

The joint geometry is considered in tenns of the spacing, load transfer, and general layout. 

Joint Spacing. In general, the spacing of both transverse and longitudinal contraction joints 
depends on local conditions of materials and environment, whereas expansion and construction 
joints are primarily dependent on layout and construction capabilities. For contraction joints, the 
spacing required to prevent intermediate cracking decreases as the thermal coefficient, positive 
temperature gradient, or base frictional resistance increases, and the spacing increases as the 
concrete tensile strength increases. Spacing is also related to the slab thickness and the joint 
sealant capabilities. 

Determination of the required slab thickness includes an input for joint spacing. As joint spacing 
increases, stresses due to thermal curling and moisture warping increase. For JPCP and JRCP, 
the following recommendations are made. 

JPCP (short-jointed plain concrete): Transverse cracking must be controlled. Increased joint 
spacing requires increased slab thickness, especially for stiffer bases and subgrades. The joint 
spacing interacts with slab thickness, base stiffness, subgrade stiffness (k-value), and also with the 
effective temperature gradient, which is location-dependent. Thus, there are tradeoffs between all 
of these variables that should be considered when selecting a design joint spacing. As a rough 
guide, the joint spacing (in feet) for plain concrete pavements should not exceed twice the slab 
thickness (in inches). For example, the maximum joint spacing for an 8-in [203-mm] slab is 16 ft 
[4.9 m]. For treated bases and stiff subgrades, this general guide may produce too long a joint 
spacing. Also, as a general guideline, the ratio of slab width to length should not exceed 1.25. 

JRCP (long-jointed reinforced concrete): Transverse cracking is an expected occurrence and 
steel reinforcement is provided to hold the cracks tight. For JRCP, the designer should input a 
joint (crack) spacing of 30 ft [9. l m] for thickness design purposes only. 

For both JPCP and JRCP, local performance data are valuable for helping to establish a joint 
spacing that will control cracking. Local experience must be tempered since a change in any of 
several concrete properties or construction methods (e.g., a change in coarse aggregate type), 
may have a significant impact on the concrete thermal coefficient and, consequently, the 
acceptable joint spacing. 
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The use of expansion joints is generally minimized on a project due to cost, complexity, and 
performance problems. They are used at structures where pavement types change (e.g., CRCP io 
jointed), with prestressed pavements, and at intersections. 

The spacing between construction joints is generally dictated by field placement and equipment 
capabilities. Longitudinal construction joints should be placed at lane edges to maximize 
pavement smoothness and minimize load transfer problems. Transverse construction joints occur 
at the end of a day's placement or in connection with equipment breakdowns. 

Joint Load Transfer. Because the joints of the AASHO Road Test pavements were adequately 
doweled, no significant faulting occurred during the 2 years of the experiment. If the joints had 
not been properly doweled, substantial faulting would have occurred, which would have greatly 
changed the rigid pavement perfonnance model. 

Faulting is one of the most important distresses affecting rideability and serviceability. A 
pavement that faults significantly will have reduced serviceability and carry fewer traffic loads to 
terminal serviceability than a pavement of the same cross section that does not fault. Thus, joints 
must be prevented from significant faulting through good joint load transfer and spacing design, 
base design, and subdrainage design. 

The procedure to check the adequacy of the proposed joint load transfer design consists of the 
following steps: 

1. Determine the required slab thickness as described previously (including, if the pavement will 
be undoweled, the check to compare midslab loading stress to joint loading stress). 

2. Predict the mean joint faulting using the appropriate model for doweled or undoweled 
pavements. 

3. Compare the predicted mean faulting to the critical faulting level recommended to prevent 
faulting from contributing significantly to serviceability loss. If the predicted mean faulting 
exceeds the critical level, the joint load transfer design should be modified. 

Step 1. Determine the Required Slab Thickness. For undoweled pavement, the check for 
cracking due.to joint loading is conducted as well. The joint design features may.be modified if 
necessary and a redesign made to achieve an acceptable joint design to prevent cracking. 

Step 2. Predict the Mean Joint Faulting Over the Design Life using the faulting prediction 
models given below. 
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Faulting Model for Doweled Joints: 

FaultD = CESAL0
·
25 * [0.0628 - 0.0628 *Cd+ 03673*10.a * Bstress2 

+ 0.4116 * 10·5 * Jtspace2 + 0.7466*10"9 *Fr* Precip0
·
5 [52] 

~ 0.009503 * Basetype - 0.01917 * Widenlane + 0.0009217 * Age] 

where FaultD = mean transverse doweled joint faulting, inches 
CESAL = cumulative equivalent 18-kip [80-kN] single-axle loads, millions 

Cd = modified AASHTO drainage coefficient: 

Fine-Grained .Subgrade 
. 

Coarse-Grained Subgrade 
Edge Precip. 
Drains Level Nonpermeable Permeable Nonpermeable Permeable 

Base Base Base Base 

No Wet 0.70-0.90 0.85-0.95 0.75-0.95 0.90-1.00 

Dry 0.90-1.10 0.95-1.05 0.90-1.15 1.00-1.10 

Yes Wet 0.75-0.95 1.00-1.10 0.90-1.10 1.05-1.15 

Orv 0.95-1.15 1.10-1.20 1.10-1.20 1.15-1.20 

Notes: 1. Fine subgrade = A-1 through A-3 classes; 
Coarse subgrade = A-4 through A-8 classes. 

2. Permeable Base = k = 1000 ft/day (305 ID/day) or uniformity coefficient (C.) ~ 6. 
3. Wet climate = Precipitation> 25 in/year (635 mm/year); 

Dry climate = Precipitation~ 25 in/year (635 mm/year). 
4. Select midpoint of range and use other drainage features (adequacy of a-oss slopes, depth of ditches, 

presence of daylighting, relative drainability of base course, bathtub design, etc.) to adjust upward or 
downward. 

BSTRESS = maximum concrete bearing stress from closed-form equation, psi: 

BSTRESS I Kd (2 + BETA * OPENING) ] 
= Id p T . 4 E. [ BETA 3 . 

• 

4 

BETA = 
d DOWEL· 

4 E, I 
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fd = distribution factor= 2 * 12 / ( e + 12) 

e = radius of relative stiffness, inches 

I = moment of inertia of dowel bar cross section, in4 
: 

P = applied wheel load, set to 9000 !bf [ 40 kN] 

T = percent transferred load, set to 0.45 

K.i = .. modulus of dowel support, set to 1,500,000 psi/in [405 MPa/mm] 

BET A = relative stiffness of the dowel-concrete system 

DOWEL = dowel diameter, inches 

E, = modulus of elasticity of the dowel bar, psi 

k = modulus of subgrade reaction, psi/in 

OPENING = average transverse joint opening, inches: 

( 
ALPHA * TRANGE ) OPENING = 12 * CON * Jtspace * . 

2 + e 

Jtspace = average transverse joint spacing, ft 

CON = adjustment factor due to base/slab frictional restraint: 

= 0.65 if stabilized base 

= 0.80 if aggregate base or lean concrete base with bond breaker 

ALPHA = PCC thermal expansion coefficient, set to 0.000006/°F [0.000003/°C] 

TRAN GE = annual temperature range, °F 

e = PCC drying shrinkage coefficient, set to 0.00015 strain 

FI = mean annual freezing index, Fahrenheit degree-days 

Precip = mean annual precipitation, inches 
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Basetype = 0 for unstabilized base, I for stabilized base 

Widenlane = 0 if not widened, 1 if widened 

Age = pavement age, years 

Faulting Model for Undoweled Joints: 

FautND = CESAL0
.2S * [0.2347 - 0.1516 * Cd - 0.000250 * Slabthick2/Jtspace0

·
25 

-0.0155 * Basetype + 0.7784*10"7 * FI1.s * Precip0
·
25 [57] 

-0.002478 * Days90°.s - 0.0415 * Wideniane] 

where FaultND = mean transverse undoweledjoint faulting, inches. 

Days90 = number of days with maximum temperature above 90°F ['.32.2°C] 

and all other variables are as defined for FaultD. 

Tables 25, 26, and 27 were developed as examples using the above equations to show the faulting 
predictions for pavements with and without dowel bars, for the design parameters shown. 
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Table 25. Mean joint faulting predictions for doweled jointed plain concrete 
pavement using Equation 52 . 

. , 

Granular Base Treated Base 
ESALs, 

Dowel Dowel Dowel Dowel Dowel Dowel millions 
Diameter Diameter Diameter Diameter Diameter Diameter 

1.00in 1.25 in I.SO.in 1.00 in 1.25 in 1.50 in 

1 0.03 0.01 0.01 0.02 0.00 0.00 

2.5 0.04 0.02 0.01 0.03 0.01 0.00 

5 0.05 0.03 0.02 0.04 0.01 0.00 

10 
. 

0.07 · 0.04 0.03 0.05 0.02 0:01 

20 0.10 0.07 0.06 0.08 0.05 0.04 

30 0.13 0.10 0.08 0.11 0.07 0.06 

40 0.16 0.13 0.11 0.14 0.10 0.09 

50 0.20 0.16 0.14 0.17 0.13 0.12 

75 0.29 0.24 0.23 0.26 0.22 0.20 

100 0.38 0.33 0.32 0.35 0.30 0.29 

Values shown in table are mean predicted joint faulting, inches [1 in= 25.4 mm] 

Joint spacing= 15 ft [4.6 m] 
k-value = 100 psi/in [27 kPa/mm] 
Precipitation= 30 in/year [762 mm/year] 
FI= 200°F [93.3°C]-days 
Lane not widened 

Slab thickness = 9 in [229 mm] 
E = 4,000,000 psi [27,580 MPa] 
TRANGE = 85°F [29.4°C] (July max -January min) 
E, = 29,000,000 psi [200,000 MPa] 
Age = ESALs in millions 
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Table 26. Mean joint faulting predictions for doweled jointed reinforced concrete 
pavement using Equation 52. 

Granular Base Treated Base 
ESALs, 

Dowel Dowel Dowel Dowel Dowel Dowel millions 
Diameter Diameter Diameter Diameter Diameter Diameter 

1.00 in 1.25 in 1.50 in 1.00in 1.25 in 1.50 in 

1 0.04 0.02 0.02 0.03 0.01 0.01 

2.5 0.05 0.03 0.02 0.04 0.02 0.01 

5 0.06 0.04 0.03 0.05 0.02 0.02 

IO 0.08 0.05 0.04 0.07 0.04 0.03 

20 0.12 0.08 0.07 0.10 0.06 0.05 

30 0.15 0.12 0.10 0.13 0.09 0.08 

40 0.19 0.15 0.13 0.16 0.12 0.11 

so 0.22 0.18 0.16 0.20 0.15 0.14 

75 0.31 0.27 0.25 0.28 0.24 0.22 

100 0.41 0.36 0.34 0.38 0.33 0.31 

Values shown in table are mean predicted joint faulting, inches [1 in= 25.4 mm] 

Joint spacing= 45 ft [13.7 m] 
k-value = 100 psi/in [27 kPa/mm] 
Precipitation= 30 in/year [762 mm/yr] 
FI= 200°c [93.3°C]-days 
Lane not widened 

Slab thickness = 9 in [229 mm] 
E = 4,000,000 psi [27,580 MPa] 
TRANGE = 85°F [29.4°C] (July max - January min) 
E. = 29,000,000 psi [200,000 MPa] 
Age = ESALs in millions 
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Table 27. Mean joint faulting predictions for undoweled jointed plain concrete 
pavement using Equation 57. 

Cd= 0.80 Cd= 1.0 
ESAL, 

Joint Joint Joint millions 
Spacing Spacing Spacing 

15ft 20 ft 15 ft 

1 0.09 0.09 0.05 

2.5 0.12 0.12 · 0.06 

5 0.14 0.14 0.08 

10 0.16 0.17 0.09 

20 0.20 0.20 0.11 

30 0.22 0.23 0.12 

40 0.23 0.23 0.13 

50 0.25 0.25 0.13 

75 0.27 0.27 0.15 

100 0.29 0.29 · 0.16 

Values shown in table are mean predicted joint faulting, inches [1 in= 25.4 mm] 

Joint spacing= 15 or 20 ft [4.6 or 6.1 m] 
Slab thickness= 9 in [229 mm] 
Precipitation = 30 in/year [762 mm/year] 
FI= 200°F [93.3°C]-days 
Days90 = 20 
Lane not widened 
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Step 3. Compare the Predicted Mean Faulting With the Recommended Maximum Critical 
Levels given in Table 28. If the predicted faulting is greater than the recommended level, an 
adjustment to the joint load transfer design should be made. Potential adjustments include use of 
dowels, or, if dowels already exist, an increase in the diameter; selection of a different base type 
and permeability; and/or a decrease in the joint spacing (for undoweled joints). 

Slab thickness should not be increased in an effort to improve the joint load transfer design, 
because slab thickness has only a minimal effect on joint faulting. However, the slab design may 
need adjustment after the joint design is completed, especially if thejoint spacing is reduced or the 
base type is changed to reduce expected faulting. 

Table 28. Recommended critical mean joint faulting levels for design. 

Joint Soacin2 Critical Mean Joint Faultine: 

Less than 25 ft 0.06 in 

Greater than 25 ft 0.13 in 

1 ft= 0.305 m, 1 in= 25.4 mm 

These critical levels were derived from analysis of extensive field data. The mean faulting was 
computed for pavements with a serviceability of 3.0 or less. For example, based upon data from 
many short-jointed JPCP sections, a mean joint faulting of0.12 in [3 mm] corresponded to a 
serviceability index of 3.0 or less. For long-jointed JRCP, the mean faulting level was 0.26 in 
[6.6 mm]. The recommended critical levels for design were selected as 50 percent of these values 
in order to effectively exclude faulting as a significant contributor to serviceability loss. 

Example check for joint faulting. Assume the same pavement defined in the previous 
examples. The pavement has a 16-ft [4.9-m] joint spacing, treated base, subdrains, and no dowel 
bars. A Freezing Index of 500°F [260°C]-days, an annual temperature range of 85°F [47.2°C], 
and an annual precipitation of 30 in [762 mm] are also assumed for the location. A slab thickness 
of 10.75 in [273 mm] was obtained for a design traffic of 20 million ESALs and 95 percent 
reliability. The mean predicted joint faulting of 0.13 in [3.3 mm] exceeds the recommended limit 
of 0.06 in [ 1.5 mm], and thus the joint design is inadequate. One possible design modification 
would be to specify 1.25-in-diameter [32-mm-diameter] dowels. The mean predicted joint 
faulting would then be 0.05 in [1.27 mm], which would be acceptable. 

Joint Layout (no change) 

Joint Dimensions (no change) 

3.3.3 Joint Sealant Dimensions (no change) 
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RIGID PAVEMENT DESIGN EXAMPLE 

(PROPOSED REVISION TO A:ASHTO GUIDE APPENDIX I) 

A jointed concrete pavement is to be designed to carry 10 million ESALS and the pavement is 
located in the southeastern United States. 

GENERAL DESIGN INPUTS 

Design reliability = 90 percent 

Overall standard deviation, S0 = 0.39 

Design traffic = 10 million ESALs in the design lane 

Pl - P2 = 4.5 - 2.5 = 2.0 

Concrete flexural strength, mean 28-day, third-point loading, S'c = 700 psi [4827 kPa] 

Concrete elastic modulus, Ee= 4, I 00,000 psi [28,270 MP a] 

Subgrade soil type: silty clay 

k-value = elastic value of subgrade/embankment = 100 psi/in [27 kPa/mm] 

Subdrains = l (yes) 

Climate: WIND= mean annual wind speed= 7.9 mph [12.7 km/h] 
TEMP= annual temperature= 58.9°F [14.9°C] 
PREC = annual precipitation = 43 in [ 1092 mm] 

Effective positive temperature differential: 

Temperature 
Slab Thickness Differential 

9 in [229 mm] 8.3°F [4.6°C] 

10 in [254 mm] 8.9°F [4.9°C] 

11 in [279 mm] 9.4 °F [5.2 °C] 

Freezing Index = 0°F [0°C)-days below freezing 

Temperature Range= 50°F [27.7°C] (maximum July- minimum January) 
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DESIGN ALTERNATIVE A 

Undoweled joints 

Untreated aggregate base, 6 in [ 152 mm], Bi,= 25,000 psi [ 172 MPa], friction f = 1.5 

Joint spacing= 15 ft [4.6 m] 

Conventional lane width= 12 ft [3.7 m] 

AC shoulders 

Slab Thickness Design 
Assuming an effective temperature differential. of about 9°F [5°C], a required slab thickness 
of 10.2 in [259 mm] is obtained for design ESALs of 10 million, at a design reliability level of 
90 percent. 

Joint Fauitini Check 
The initial design has undoweledjoints with a 15-ft [4.6-m] joint spacing. The estimated 
mean faulting for this design is 0.09 in [2.3 mm]. This value exceeds the recommended limit 
of 0.06 in [1.5 mm]. Therefore, a joint design modification (e.g., dowels, shorter joint 
spacing, different base.type, tied shoulder) is required to control faulting. 

Joint Load Position Stress Check 
The joint load position check is required since the pavement is undoweled. The total negative 
temperature differential is estimated from the climatic data as -5.6°F [-3.11 °C] (use -6°F 
[-3.33°C]). 

Combined moisture gradient and construction differential: -10°F [-5.6°C] (wet climatic zone, 
conventional concrete cure). 

Total negative equivalent temperature differential: -l6°F [-8.89°C]. 

The critical stress for joint loading is determined to be about 145 psi [1000 kPa] for a slab 
thickness of 10.2 in [259 mm]. This joint loading stress is compared to that obtained for the 
midslab location with a positive temperature differential of 9°F [5°C], which is found to be 
233 psi [1607 kPa]. Therefore, the midslab load design is adequate to control stresses at the 
joint loading position. A total negative temperature differential of about -30°F [-16.67°C] 
would be required to produce a stress greater than 233 psi [ 1607 kPa]. 
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DESIGN ALTERNATIVE B 

Undoweled joints 

Permeable asphalt-treated aggregate base, 6 in (152 mm],~= 100,000 psi (690 MPa], 
friction f = 6 

Joint spacing= 15 ft [4.6 m] 

Widened slab width= 14 ft [4.3 m] (with AC shoulders) 

Slab Thickness Design 
Assuming an effective positive temperature differential of about 9°F [5°C], a required slab 

·· thickness of 9.4 in (239 mm] is obtained. Note that a stress reduction factor of 0.92 for the 
widened slab was used in the calculation. 

Joint Faulting Check 
The mean faulting estimated for this design is 0.06 in [1.5 mm], which just equals the 
recommended limit. Therefore, the joint design is acceptable. 

Joint Load Position Stress Check 
The joint load position check is required since the pavement is undoweled. The total negative 
temperature differential is the same as estimated for Alternative A, -16°F [-8.89°C]. 

The critical stress for joint loading is determined to be 165 psi (1138 kPa] for a slab thickness 
of 9.4 in (239 mm]. This stress is compared to that obtained for the midslab location with a 
positive temperature differential of9°F [5°C], which is found to be 234 psi (1613 kPa]. 
Therefore, the midslab load design is adequate to control stresses at the joint loading position. 

DESIGN ALTERNATIVE C 

Doweled joints, 1.25 in (32 mm] diameter 

Untreated aggregate base, 6 in (152 mm], Et,= 25,000 psi (172 MPa], friction f = 1.5 

Joint spacing = 17 ft [5.2 m] 

Conventional lane width= 12 ft (3.7 m] 

Tied concrete shoulder 

Slab Thickness Desi~n 
Assuming an effective temperature differential of about 9°F [5.0°C], the required slab 
thickness is 9.9 in (251 mm]. Note that a stress reduction factor of0.94 for a tied concrete 
shoulder was used in the calculation. 
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Joint Faulting Check 
The estimated mean faulting for this design is 0.01 in [0.25 mm], which is well below the 
0.06-in [1.5-mm] recommended limit. 

Joint Load Position Stress Check 
The joint load position check is not required since the pavement is doweled and the joint load 
position stress will be well below the midslab stress. 
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