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LIST OF REPORTS 
Report No. 459-1, "Stabilized Subbase Friction Study 

for Concrete Pavements," by James W. W esevich, B. Frank 
McCullough, and Ned H. Bums, presents the following: (a) 
a review of all available literature of subbase friction studies; 
(b) a theoretical explanation of subbase friction and its effect 
on concrete pavements; (c) experimental results of concrete 
pavement behavior over several stabilized subbases; (d) 
experimental results of push-off tests run on several stabi
lized subbases; and (e) results of a state-wide survey in 
determining the prominent subbases used under concrete 
pavements. 

Report No. 459-2F, "Methods of Analyzing and Factors 
Influencing Frictional Effects of Subbases," by Andrew J. 
Wimsatt, B. Frank McCullough, and Ned H. Bums, reports 

the following: (a) a review of more available information 
relating to the subbase frictional effect; (b) experimental 
results of push off tests on an unbound shell subbase layer 
underlying an in-service jointed reinforced concrete pave
ment in Houston, Texas; (c) results of push off tests to find 
the effects of subbase depth and surface texture on the 
frictional resistance of an asphalt concrete pavement; (d) 
results of correlating actual crack spacing values for con
tinuously reinforced concrete pavements to values predicted 
by the CRCP computer program using the subbase friction 
information found from this study; (e) results of estimating 
subbase friction using the indirect tensile strength testing of 
subbase cores; and (f) implications of the subbase frictional 
effect on concrete pavements. 

ABSTRACT 
This fmal report for Research Project 459 reviews 

available information relating to the subbase frictional ef
fect, especially an unpublished Portland Cement Associa
tion report for the Federal Highway Administration on 
cement stabilized subbases. Experimental results of push 
off tests on an unbound shell subbase layer underlying an in
service jointed reinforced concrete pavement are given and 
discussed. The report also lists and discusses the results of 
push off tests to find the effects of subbase depth and surface 
texture on the frictional resistance of an asphalt concrete 
pavement. Actual crack spacing values for continuously 
reinforced concrete pavements were then correlated to val-
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ues predicted by the CRCP computer program in this report, 
using the subbase friction information found from this 
project study. Results of estimating subbase friction using 
the indirect tensile strength testing of subbase cores are 
shown and discussed, and implications of the subbase 
frictional effect on concrete pavements are presented. The 
report ends with a summary of conclusions and recommen
dations for future testing. 

KEYWORDS: Subbase, friction, concrete pavements, 
subbase depth, surface texture, crack spacing, indirect ten
sile test. 



SUMMARY 

ThisisthefmalreportforResearchProject459, "Devel
opment of Subbase Friction Information for Use in Design 
of Concrete Pavements." The final phase researched the 
effect of material depth and surface texture on Texas Speci
fication Type "D" Asphalt Concrete Pavement. 

This report discusses the construction of the test area, 
the experimentation, and the friction information obtained 
from the testing. It also discusses the results of using the 
CRCP computer program developed by the Center for 
Transportation Research (CTR) to predict pavement crack 
spacing for the stabilized subbases tested in this project, 
reviews literature and information about subbase friction, 
discusses the possibility of using the indirect split tensile test 
on subbase cores to estimate the subbase's frictional resis
tance, describes results of testing an unbound shell subbase 
under in-service pavement on IH-45 in Houston, and the 
implications of the findings in this project, using the PCPI 
computer program, also developed by CTR, to formulate 
conclusions about the effect of the frictional resistance 
information obtained from the subbases researched in the 
study. From the results, it was determined that surface 
texture did not play a significant part in the frictional 
resistance of the asphalt concrete pavement. However, 

subbase depth was significant, since the failure planes re
sulting from the push off tests were at the interface between 
the asphalt concrete pavement and the underlying flexible 
subbase material for the thin subbase layer, and within the 
layer itself only for the thicker subbase layer. Temperature 
also affected the frictional resistance, with lower tempera
tw'eS causing greater frictional restraints. Test slab thick
ness, or overburden pressure, was not a factor for the asphalt 
concrete pavement, agreeing with the conclusion made in 
Research Report 459-1 that, for stabilized subbases, over
burden pressure was not significant. Also, the unbound shell 
subbase tested in Houston, exhibited a very low maximum 
frictional restraint, around 1 psi, which explains why the 
overlying jointed reinforced concrete pavement was in such 
good condition after four decades of traffic. Overburden 
pressure was nota factor for this subbase, either. The CRCP 
program predicted actual average crack spacing values very 
well, using the subbase frictional information derived from 
this research. Further experimentation is recommended, 
especially to see if the indirect tensile strength of subbase 
cores could be used to estimate a subbase's frictional resis
tance; the results from this study on this proposed procedure 
are preliminary but very promising. 

IMPLEMENTATION STATEMENT 

Fmdings from this study on the maximwn frictional 
restraint for the unbound shell subbase and the two layers of 
asphalt concrete pavement can be used in concrete pavement 
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design methods (such as the procedure in the AASHTO 
Pavement Design Guide) to produce more reliable traffic 
facilities. 
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CHAPTER 1. INTRODUCTION 

This chapter introduces the background to this study on 
the frictional characteristics of subbases, lists the project and 
report objectives, and states the scope of this final report. 

BACKGROUND 

Designing, constructing, and adequately maintaining 
concrete pavements under rigorous and unpredictable traffic 
and environmental loads is one of the most complex prolr 
lems any pavement engineer faces. The effects of several of 
these environmental loads, including moisture and tempera
ture, have been researched, but the effect of one very 
important environmental load, the frictional characteristics 
between concrete pavements and today' s stabilized subbase 
materials, has not been adequately studied. Goldbeck (Ref 
1), Timms (Ref2), and others, whose reports were summa
rized in the previous report on this project (Ref 6), have 
studied the frictional characteristics of several unbound 
materials. Several specific tests have been conducted on 
cement-stabilized materials, including tests in Saudi Arabia 
(Ref 3), also covered in the previous project report (Ref 6), 
and tests conducted for the Federal Highway Administration 
bythePortlandCementAssociation(Ref4). However,none 
of these studies tested a wide range of stabilized subbase 
materials, and only the Portland Cement Association study, 
which is discussed in this report, tested the effect of surface 
texture on frictional resistance. 

OBJECTIVES 

The project and study objectives are discussed in this 
section. 

Project Objective 

Research Project 459 was initiated to obtain stabilized 
subbase friction information. This was to be accomplished 
by reviewing literature on the subject; conducting push-off 
tests to obtain frictional resistance values for several stabi
lized subbases; and, using the test data as input, executing 
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computer programs to see if they could predict actual con
crete pavement behavior and distresses. 

Report Objective 

The first part of the study involved a review of literature 
on subbase friction and concrete slab push-off tests made in 
order to obtain friction information for five subbases: a 
flexible subbase, a cement-stabilized subbase, an asphalt
stabilized subbase, a lime-treated clay, and an untreated clay 
(Ref 6). This final phase of the study concentrated on 
determining whether or not texture and depth played a part 
in the subbases' frictional resistances. Computer programs, 
using friction data from this project as input, were executed 
to see how the programs were affected by this friction 
information. More literature was reviewed, and the idea of 
correlating frictional resistance to some aspect of the 
subbase's material properties was pursued. 

SCOPE OF THE REPORT 

This fmal phase of the project study researched the 
effect of material depth and surface texture on Texas Speci
fication Type "D" Asphalt Concrete Pavement This report 
discusses the construction of the test area, the experimenta
tion, and the friction information obtained from the testing. 
It also discusses the results of using the CRCP computer 
program developed by CTR to predict pavement crack 
spacing for the stabilized subbases tested in this project, 
reviews more literature and information about subbase fric
tion, discusses the possibility of using the indirect split 
tensile test on subbase cores to estimate the subbase's 
frictional resistance, describes results of testing an unbound 
shell subbase under in-service pavement on IH-45 in Hous
ton, and discusses the implications of the fmdings in this 
project, using a computer program to formulate conclusions 
about the effect of the frictional resistance information 
obtained from the subbases researched in the study. The 
report ends with a summary of conclusions and recommen
dations. 



CHAPTER 2. AVAILABLE INFORMATION 

This chapter presents infonnation gathered from a re
view of literature on a Portland Cement Association Report 
for the Federal Highway Administration concerning friction 
reducers on a cement-stabilized subbase. The chapter also 
reports indirect tensile strength information for asphalt
stabilized, cement-stabilized, and lime-treated clay sub
bases from Center for Highway Research Project 98. A 
summary of infonnation and results obtained from the first 
part of this project study is also included. 

LITERATURE REVIEW 

Since the first report for this project, four additional 
references have been reviewed: a report by the Portland 
Cement Association concerning the effectiveness of certain 
friction reducers on cement-stabilized subbases and three 
reports for Center for Highway Research Project 98 con
cerning the indirect tensile strengths of asphalt-stabilized, 
lime-stabilized, and cement-stabilized subbase cores. 

Portland Cement Associlltion Report for the F HW A 
(Re/4) 

Researchers investigated the effect of friction reducing 
methods and texture on cement-stabilized subbases. Using 
the conventional push-off test procedure, concrete test 
slabs, most of them 4 feet wide, 4 feet long, and 6 inches 
thick, were cast over a limestone aggregate, cement-stabi-

lized subbase coated with 0.2 gallon per square yard of Shell 
SS-1 asphalt emulsion curing compound. Each slab rested 
upon a particular texture and a friction reducing medium. In 
addition, one slab was cast over an uncoated, medium 
texture, cement-stabilized subbase with no friction reducer. 
The texture of the subbase was varied by "using different 
gradations of crushed limestone for each texture .. . :· The 
researchers measured the resulting textures using the sand
patch method (ASTM designation E%5-83). Then, the 
slabs were pushed across the subbase, and the peak frictional 
forces required for the slabs were recorded. 

The results, together with the friction reducers used and 
the subbase textures, are presented in Tables 2.1 through 2.4. 
Table 2.4, which lists values in psi, was obtained by dividing 
the applied loads in Table 2.3 by the surface areas of the 
respective slabs. The results show that, for the effective 
friction reducers, texture was not significant. However, for 
the 1/16-inch sand skin treatment, which was basically 
ineffective as a friction reducer, texture played a significant 
role in the frictional resistance. 

The researchers also pushed and pulled the stabs across 
the cement-stabilized subbase material after the initial bond 
between the slabs and the subbase had been broken by the 
frrst push-off test. This is similar to what Stott did in his 
experimentation, in which he conducted his testing until a 
steady state of frictional resistance was reached, resulting in 

TABLE 2.1. COEFFICIENTS OF FRICTION FROM THE CEMENT-STABILIZED SUB· 
BASE TESTING (REF 4) 

Subbase 
Max. Coeff. of Friction SUdlng Coeff. of Friction 

Friction Reducer Texture Push PuU Push PuU Ave. Push Pull Push Pull Ave. 

1/4" Sand+ Poly. Medium 0.56 0.58 0.55 0.56 0.56 0.56 0.58 0.55 0.56 0.56 
1/4" Sand Smooth 0.55 0.55 0.54 0.56 0.55 0.55 0.55 0.54 0.55 0.55 

Medium 0.59 0.59 0.58 0.58 0.59 0.59 0.59 0.58 0.58 0.59 
Rough 0.52 0.50 0.56 0.52 0.53 0.51 0.50 0.56 0.52 0.52 

1/16" Sand skin Smooth 0.93 0.75 0.86 0.70 0.81 0.51 0.56 0.74 0.61 0.61 
+Poly. Medium 0.76 0.77 0.65 0.70 0.72 0.65 0.67 0.65 0.65 0.65 

Rough 0.94 0.76 0.70 0.80 0.78 0.71 0.65 0.71 
Double Poly. Smooth 0.63 0.58 0.63 0.74 0.65 0.59 0.58 0.63 0.70 0.62 

Medium 0.68 0.81 0.66 0.75 0.72 0.67 0.65 0.65 0.68 0.66 
Rough 0.98 0.76 0.71 0.69 0.79 0.89 0.68 0.65 0.63 0.71 

1/16" Sand Skin Smooth 13.83. 0.81 1.06 1.05 0.97 0.85 0.81 1.06 1.05 0.94 
Medium 44.47. 1.24 1.13 1.40 1.26 1.04 0.93 1.00 1.07 1.10 
Rough 51.15. 1.45 1.44 1.72 1.54 1.14 1.23 1.29 1.24 1.23 

No friction reducer Smooth > 13.5 •• 
(CTB coated with Medium >44.0 •• 
curing compound) Rough > 51.0 •• 
No friction reducer Medium > 8.0 •• 
(CTB uncoated) 

• Not included in average 
•• Values are based on the maximum load that could be apPlied to the slab with our testing eguipmenL 
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TABLE 2.2. EFFECT OF SLAB SIZE AND WEIGHT ON COEFFICIENT OF FRICTION* (REF 
4) 

Slab Max. Coeff. or Friction Sliding Coeff. or Friction 

Slab Size Weight Push Pull Push Pull Avg. Push Pull Push Pull Avg. --
2ftx4ftx6in. 649 0.74 0.69 0.71 0.75 0.72 0.68 0.63 0.68 0.75 0.69 
4ftx4ftx6in. 1249 0.76 0.77 0.65 0.70 0.72 0.65 0.66 0.65 0.65 0.65 
4ftx8ftx6in. 2552 0.89 0.62 0.55 0.73 0.70 0.79 0.51 0.53 0.68 0.63 
4ftx4ftx 12in. 2524 0.63 0.78 0.61 0.71 0.68 0.63 0.78 0.61 0.71 0.68 
4 ft X 8 ft X 12 in. 5076 0.78 0.71 0.72 0.69 0.72 0.78 0.71 0.72 0.69 0.72 

Average 0.71 0.67 
Standard Deviation ± 0.016 ± 0.032 
Coefficient of Variation 2.3 percent 4.8 percent 

"' All tests were conducted on the medium texture CfB with the 1{16-in. sand skin covered with a 
polyethylene friction reducer. 

a hysteresis curve (Ref 5). The researchers also tried to reach 
such a steady state. Stott's study isalsoswnmarizedinCTR 
Research Report 459-1 (Ref 6). 

One important finding from the PCA study is that the 
three test slabs on the bituminous coated cement-stabilized 
subbase with no friction reducer had bonded so well to the 
subbase that they could not be pushed with the researchers' 
testing system. This was also the case for the test slab on the 
mediwn textured, uncoated. cement-stabilized subbase with 
no friction reducer. This fact accounts for the inability of the 
study by Wesevich et alto reach a peak frictional resistance 
for a cement-stabilized subbase material tested in Houston 
(Ref 6). The PCA researchers also found that, for the 
bitwninous coated cement-stabilized subbase with the 
medium texture and the 1/16-incb sand skin layer, "sliding 
occurred primarily in the bituminous curing compound 
layer," not in the subbase. 

Another finding of the study was that the coefficient of 
friction did not change significantly for a "medium texture 
CTB with the 1/16 inch sand skin covered with a polyethyl
ene friction reducer" when push-off tests were conducted 
with slabs of varying thicknesses, as shown in Table 2.2 The 
fmding suggests that the frictional restraint., in psi, does 
increase with overburden pressure (i.e., slab thickness) 
when the slab is placed on polyethylene, thus agreeing with 
the classical friction model (i.e., the frictional coefficient is 
directly affected by the weight of the object). This fact is 
shown by the frictional resistance values in psi for the 1/16-
inch sand skin and polyethylene with different slab thick
nesses at the bottom ofT able 24. The researchers concluded 
that "polyethylene on a sand layer and double polyethylene 
were the most reliable and best all purpose friction reducers 
evaluated." 

Center For Highway Research Project 98 Reports 

Research Reports 98-2 (Ref 7), 98-3 (Ref 8), and 98-4 
(Ref9) include indirect split tensile strength data for cores on 
asphalt-stabilized, cement-stabilized, and lime-stabilized 

materials, respectively. The experimental results are pre
sented in Appendix A, and a summary of these results is 
shown in Table 2.5. These reports were obtained for this 
study to see if indirect tensile strengths of subbase cores 
could be used to estimate frictional resistance. As expected, 
cores of cement-stabilized material bad the highest indirect 
tensile strength average, followed by cores of asphalt-stabi
lized and lime-stabilized materials. However, standard 
deviations were high among the samples tested for each 
material, as shown in Table 2.5. Results of this correlation 
between the indirect tensile strength and frictional resistance 
are presented in Chapter 4 of this report. 

CTR REPORT 459-1 

In the report of the first phase of this project. 
Wesevich et al (Ref 6) stated that subbase friction does not 
follow the classical model offriction, since it is composed of 
three components: an adhesion, or gluing, component 
between the slab and subbase material; a bearing component 
that is influenced by the surface texture of the subbase; and 
a shear component which is induced by the movement of the 
slab across the subbase. Figure 2.1, reprinted from Research 
Report 459-1, graphically shows these components. The 
researchers found that subbase friction is an environmental 
restraint that affects concrete stresses, steel stresses, and slab 
movements. They also found from the literature review that 
very few studies researched stabilized subbases. 

The researchers stated in Research Report 459-1 that 
subbase friction acts to counter concrete pavement move
ments. When the pavement's temperature increases, the 
pavement wants to expand, but subbase friction resists the 
movement, causing compressive stresses to develop in the 
concrete. Since concrete is strong in compression, this 
usually is nota problem. However, in situations in which the 
pavement's temperature decreases, or, as in the case of 
prestressed pavements, when post-tensioning forces are 
applied to the pavement, the pavement wants to contract 



..... 

TABLE 2.3. APPLIED LOADS AND SLAB WEIGHTS (REF 4) 

Subbase Move- Maximum CoefT of Friction Slldlng CoefT of Friction Slab 

Reducer Texture Size, ft ment Push Pull Push Pull Avg. Push Pun Push Pun Avg. Weight ---- --- --- --- --- --- --- --- --- --- --- -----
114" Sand Medium 4x4x0.5 270 700 720 690 700 703 700 720 690 700 703 1240 
+Poly. 
1/4" Sand Smooth 4x4x0.5 360 705 695 690 715 701 700 695 685 700 695 1273 

Medium 4x4x0.5 80 760 760 745 745 753 760 760 745 745 753 1279 
Rough 4x4x0.5 160 665 635 705 665 668 645 635 705 665 663 1269 

1/16" Sand Smooth 4x4x0.5 550 1190 960 1100 890 1035 650 715 940 780 771 1275 
Skin+ Poly. Medium 4x4x0.5 580 950 960 815 875 900 810 830 805 810 814 1249 

Rough 4x4x0.5 250 1190 1460** 970 890 1017 995 1160** 900 820 905 1271 
Double Smooth 4x4x0.5 400 805 740 800 945 823 750 740 800 890 795 1273 
Poly. Medium 4x4x0.5 630 875 1030 840 960 926 850 835 830 870 846 1279 

Rough 4x4x0.5 480 1240 970 905 880 999 1125 865 820 795 901 1269 
1116" Sand Smooth 4x4x0.5 17384 17384** 1020 1340 1315 1224 1070 1020 1340 1315 1186 1257 
Skin Medium 4x4x0.5 56252 56252** 1570 1430 1775 1592 1320 1180 1260 1350 1278 1265 

Rough 4x4x0.5 65272 65272** 1850 1840 2200 1963 1460 1570 1640 1580 1563 1276 
NoFriction Smooth 4x4x0.5 >17000 >17000 1266* 
Reducer on Medium 4x4x0.5 >56000 >56000 1266* 
Bit. Curing Rough 4x4x0.5 >65000 >65000 1266* 
Compound 
No Friction Medium 4x4x0.5 >10000 >10000 1266* 
Reducer 
1116" Sand Medium 2x4x0.5 260 480 450 460 490 440 470 410 440 490 445 649 
Skin+Poly Medium 4x8x0.5 1520 2260 1580 1410 1860 1778 2010 1300 1350 1730 1598 2552 

Medium 4x4x1 500 1580 1970 1540 1790 1720 1580 1970 1540 1790 1720 2524 
Medium 4x8xl 1900 3960 1590 3640 3500 3673 3960 3590 3640 3500 3673 5076 

Applied load values are in pounds. * Average weight for 4x4x0.5 slabs **Not used in average 



TABLE 2.4. FRICTIONAL RESTRAINT VALUES (POUNDS/SQUARE INCH) OBTAINED FROM TABLE 2.3 

Subbase Move· Maximum Coetr of Friction Sliding Coetr of Frk:tlon Slab 

Reducer Texture Slze,ft meat Push PuU Push Pull Avg. ~ Pull ~ ~ Avg. Weight 

l/4" Sand Medium 4x4x0.5 0.11 0.30 0.31 0.30 0.30 0.31 0.30 0.31 0.30 0.30 0.31 1240 
+Poly. 
1/4" Sand Smooth 4x4x0.5 0.16 0.31 0.30 0.30 0.31 0.30 0.30 0.30 0.30 0.30 0.30 1273 

Medium 4x4x0.5 0.03 0.33 0.33 0.32 0.32 0.33 0.33 0.33 0.32 0.32 0.33 1279 
Rough 4x4x0.5 0,07 0.29 0.28 0.31 0.29 0.29 0.28 0.28 0.31 0.29 0.29 1269 

l/16" Sand Smooth 4x4x0.5 0.24 0.52 0.42 0.48 0.39 0.45 0.28 0.31 0.41 0.34 0.33 1275 
Skin+ Poly. Medium 4x4x0.5 0.25 0.41 0.42 0.35 0.38 0.39 0.35 0.36 0.35 0.35 0.35 1249 

Rough 4x4x0.5 0.11 0.52 0.63** 0.42 0.39 0.44 0.43 0.5o•• 0.39 0.36 0.39 1271 
Double Smooth 4x4x0.5 0.17 0.35 0.32 0.35 0.41 0.36 0.33 0.32 0.35 0.39 0.35 1273 
Poly. Medium 4x4x0.5 0.27 0.38 0.45 0.36 0.42 0.40 0.37 0.36 0.36 0.38 0.37 1279 

Rough 4x4x0.5 0.21 0.54 0.42 0.39 0.38 0.43 0.49 0.38 0.36 0.35 0.39 1269 
1/16" Sand Smooth 4x4x0.5 7.55 7.55 •• 0.44 0.58 0.57 0.53 0.46 0.44 0.58 0.57 0.51 1257 
Skin Medium 4x4x0.5 24.4 24.4 •• 0.68 0.62 0.77 0.69 0.57 0.51 0.55 0.59 0.55 1265 

Rough 4x4x0.5 28.3 28.3 •• 0.80 0.80 0.95 0.85 0.63 0.68 0.71 0.69 0.68 1276 
NoFriction Smooth 4x4x0.5 >7.4 >7.4 1266 • 
Reducer on Medium 4x4x0.5 >24.3 >24.3 1266 • 
Bit. Curing Rough 4x4x0.5 >28.2 >28.2 1266 • 
Compound 
No Friction Medium 4x4x0.5 >4.3 >4.3 1266 • 
Reducer 
l/16" Sand Medium 2x4x0.5 0.22 0.41 0.39 0.40 0.43 0.41 0.38 0.36 0.38 0.43 0.39 649 
Skin + Poly Medium 4x8x0.5 0.33 0.50 0.34 0.30 0.40 0.39 0.44 0.28 0.29 0.38 0.35 2552 

Medium 4x4x1 0.22 0.69 0.86 0.67 0.78 0.75 0.69 0.86 0.67 0.78 0.75 2524 
Medium 4x8x1 0.41 0.86 0.35 0.79 0.76 0.80 0.86 0.78 0.79 0.76 0.80 5076 

Frictional Resttaint values are in lbs per square inch (psi) • Average weight for 4x4x0.5 slabs •• Not used in average 

Ul 



6 

TABLE 1.5. RESULTS FROM CTR RESEARCH REPORTS 98-2, 98-3, AND 98-4 

No. 
Type of of Test 

Specimen Specimens 

Asphalt 68 
Treated 
Cement 180 
Treated 
Lime 34 
Treated 
Clay 

. . . . . . ·· . . . "' . . .. · 
• #, a .. . ... .. ·.. . . . 

Standard 
Mean Deviation 
(psi) (psi) 

94.8 54.2 

138.2 96.8 

77.1 56.2 

• .. 
• 

• # • 5 . . .... : 

Fig 2.1. Adhesion., bearing, and shear components at the slab
subbase interface. 

Subbase friction, however, counters this movement. result
ing in tensile stresses in the pavement In prestressed 
pavements, this means that the desired amount of post
tensioning force is not achieved in the pavement. especially 
at the center of the pavement slab. For CRCP, JRCP, and 
other pavement types, the tensile stresses, in conjunction 
with traffic loads, cause cracking. 

The researchers also conducted a survey of SDHPT 
Districts to see what subbases were used under their concrete 

Max. Observed Min. Observed 
Tensile Tensile 

Strengtb (psi) Strengtb (psi) 

231.3 7.6 

497.1 13.1 

318.0 24.0 

pavements. From the survey, they selected and 
conducted push-off tests on these five subbase 
materials: 

(1) 12-inch flexible subbase, 

(2) 3/4-inch asphalt-stabilized subbase 
(bond breaker) over 6-inch cement
stabilized subbase, over 6-inch lime
stabilized subbase, 

(3) 6-inch cement-stabilized subbase over 
6-inch lime-stabilized subbase, 

(4) 6-inch lime-stabilized subbase over 
untreated clay, and 

(5) untteated clay. 

Figure 2.2 is a graphical representation of 
the subbases tested in this phase of the study. 
Table 2.6 shows the results of the push-off tests 
in terms of the peak frictional resistances of each 
subbase and the corresponding test slab move
ment They concluded that, for stabilized sub
bases and for flexible subbase, which acted as a 
stabilized subbase due to the cementing agents 
contained in it, overburden pressure was not a 
significant factor. They also found that the 
failure plane was within the subbase material for 

stabilized subbases and at 

314"1 Asphalt Stabilized Subbase 
the slab-subbase inter
face for unstabilized ma
terials, such as untteated 
clay. The only exception 
to this fact was that the 
failure plane for the 3/4-
inch asphalt-stabilized 
subbase was the interface 
between the asphalt-sta
bilized subbase and the 
cement-stabilized sub-

..-

T + 
6" Cement Stabilized Subbase 

Flexible 
Subbase 

12:' -.-
l 

6" lime Stabilized Subbase 

" ,,, ""' ,,,,,, 
Roadbed (Untreated Clay} 

Fig 2.1. Subbases tested in CTR Research Report 459·1 (Ref 6). 

base. 
Research Report 

459-1 includes several 



TABLE 2.6. RESULTS OF TESTING- CTR RE-
SEARCH REPORT 459-1 

Peak Horizontal 
Frictional Movement Slab 
Resistance at Sliding Depth 

Subbase Type (psi) (inch) (inches) 

Flexible 3.0, 3.4 0.024, 0.020 4,8 

Asphalt Stabilized 1.6, 2.2 0.030, 0.038 3.5, 7 

Cement Stabilized 15.4 + 0.001 + 3.5 

Lime-treated Clay 1.6,1.7 0.011, 0.012 3.5, 7 

Untreated Clay 0.6, 1.1 0.030, 0.052 3.5, 7 

important facts about stabilized subbases that the research
ers were not able to find in the literature review. The report 
also raised several questions, the most important concerning 
the effect of texture and depth on subbase friction. This 
report tries to answer some of these questions for asphalt
stabilized subbase materials, since they are used as effective 
bond-breakers between concrete pavements and cement
stabilized subbases. 

SUMMARY 

The Portland Cement Association study for the FHW A 
resulted in several interesting discoveries. First, the result
ing failure planes differed, depending on the type of treat
mentusedonthecement-stabilizedsubbase. Fortheslabson 
polyethylene, the failure planes were not within the subbase 
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material, and the frictional characteristics followed the clas
sical friction model mentioned in Research Report 459-l 
(Ref6). However, fortheslabson the 1/16-inch sand skin 
layer, the failure plane was within the curing compound 
layer applied on the cement -stabilized subbase. In addition, 
the peak frictional resistances varied widely, from 0.28 psi 
to 28.3 psi (a ratio of 1 to 100), depending on the treatment 
applied to the cement-stabilized subbase. Finally, there
searchers were unable to push slabs across the cement
stabilized subbase with no friction reducer applied to the 
surface. 

The average indirect tensile strength values from the 
three reports for Center for Highway Research Project 98 are 
revealing in that the cement-stabilized subbase cores had the 
highest values, although the standard deviations of all three 
core types are very high. A correlation between these aver
age values and the peak frictional resistances, however, may 
be possible. 

Finally, the first phase of the study for this project (Ref 
6) discovered several important factors. The failure planes 
from the push-off tests on the stabilized subbases and on the 
flexible subbase were within the subbases, not at the inter
face between the test slabs and the subbases. In addition, 
overburden pressure, or test slab depth, was not significant 
in the frictional restraint for these subbases. Finally, the 
study found that, during the push-off tests, the 
cement-stabilized subbase would have had the highest peak 
frictional resistance. An actual value could not be found, 
however, since the subbase had adhered to the test slab so 
much that it was impossible to achieve a peak frictional 
resistance. 



CHAPTER 3. EVALUATION OF AN IN-SERVICE PAVEMENT 
SUBBASE LAYER 

This chapter covers the experimentation and results of 
the testing for the maximum frictional resistance of an 
unbound shell subbase material underlying jointed rein
forced concrete pavement on Interstate 45 in Houston, 
Texas. The push-off test procedure used throughout this 
project in obtaining subbase friction information is de
scribed. 

BACKGROUND 

Interstate 45 south of downtown Houston was origi
nally composed primarily of a JRC pavement consisting of 
slabs approximately 12 feet wide, 20 feet long, and 8 inches 
thick. This pavement was constructed in 1945 and was in 
service from 1947 to 1985, when the reconstruction and 
overlay of the highway commenced. During that time, the 
pavement itself stayed in excellent condition • in one ob
served area, out of approximately 155 jointed pavement 
sections, only two showed any cracking (Ref 8). 

One hypothesis explaining why the pavement was in 
such good condition is that the underlying subbase had low 
friction properties, and thus the pavement was not subjected 
to large tensile stresses when it contracted, which would 
have lead to cracking. It was decided, then, to fmd the 
maximum frictional restraint of the subbase material under 
this pavement by using a push-off test procedure. The results 
of this experiment were also of interest to researchers on 
Projects422 and 4 72 who were also investigating the condi
tion of the IH-45 facility. 

The subbase in this case consisted of an unbound 
seashell material dredged from the Texas Gulf Coast. This 
subbase was widely used under many concrete roadways 

6" 

11'-9" 10'-0" 

Asph It Cone. 

Flexible Base (2 Courseal 

Fig 3.1. Houston IH-45 cross section (Ref 12). 
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constructed in the Gulf Coast area prior to the 1970's. To 
protect the subbase from construction operations, 0.3 gallon 
per square yard of base preservative OA-175 had been used 
to cover the surface of the subbase (Ref 11). A typical 
pavement section, plan, obtained from the Texas SDHPT, is 
shown in Fig 3.1 (Ref 12). 

DESCRIPTION OF SITE 
The site chosen for the testing was on the shoulder of the 

northbound lanes of lll-45, just at the end of the embank
ment north of Scott Street in downtown Houston. The 
asphalt pavement that made up the shoulder had been re
moved dwing construction operations, leaving the shell 
subbase exposed. The subbase was in excellent condition 
and had a relatively smooth surface texture. Figures 3.2and 
3.3 show the test area. 

CONSTRUCTION OF THE TEST SLABS 
AND TEST APPARATUS 

Two test slabs were constructed using 5 sack concrete 
containing 1-1/2-inch-size silicious river gravel aggregate. 
One test slab was 14 feet long, 2 feet wide, and 3-1(1. inches 
thick; the other slab was 14 feet long, 2 feet wide, and 8 
inches thick. A hole 1-1{1. feet deep was excavated between 
the two slabs and a concrete anchor was placed in it. The 
anchor contained four rebars extending the depth of the 
anchor to provide shear strength. After the concrete was 
placed for the slabs, plastic inserts with thermocouples were 
inserted into the fresh concrete at midspan for both slabs. 
The thermocouples were placed on the inserts so that they 

would be embedded at mid-depth for both 
slabs. Figure 3.4 shows the plan view of this 
test site. 

The plastic inserts provided a place to put 
a linear voltage distance transducer (L VDT) 
to measure the horizontal movement of each 
slab during the push--off testing. Another 
L VDT measured the vertical movement of 
the slab; it came in contact with a small 
plastic block that was epoxied to the slab 
surface after the concrete had set. Both 
LVDT's were mounted on a horizontal 
rebar that was suspended above each test 
slab by a pair of rebar stakes hammered into 
the subbase on both sides of each test slab. 

The anchor provided a place for a hydrau
lic ram to push the test slab. A load cell was 
placed between the slab and the ram to 
measure the force that the ram exerted on the 
slab. A hydraulic pump pressurized the ram, 



Fig 3.2. Houston IH-45 test 
site. 
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Fig 3.3. Test slabs and instrumentation. 

Legend: 
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and a pressure meter connected between the ram and pump 
measured the internal pressure of the ram. 

When the concrete was placed for the slabs, the form
work for the 8-inch-thick slab bulged 3 inches at the bottom 
of one end. This was not a problem, however, since the 
actual surface area of the slab did not differ significantly 
from the desired value. 

EXPERIMENTATION 

The testing procedure and apparatus were the same as 
that used by Wesevich et al in the first phase of this study. 
Before testing began, the horizontal and vertical L VDT' s 
were set to read approximately zero displacements and the 
slabs were preloaded by the load apparatus. Then, pressure 
was applied to the ram in 100 to 300-psi increments. A 
computerized data acquisition system recorded the force 
exerted on the slab as well as the horizontal and vertical 
movements of the slab after each pressure increment. The 
data generated from the tests on both slabs resulted in force
movement curves. The forces were converted to frictional 
resistances in psi by dividing the force values by the respec
tive slab areas. 

The conditions during the testing were not ideal, since 
the subbase was still moist from rain on the morning of the 
test, and the contractor had constructed a dirt road next to the 
test site. However, since there were time constraints, the 
experiment was conducted. The data seem valid. 

RESULTS 

Fig 3.4. Plan view of Houston IH-45 test site. 
The data generated from the tests are shown in Tables 

3.1 through 3.3. The initial readings of -0.0001 inch in the 
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TABLE 3.1. RESULTS OF THE 
HOUSTONIH4SUNBOUNDSHELL 
PUSH-OFF TESTS 

Maximum Corresponding 
Test Slab Frlc:tlonal Horizontal 

Depth Resistance Movement 
(in.) (psi) (ln.) 

3.5 1.11 0.04 
8.0 1.06 0.04 

T ABLE3.2. PUSH-OFF TEST, 3-112-INCH SLAB ON UNBOUND SHELL SUBBASE 

Push-offTestNo.: 2 Houstoni-45 Slab Area: 4032 in. 2 

Date: 13 May 1987 Slab Thickness: 3 1{1. in. 
Subbase: Unbound Shell 

Ram Horizontal Vertical Slab Frictional 
Time Load Pressure Movement Movement Temp. Resistance 

(Hr:Mln) (ldps) (ksl) (ln.) (ln.) (OF) (psi) jl. 

17:31 0.569 0.100 0.0000 0.0000 84.380 0.141 0.48 

17:32 0.586 0.100 --{).0001 0.0000 84.380 0.145 0.50 

17:32 0.803 0.160 --{).0001 --{).0001 84.542 0.199 0.68 

17:33 1.322 0.280 0.0001 0.0001 84.920 0.328 1.12 

17:33 1.702 0.380 0.0005 --{).0001 84.038 0.422 1.45 

17:33 1.987 0.440 0.0011 --{).0001 84.794 0.493 1.69 

17:33 2.331 0.520 0.0019 0.0000 85.262 0.578 1.98 

17:34 2.684 0.580 0.0030 0.0003 84.740 0.666 2.28 

17:34 3.086 0.660 0.0047 0.0010 83.642 0.765 2.62 

17:34 3.466 0.740 0.0064 0.0019 84.578 0.860 2.95 

17:34 3.794 0.800 0.0097 0.0037 83.534 0.941 3.23 

17:35 4.042 0.840 0.0147 0.0058 84.200 1.002 3.44 

17:35 4.327 0.900 0.0225 0.0109 85.172 1.073 3.68 

17:35 4.466 0.940 0.0356 0.0213 84.766 1.108 3.80 

17:36 4.230 0.940 0.0433 0.0465 84.974 1.049 3.60 

17:36 2.781 0.620 0.0433 0.1465 84.254 0.690 2.37 

TABLE 3.3. PUSH-OFF TEST, 8-IN. SLAB ON UNBOUND SHELL SUBBASE 

Push-offTest No.: 1 Houston 1-45 Slab Area: 4032 in. 2 

Date: 13 May 1987 Slab Thickness: 8 in. 
Subbase: Unbound Shell 

Ram Horizontal Vertical Slab Frictional 
Time Load Pressure Movement Movement Temp. Resistance 

(Hr:Min) (kips) (ksl) (ln.) (ln.) (OF) (psi) jl. 

17:01 0.480 8(} 0.0000 0.0000 84.506 0.119 0.18 
17:02 1.440 300 0.0012 0.0003 84.416 0.357 0.54 
17:02 2.325 520 0.0073 0.0022 85.866 0.577 0.87 
17:03 3.401 640 0.0239 0.0097 85.298 0.844 1.27 
17:04 3.989 760 0.0437 0.0251 85.226 0.989 1.48 
17:04 4.250 880 0.0467 0.0472 84.974 1.054 1.58 
17:04 4.282 880 0.0437 0.0730 85.190 1.062 1.59 
17:05 4.242 860 0.0437 0.0967 85.226 1.052 1.58 
17:06 4.079 760 0.0467 0.1517 84.938 1.012 1.52 
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Fig 3.6. Vertical movement for push-off test on 3-112-inch slab 
over unbound sheU subbase. 
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horizontal and vertical movements were due to small 
displacement errors and were considered zero for the 
data plots in Figs 3.5 through 3.10. 

The maximum frictional resistance values for both 
slabs were very similar: 1.10 psi for the 3-1/2-inch 
slab and 1.06 psi for the 8-inch slab. This suggests 
that overburden pressure was not a factor for this 
subbase. Though the bottoms of the slabs could not 
be observed because of equipment constraints, the 
data suggest that the failure planes for the slabs were 
within the subbase; the vertical displacements of 
both slabs continued to rise when the horizontal dis
placements stopped at the peak frictional resistances 
of the slabs. This indicates that the shell material had 
adhered to the bottom of the slabs and that shear 
failure conditions occurred within the subbase itself, 
causing the slabs to move up over their respective 
failure planes. If the failure planes had been at the 
respective slab-subbase interfaces, the slabs would 
have moved horizontally with virtually no vertical 
movements, as was the case in the untreated clay 
push-off tests conducted by Wesevich et al. Thus, 
this material behaved as a stabilized subbase, most 
likely because of the cementing agents inherent in 
shell material. 

SUMMARY 

This subbase material's maximum frictional re
straint of approximately one psi is very low com
pared to those of other subbases tested in this project 
Since the unbound shell material does not adhere to 
the pavement as much as other subbases do, it does 
not induce large tensile stresses that could lead to 
excessive cracking and punchouts. This could ex
plain why the overlying pavement exhibits very few 
distresses and has remained in excellent condition 
for nearly forty years. 

Fig 3.7. Horizonto.l and vertical movements for 
push-offtest on3-112-inch slab over unbound shell 
subbase. 
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Fig 3.10. Horizontal and vertical movements for 
push-off test on 8-inch slllb over unbound shell 
subbase. 



CHAPTER 4. A STUDY ON THE EFFECT OF SUBBASE TEXTURE AND 
THICKNESS ON AN ASPHALT STABILIZED SUBBASE 

This chapter discusses the construction of a test area and 
experimentation, using the push-off test procedure, to fmd 
the frictional resistance of an asphalt concrete pavement 
material using three different surface textures and two dif
ferent pavement thicknesses. The data generated from the 
testing results in frictional restraint-movement curves, 
which are shown in this chapter. 

DISCUSSION OF THE EXPERIMENT A· 
TION 

Several methods were discussed for varying the texture 
of the subbase material, including the variation of the aggre· 
gate gradation of the subbase. However, it was highly 
unlikely that a contractor would agree to such a request for 
a relatively small project such as this one, and the pavement 
was textured by hand with a wedge-shaped hammer. In 
addition, the subbase in this phase of the swdy consisted of 
Texas Specification TypeD asphalt pavement, since it was 
more readily available than any other type asphalt concrete 
pavement or asphalt-stabilized subbase in the Austin area. It 
was expected to have approximately the same frictional 

11" 

Legend: 

Test Slabs on • 

restraint characteristics as any other asphalt pavement or 
asphalt-stabilized subbase material. 

The testing involved the use of a combination of three 
surface textures {smooth, medium, and rough), two test slab 
thicknesses {3-1/2 inches and simulated 7 inches), and two 
asphalt pavement depths (2 inches and 5 inches). Twelve 
push-off tests were conducted, each test consisting of a 
specific asphalt pavement depth, surface texture, and test 
slab thickness. Six push-off tests were conducted per layer, 
with three slabs of 3-1/2-inch thickness and three slabs of 
simulated 7-inch thickness. The 7-inch slab thicknesses 
were simulated during the push-off testing by placing 
weighed precast concrete blocks on the respective slabs, a 
procedure also used by W esevich et al in their experimenta
tion. 

CONSTRUCTION OF THE TEST SITE 

At the CenterforTr;msportation Research test site at the 
Balcones Research Center in Austin, two layers of Texas 
Specification Type D asphalt concrete pavement with lime
stone aggregate were placed and rolled on a 12-inch-thick 

flexible subbase. Both layers were 11 feet long and 
36 feet wide. However, the layers differed in thick
ness- one was 5 inches deep, the other was 2 inches 
deep. A plan view of the asphalt layers, the loca-
tions of the test slabs and anchors, and the textures 
under each slab are shown in Fig 4.1. Figures 4.2 

c:J Smooth Textured 
Sulface 

and 4.3 show the site before and after the asphalt 
pavement layers were placed 
After the pavement layers were constructed, the lo
cations of the twelve test slabs and six anchors were 
marked on the respective surfaces. Six slabs were to 
be placed on the 5-inch layer, leaving the remaining 

s· Thick Asphalt 
Layer --• 

c::::::::l Medium Textured 
1:=:=:1 Surface 

~ Rough Textured 
Sulface 

- ~~~~concrete six to be constructed on the 2-inch layer. Then,eight 
"'''"'""' markedslabareas,fourareasperasphaltlayer, were 

r Thick Asphalt 
Layer--+ 

Fig 4.1. Plan riew of test site. 
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textured by using a wedge hammer to place linear 
striations approximately 1/8 inch deep into the 
pavemenL These striations were placed across the 
2-foot widths of the marked areas. To simulate a 
medium texture, the striations were placed 4 inches 
apart on four marked slab areas, two areas per 
asphalt pavement layer. The other four slab areas 
that were textured, again two areas per layer, con
tained striations 2 inches apart to approximate a 
rough texture. The remaining four slab areas were 
left alone to approximate a smooth texture. An 
attempt was made to measure the texture using the 
ASTM approved sand patch method mentioned in 
the PCA report for the FHW A; however, the test is 
not valid for textures with localized indentations {or 



cracks) present in the pavement. The resulting asphalt 
pavement textures are shown in Figures 4.4 and 4.5. 

Then, holes approximately 1 foot 4 inches deep were 
excavated for the placement of anchors. Each of the six 
anchors, as shown in Fig 4.1, was placed between two slabs 
to function as a place for the same hydraulic ram and load cell 
that were used in the Houston IH-45 testing to exert forces 
on the slabs. Four No. 6 rebars were then placed into the 
holes to reinforce the anchors. 

The slabs and anchors were then cast using five sack 
concrete with crushed limestone aggregate. All slabs poured 
were 14 feet long, 2 feet wide, and 3-1/l inches deep. Plastic 
inserts containing thermocouples (one per insert) were 
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placed at the midspan of all twelve slabs before the concrete 
set, to serve the same function as the inserts used in the 
Houston IH-45 testing. The concrete was then coated with a 
curing compound. No cracking was observed in any of the 
slabs. 

EXPERIMENTATION 

The push-off test procedure used in the experimentation 
by W esevich etal and the Houston IH-45 testing was used in 
this study. The first push-off test was conducted in the 
morning on a simulated 7-inch slab overlying the 
5-inch-thick asphalt pavement with a medium texture, 

Fig 4.2. Site before and after the asphalt pavement layers were placed. 
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when the mid-depth slab temperature was around 84 de
grees. However, the maximum frictional restraint was never 
found, for several reasons. First. the 5-incl}-thick asphalt 
layer could not take any bearing pressure, which resulted in 
the anchor's rotating under a load of 10,000 pounds. As are
sult, the ram and load cell were reoriented at an angle to the 
test slab, which caused a portion of the slab to uplift The test 
slab then cracked 5 feet from the end of the load application 
when the force reached 16,000 pounds, near the 20,000 
pound capacity of the load cell and hydraulic ram. These two 
factors stopped the experimentation and negated the further 
use of the slab. The 3-1/2-inch test slab on the medium
textured 5-inch asphalt layer was then tested, using the same 

anchor. This time, the anchor rotated even more than in the 
flfSt push-off test, and a maximum frictional restraint could 
not be achieved. The testing, again, was stopped. 

Because of the problems in the morning, the testing was 
conducted in the afternoon, when the temperature of the 
slabs at mid-depth reached 109 to 115 degrees. Though it 
was much more desirable to get frictional values for the 
asphalt pavement in the morning, when the frictional re
straint was greater, the object of the study was to see 
specifically if subbase depth and surface texture affected the 
frictional resistance of the material. Thus, in essence, the 
temperature was kept constant by conducting the experi
ments in the afternoon. 

Fig 4.3. Asphalt surface before texturing andformworkfor the test slabs. 
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That afternoon, testing commenced on a 3-1/2-inch 
slab on the 5-inch asphalt pavement layer with a smooth 
texture. The testing was successful, though the anchor 
moved again. However, the maximum restraint was not 
achieved on the 7-inch slab with the same 5-inch depth and 
smooth texture and using the same anchor, since the anchor 
was rendered useless by the previous push-off test. To 
prevent further occurrences of this problem, a precast con
crete block was placed in between the untested simulated 
7-inch slab on the rough texture of the same layer and its 
anchor so that the anchor could stay in place for the push-off 
testing of the corresponding 3-inch slab with the same 
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texture. The danger was that the resulting load applied on the 
7-inch slab from anchor rotation could reach the maximum 
frictional resistance, but, fortunately, this did not occur. The 
testing on the 3-1/2-inch slab was successful. The block 
was then placed between the tested 3-1/2-inch slab and the 
anchor, and precast blocks were put on the 3-1/2-irich slab 
with the hope of providing some residual frictional resis
tance between the slab and the subbase. The ram,load cell, 
and L VDT' s were placed on the 7-inch slab and testing com
menced. The anchor, as a result of the preparation, did not 
rotate, and the maximum frictional resistance for the 7-inch 
slab on the 5-inch asphalt layer with rough texture was 

Fig 4.4. Smooth and medium textures. 
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Fig 4.5. Rough texture. 

TABLE 4.1. RESULTS OF PUSH-OFF TESTS ON TYPED 
ASPHALT PAVEMENT 

Subbase 
Depth 
(ln.) 

Concrete Thickness 

3.5 Inches 7 Inches 

moved or rotated. All tests on this layer were success
ful. Figures 4.6 and 4. 7 show the push-off tests on two 
simulated 7-inch slabs and the L VDT setup on a 3-1/ 
2-inch slab. 

Results of the ten successful push-off tests, using 

2 

Texture 

Smooth 
Medium 
Rough 

1.65 psi* (0.03 in.)** 
2.31 psi (0.06 in.) 
230 psi (0.05 in.) 

2.54 psi (0.04 in.) 
2.56 psi (0.02 in.) 
2.42 psi (0.03 in.) 

the same format as the tables and figures in Chapter 3, 
are shown in Table 4.1 and in Appendix B. As in the 
push-off tests on the unbound shell subbase in Houston 
the initial readings of -0.0001 to -0.0002-inches in th; 
horizontal and vertical movements for some of the 

5 
Smooth 
Medium 
Rough 

2.53 psi (0.07 in.) 
2.90 psi (0.03 in.) 
2.85 psi (0.06 in.) 3.23 psi (0.04 in.) 

push-off tests were due to small displacement errors 
and were considered essentially zero for the data plots, 
also in Appendix B. In addition, vertical movements 
beyond 1/10 inch were considered inaccurate, since, at 
this point, the vertical LVDT's could not move hori-"' Maximum frictional restraint 

• • Movement at sliding. 

found. The same preparation for retesting the two slabs was 
used on the slabs that couldn't be pushed off; for the 3-1/ 
2-inch slab on the medium texture the test was completed, 
but it was not successful on the 7-inch slab on the smooth 
texture. As a result, four slabs on the 5-inch asphalt 
pavement layer generated frictional resistance data - one 7-
inch-thick slab on the rough texture and three 3-1/2-inch
thick slabs on smooth, medium, and rough textures, respec
tively. 

The next afternoon, testing commenced on the six s1abs 
on the 2-inch-deep asphalt pavement layer. This time, the 
anchors held since they were more embedded in the flexible 
subbase layer. The same preparation was done for this 
situation as was done before on the 5-inch-thick asphalt 
pavement layer, but it was not needed; none of the anchors 

zontally with the slab and, thus, could be registering 
horizontal movements of the slab. The results of the 

testing are discussed in Chapter 7. 

SUMMARY 

From the results of the testing, it seems that texture does 
not significantly affect the frictional resistance of the two 
layers. Overburden pressure, or test slab thickness, does not 
affect the results either, a fact which agrees with the results 
found in the first phase of the study (Ref 6). However, the 
pavement layer thicknesses seem to affect the frictional 
resistances, due to the resulting failure planes, which are 
discussed in Chapter 7. Finally, temperature has an effect on 
this material, with cooler temperatures increasing the fric
tional restraint. 
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Fig 4.6. Push-of/tests on simulated 7-inch-thick slabs. 
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Fig 4.7. Horizontal and vertical LVDT's on a 3-112-inch test slab. 



CHAPTER 5. CORRELATION OF THE ACTUAL WITH THE PREDICTED 
CRACK SPACING OF CONTINUOUSLY REINFORCED CONCRETE PAVE

MENTS IN TEXAS USING THE CRCP COMPUTER MODEL 

This chapter presents the data input used in the CRCP 
computer model and the information obtained from actual 
crack spacing measurements conducted for the Texas 
SDHPT in the mid 1970's. The results of the correlation 
between measured crack spacing on CRCP roadways in 
Texas and the predicted crack spacing from the CRCP 
computer model are also presented. 

DISCUSSION OF THE PROCEDURE 

Since this study has collected frictional resistance val
ues for several subbases, it was decided to find if the CRCP 
computer model developed at the Center for Transportation 
Research could predict actual crack spacings observed in 
CRCP pavements across the state. Chia-Pei Chou, involved 
in Project 472, had developed and compiled a database on 
several CRCP highways in the state. This database included 
values for pavement depth, coarse aggregate type used in the 
concrete, and subbase type. In addition, crack spacing was 
measured by the Texas SDHPT on several of the highways 
that the database listed. Thus, the CRCP program produced 
results with these data. 

DATA INPUT 

The data input into theCRCP program,listed in Appen
dix C, consisted of concrete pavement properties, the 
subbases' frictional restraint-movement curves, tempera
ture data, external traffic loads, and iteration and tolerance 
control. The pavement and subbase friction properties are 
discussed in detail in this section. 

Concrete Pavement Properties 

Since the Texas SDHPT measured crack spacing 
mainly on 8-inch-thick concrete pavements, the program 
executions and resulting correlations were limited to this 
concrete thickness. In addition, only pavements containing 
either silicious river gravel or limestone were considered. 
The steel percentage was kept constant at 0.6 percent, which 
was determined from the Texas SDHPT Highway Design 
Manual as the standard reinforcement design forCRCP (Ref 
10). The soil support factor was 640 pci, since no actual 
values for each subbase type could be determined. 

The material properties of the concrete for each section 
could not be obtained, so the properties used in the program 
were estimated or standardized. The compressive strength 
of the concrete pavement entered into the program was 3500 
psi. Thermal coefficient values used in the program were 
4.00 x 1()-6 and 6.00 x 1()-6 for limestone aggregate concrete 
and silicious river gravel concrete, respectively. These 
values were used in another study on the effect of coarse 
aggregate type on concrete. A standardized tensile strength 
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gain curve developed by the U.S. Bureau of Reclamation, 
which resulted in a tensile strength of 44 3 psi at 28 days, was 
used for pavements containing limestone aggregate. Since 
concrete containing silicious river gravel seems to have a 
lower tensile strength than limestone aggregate concrete, 
and since the program could not run with the standardized 
tensile strength curve and a concrete thermal coefficient of 
6.00 x I0-6 for cement-stabilized subbases, another curve 
resulting in a lower tensile strength, 312 psi at 28 days, was 
used for pavements using silicious river gravel. This curve 
was obtained from another CRCP program data set with 
concrete having a thermal coefficient of 5.03 x I0-6 and a 
compressive strength of 3900 psi; this curve may be too 
conservative for silicious river gravel, but the program was 
able to execute with the data. 

Frictional Restraint- Movement Curves 

The frictional restraint-movement curves from each 
subbase for the CRCP computer program were developed 
from the information gathered in this study on push-off tests 
conducted on lime-treated clay, asphalt-stabilized, cement
stabilized, and flexible subbases. These values are also 
shown in Appendix C. The frictional data from the push-off 
tests for test slabs 14 feet long, 2 feet wide, and 7 inches thick 
were used as the program data input for lime-treated clay, 
asphalt-stabilized, and flexible subbases. The frictional data 
for the asphalt-stabilized subbase were from the test con
ducted for this report on the 5-inch-thick asphalt pavement 
layer with the rough texture; the data for the lime-treated 
clay subbase and the asphalt-stabilized subbase were from 
testing from the frrst phase of this study (Ref 6). For the 
cement-stabilized subbase, however, the 28-psi maximum 
frictional restraint value found from the PCA study for 
bituminous-coated, cement-stabilized subbase on the 
1/16-inch sand skin layer was not used, since the PCA report 
did not list any force-movement data on the test that resulted 
in that figure. Instead, an estimate of 17.3 psi was found 
from extrapolating the data obtained from the unsuccessful 
push-off test on a cement-stabilized subbase with a test slab 
measuring 4 feet long, 2 feet wide, and 3-1/2 inches thick, 
also conducted for the frrst project report (Ref 6). The 
maximum force achieved by the equipment was 15.4 psi; 
however, a second-order polynomial curve fits the frictional 
restraint-movement data rather well, as shown in Fig 5.1. 
From this curve, a theoretical maximum value of 17.3 psi at 
0.0018 inch was found and used as data input. This value, 
however, is still quite conservative. The data points used 
after the 17.3 psi maximum value were extrapolated from the 
data generated on push-off testing of the 3/4-inch asphalt
stabilized subbase bond breaker conducted by Wesevich et 
al. It was thought that the resulting sliding plane between the 
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bond breaker and the cement-stabilized subbase from this 
successful push-off test would reflect the sliding plane of the 
cement-stabilized subbase ifW esevich et al had been able to 
achieve such a condition. 

COLLECTION OF ACTUAL CRACK 
SPACING DATA 

Data on observed crack spacings of sections of CRCP 
highways from Texas SDHPT Districts I, 3, 4, 10, 13, 17, 
19, 20, and 24 were used to obtain mean and mode crack 

spacing values for each measured section (Ref 15). These 
values for each section were then organized into tables 
according to the concrete pavement coarse aggregate and 
subbase combination, i.e., limestone aggregate concrete 
over cement-stabilized subbase, silicious river gravel con
crete over lime-treated clay, and other combinations (Ap
pendix D contains these tables). Finally, average mean and 
average mode crack spacing values were obtained for each 
combination, and these values were compared directly with 
the predicted values from the CRCP program. Only 
8-inch-thick concrete pavements were considered, and 
overlaid pavements were not used in the correlation. No 
information was available on pavements overlying un
treated clay and unbound shell material. 

RESULTS OF THE CORRELATION BE
TWEEN ACTUAL AND PREDICTED 
CRACK SPACING 

The predicted values from the CRCP program and the 
actual average mean and mode crack spacings are shown in 
Table 5.1 and organized by pavement-subbase combina
tions. One fact evident in the results is that the concrete's 
coefficient of thermal expansion and tensile strength affects 
the crack spacing values the most. However, the subbase 
friction data also significantly affect the results, with more 
than a one--foot difference in average crack spacings be
tween limestone aggregate concrete pavements on lime
treated clay and cement-stabilized subbase. 

TABLE 5.1. RESULTS OF THE CRACK SPACING CORRELATION USING 
TEXAS SDHPT MEASUREMENTS FROM DISTRICTS 1, 3, 4, 10, 13, 17, 19, 20, 
AND24 

Predicted ActualAvg. Actual Avg. 
Coarse Crack Mean Crack Mode Crack 

Subbase Aggregate Spacing Spacing Spacing Number of 
Type Type (ft) (ft) (rt) Measurements 

Lime Limestone 7.4 6.10 5.83 15 
Treated Siliceous 3.7 3.72 2.75 14 
Clay River 

Gravel 
Asphalt Limestone 7.4 7.31 7.00 16 
Stabilized Siliceous 3.7 3.56 2.65 20 

River 
Gravel 

Flexible Limestone 7.0 7.79 8.00 3 
Siliceous 3.5 3.39 2.00 2 
River 
Gravel 

Cement Limestone 6.3 6.52 5.66 31 
Treated Siliceous 3.1 3.93 2.71 58 

River 
Gravel 

Note: For limestone concrete, :i'(l43.27 psi at 28 days, thermalcoefficient = 4.0x10 -6 

For siliceous river gravel, ~ 312 psi at 28 days. thermalcoefficient = 6.00xl0 -6 
t 



Also, the program predicts the actual CRCP crack 
spacing values very welL Figure 5.2 shows the comparison 
between the predicted and the actual average crack spacing 
values, with the diagonal line denoting a one-to-one corre
lation. The resulting data points come very close to such a 
perfect correlation. This means that the CRCP computer 
program, given the proper data, can be valuable in design of 
such a pavement type. 
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Fig 5.2. Predicted versus actual crack spacing. 
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CHAPTER 6. A PROPOSED PROCEDURE FOR ESTIMATING 
SUBBASE FRICTION 

This chapter discusses the feasibility of the indirect 
tensile testing of cores of several subbases to estimate the 
frictional resistances of the subbases. The reasons for such 
a procedure and the method used to fmd the indirect tensile 
strengths of two subbases tested in this project are discussed. 
The results of the correlation between frictional resistance 
and the indirect tensile strength are also presented. 

REASONS FOR ANAL TERN ATE PROCE
DURE 

As stated in this report. the push-off test procedure was 
used to find the maximum frictional restraint of several 
subbases. However, the time and expense involved in 
setting up and conducting the testing may make it unlikely 
to be conducted in the field at actual construction sites. 
Finding a suitable subbase area to test, constructing slabs, 
obtaining measurement equipment, and conducting the test 
all take time and money that may not be available. Therefore, 
this proposed procedure, which involves correlating the 
peak frictional resistance of the subbase with the indirect 
tensile strength of cores taken from the subbase, could be a 
less time consuming and less costly method. 

In this study it was found, from the push-off tests 
conducted on stabilized subbases and on flexible and shell 
subbases, that the failure planes were within the subbase 
layer. This means that, in these cases, the material strength 
of the subbase governs. Since the indirect tensile test is a 
measure of material strength, it may be used as a way of 
estimating the frictional resistances of several subbases. 

EXPERIMENTATION 

Five cores of the cement-stabilized subbase used for the 
experimentation discussed in Research Report 459-1 at the 

Beltway 8 construction project in Houston and two cores of 
the 5-inch-thick asphalt concrete pavement used for the 
push-off tests at the Balcones Research Center in Austin are 
reported herein. The cement-stabilized subbase cores 
ranged from approximately 3-3/4 inches to 4 inches in 
diameter. The asphalt concrete cores were all 3-3/4 inches 
in diameter. 

The five cement-stabilized subbase cores, which had 
lost almost all water content after they were cored and 
transported back to Austin, were remoisturized by soaking 
them in a container of water. The cores were taken from the 
tank: and weighed approximately every week until their 
weight stabilized, meaning that they had reached moisture 
equilibrium conditions. They were then cut to approxi
mately 2-inch thicknesses and their final dimensions were 
measured and recorded (one core provided two test speci
mens). Since the cylindrical surfaces of the cores were rather 
rough, and since the indirect tensile test apparatus needed a 
smooth specimen contact area, the cut cores were placed in 
circular molds containing plaster of paris. The cores and the 
plaster of paris caps on the cores are shown in Fig 6.1. They 
were then tested with the equipment shown in Fig 6.2, with 
the load applied at the plaster of paris surfaces. 

The two asphalt pavement cores on the 5-inch--deep 
asphalt pavement were taken from the field in wet condition, 
placed in plastic bags, and tested one week after they were 
obtained. No remoisturization or preparation was necessary 
for these cores. The cores were cut into two test specimens 
each, their dimensions were recorded, and then they were 
tested at room temperature, approximately 77 degrees (al
though it would have been desirable to test these cores at the 
temperature during the push-off tests, which was between 
109 and 115 degrees; the cores would have probably decom
pacted at that temperature). 

Fig 6.1. Cores being prepared for testing. 
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Fig 6.2. Indirect tensile test apparatus. 

The indirect tensile strengths of the asphalt pavement 
cores and the cement-stabilized subbase cores were obtained 
by the equation 

where 
= 

sl = indirect tensile strength of the speci
men, psi; 

P = load applied to the specimen by the test 
max 

apparatus, lb; 

t = specimen thickness, inches; and 

C = indirect tensile strength correlation 
coefficient (0.1641 for 3- 3/4 
inch-diameter specimens, 0.1562 for 
4-inciHliameter specimens) (Ref 14). 

Cores could not be obtained from the lime-treated clay 
that Wesevich et aJ tested in Houston; the cores decom
pacted after they were removed from the subbase. The 
results in Research Report 98-4 (Ref 9) for tests of lime
treated clay specimens were used in lieu of values that could 
not be obtained from the field. 

RESULTS 
Results of the testing are shown in Tables 6.1 and 6.2. 

Specimens that came from the same core are noted by the 
letters "A" or "B" beside the specimen number. 

The average indirect tensile strengths of the cement
stabilized subbase specimens and the asphalt concrete speci-

mens, as shown in the tables, did not differ significantly -
89.8 psi for the asphalt concrete and 90.3 psi for the cement
stabilized subbase. However, the maximum values from the 
test series were very different- 155 psi and 97.4 psi for the 
cement-stabilized subbase and the asphalt concrete, respec
tively. These maximum values correlate rather closely to the 
average values for specimens reported on in Research Re
ports 98-2 (Ref7) and 98-3 (Ref 8) on asphalt -stabilized and 
cement-stabilized materials, respectively - 138.2 psi for 

TABLE 6.1. CE
MENT-STAB!
LIZED SUBBASE 
SPECIMEN RE
SULTS 

Indirect 
TensUe 

Specimen Strength 
Number (psi) 

1 155.0 
2 103.0 
3 68.8 
4 57.5 
SA 81.0 
5B 76.2 

Average Indirect Tensile 
Strength = 90.3 psi 
Standard Deviation 
= 35.1 psi 

TABLE 6.2. AS-
PHALT CON-
CRETE PAVE-
MENT SPECIMEN 
RESULTS 

Indirect 
Tensile 

Specimen Strength 
Number (psi) 

lA 97.4 
1B 90.2 
2A 91.3 
2B 80.4 

Average Indirect Tensile 
Strength = 89.8 psi 
Standard Deviation 
= 7.0 psi 
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cement-stabilized, and 94.8 psi for asphalt-stabilized. The 
average value for lime-treated clay obtained from Research 
Report 98-4, then, could theoretically be used as the maxi
mum value that might have been obtained from the field if 
cores could have been extracted. 

The three graphs shown in Figs 6.3 through 6.5 compare 
the indirect tensile strength values to the maximum frictional 
resistances of asphalt-stabilized, cement-stabilized, and 

30 

y. 0.0431*10"(0.0203x) R -1.00 

o~~~~~~~~~~~~ 

0 20 40 60 80 100 120 140 160 

Indirect Tensile Strength, psi 
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lime-stabilized clay subbases. The maximum frictional re
sistance values were obtained from the 7-inch test slab on 
the rough-textured 5-inch-thick asphalt concrete layer from 
this study (3.2 psi) ; the slab on the bituminous-coated 
cement-stabilized subbase with 1/16-inch sand skin layer 
from the PCA report (28 psi); and the 7-inch test slab on the 
lime-treated clay from Jim W esevich' s experiment (1. 7 psi). 
All three graphs use the average tensile strength value 
obtained from CTR Research Report 98-4 for lime-stabi
lized clay (77 psi). Figure 6.3 is a correlation using the 
average values obtained from CTR Research Reports 98-2 
(Ref?), 98-3 (Ref8), and 98-4 (Ref9) on cement-stabilized 
materials, asphalt-stabilized materials, and lime-stabilized 
clay. Figure 6.4 uses the average values from the testing in 
this study on cement-stabilized subbase cores and asphalt 
concrete cores. Figure 6.5 uses the maximum values of the 
cement-stabilized and asphalt-stabilized cores. 

The most accurate correlation is obtained from Fig 6.3, 
which shows that an estimation may be obtained by testing 
a very large number of cores fora subbase and computing the 
average. However, Fig 6.5 shows that it could be possible to 
correlate frictional resistance to the maximum indirect ten
sile strength value found from a small number of cores on 
each subbase. The main problem in this correlation proce
dure is the wide variation of values, as shown in the standard 
deviations. Obviously, more research needs to be conducted 
in this area. This test could not be used when subbase cores 
cannot be obtained, but the procedure could be useful in es-

timating the frictional resistances of subbases. 
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CHAPTER 7. DISCUSSION OF RESULTS 

This chapter discusses the results of the push-off 
tests conducted for this report, the correlation between the 
indirect split tensile strengths of subbases and their frictional 
resistances, and the correlation between actual and predicted 
crack spacings on CRCP highways in Texas. 

UNBOUND SHELL SUBBASE TESTS AT 
THE HOUSTON TEST SITE 

The subbase under the pavement atiH-45 in Hous
ton had the second lowest frictional resttaint of any subbase 
tested in this project, exceeding only the values for untreated 
clay (0.6 psi for a 3-1/2-inch slab, 1.1 psi for a 7-inch slab). 
The low friction properties of this material are one major 
reason why this pavement stayed in such good condition for 
forty years. In addition, overburden pressure did not seem 
to have an effect on the frictional resistance, as shown by the 
results in Table 3.1. 

Though this subbase is not currently used, it is an 
ideal material. From field observations, it seems that the 
material has good compactive properties- a pick, rather than 
a shovel, had to be used to excavate a hole for the anchor used 
in the push-off tests, since the material had compacted so 
well. 

The tests were not conducted with the 0.3-gallon 
per square yard OA-175 base preservative, used to protect 
the subbase from construction operations, overlying the 
subbase material. This may have affected the friction 
betweentheJRCPslabsandthesubbase. However,sincethe 
failure plane seemed to be within the subbase itself, it is 
likely that a surface coating would not affect the final 
outcome significantly. 

ASPHALT CONCRETE PAVEMENT 
TESTS AT THE CTR TEST SITE 

From the results shown in Table 4.1, the 1.65 psi 
maximum frictional restraint value for the 3-I{l-inch-thick 
test slab on the 2-inch-deep pavement subbase layer with the 
smooth texture seems to be too low, since the other values 
obtained from the three 7 -inch-thick slabs on the same layer 
and the 3-1(1-inch-thick slabs on the 5-inch-deep layer all 
seem consistent with each other. The push-off test results 
for this slab, then, were not considered for the conclusions 
listed in this section. 

Effect of Texture on Frictional ResistiJnce 

The texture did not make a significant difference in 
the maximum frictional resistance of the individual subbase 
layers. No difference between 3-1(1-inch slabs on the 
medium and rough textured 2-inch-thick subbase layer 
occurred, and an 0.8 percent difference between 
7-inch-thick slabs on the smooth and medium textures of 
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the same layer resulted. As for the 5-inch-thick subbase 
layer, the difference was 1.3 percent for the 3-1/ 
2-inch-thick slabs on the medium and rough textures, and 
12.8 percent for the same ·thickness slabs on the smooth and 
medium textures. It would seem likely, then, that, if values 
could have been obtained for the two simulated 
7-inch-thick slabs on the layer for smooth and medium 
textures, no significant differences would have been found, 
either. 

Effect of Subbase Depth on Frictional Resistance 

The depth of the pavement subbase did make a 
difference in the frictional properties. The differences 
between 3-1{1-inch slabs on the 2-inch-thick and 
5-inch-thick subbase layers were 20.3 percent for medium 
textures and 19.3 percent for rough textures; for the 7-inch 
slabs on rough surface textures, the difference was 25.1 
percent. This variation in frictional properties was mainly 
due to the resulting failure planes. For the slabs on the 
5-inch-thick asphalt pavement layer, the failure plane was 
within the pavement itself. However, for the slabs on the 
2-inch-thick layer, the failure plane seemed to be at the 
interface between the asphalt pavement subbase layer and 
the flexible subbase layer. This is shown in Figs 7.1 through 
7.3. For the 5-inch layer, the failure plane could be seen at 
the pavement edge, and no splitting of the layer occurred; the 
layer stayed intacL For the 2-inch layer, the layer split all 
around each test slab, with tears extending several inches 
away from each slab. The layer also buckled in several 
places during the testing. Some of the tears were so large that 
the underlying flexible subbase material could be seen. 
Thus, the maximum frictional restraint for the 5-inch sub
base layer was due to the material properties of the subbase. 
The maximum frictional restraint for the 2-inch subbase 
layer, on the other hand, was dependent on the adhesive, 
bearing, and shear properties and the material characteristics 
of the asphalt pavement subbase and the flexible subbase at 
the interface between the two materials. 

Effect of Overburden Pressure on Frictional 
ResistiJnce 

Overburden pressure (i.e., test slab thickness) was 
not a significant factor for this subbase, again assuming the 
1.65 psi value obtained from the experiment is too low and 
thus not valid. This was the same as the result achieved in 
the previous tests on the stabilized subbases, the flexible 
subbase, and the unbound shell subbase. The difference 
between frictional restraints for 3-1/2-inch-thick slabs and 
simulated 7-inch-thick slabs on the 2-inch deep subbase 
layer was 9.8 percent for the medium texture and 5. 0 percent 
for the rough texture; the difference was also 11.8 percent for 
the slabs on the rough-textured 5-inch-thick subbase layer. 
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Other Considerations 

Temperature also affected the frictional character
istics of this subbase, as shown by the inability in this study 
to conduct push-off tests in the morning hours. Lower 
temperatures could increase the measured frictional restraint 
1 to 2 psi, maybe even greater. More research should be done 
in this area over a range of temperatures for 
asphalt-stabilized materials. 

The point at which the maximum frictional re
straint occurred for the test slabs, also shown in Table 4.1, 
seems to be random. No correlation can be drawn from the 

data, based on texture, subbase depth, or test slab thickness. 
The only hypothesis that can be made is that the randomness 
of this data is most likely due to the variability of the asphalt 
pavement's material strength, compaction, and thickness 
Wlder each slab. If no material variability was present, the 
same movement at sliding should be foWld for every test 
slab. 

It is highly recommended that much deeper an
chors, extending significantly into the material underlying 
the subbase, be used if future push--{)ff tests are conducted 
on thick asphalt-stabilized subbase layers such as this one. 

Fig 7.1. Failure plo.nesfor 5-inch-thick lo.yer. 



The failure of an anchor in this study prevented push-off 
tests on one slab, and the inability of the anchors to resist 
loads effectively almost resulted in the failure to gather 
conclusive frictional information on the 5-inch-thick pave
ment layer. 

INDIRECT TENSD..E TEST 
CORRELATION RESULTS 

The results of this testing are not conclusive. As 
stated in Chapter 6, a good correlation between maximum 
frictional restraint values can be achieved if a large number 
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of subbase cores are tested. However, the maximum fric
tional restraint for untreated cement-stabilized subbases 
has not been found, which leads to some uncertainty in this 
particular correlation. 

Another problem in this correlation is the wide 
variation of indirect tensile strengths observed between 
cores of the same subbase. The indirect tensile test, of 
course, does not accurately reflect failure conditions in the 
field. since small test samples are involved. However, the 
material properties of a subbase are usually not as consistent 
as the overlying concrete pavement, since the production 

Fig 7.2. Failure in 2-inch-thick ltlyer. 
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Failure Plane within 
the ASB 

Note: ASB • Asphalt Stabilized Base 

5"Thick ASB 

the indirect tensile test, both experiments 
should be conducted at the same temperature, 
preferably at a temperature at which the cores 
would not decompact. 

Nevertheless, the results, though prelimi
nary, are somewhat promising. More research 
should defmitely be pursued in this area. 

CRCP COMPUTER MODEL 
CORRELATION RESULTS 

Concrete Test Slab 

Failure Plane at the Interface 
between the ASB and 
the Flexible Subbase 

Fig 7.3. Resulting failure planes within the layers. 

and placement of a stabilized subbase is not as rigidly 
controlled as that of the concrete. In addition, certain 
subbases may be produced, for example, by using different 
aggregate types or aggregate gradations and varying con
tents of cement or lime. 

A factor to consider in further testing, especially for 
asphalt-stabilized materials, is the temperature at which the 
cores are tested. As in the push-off tests for 
asphalt-stabilized subbases, a range of temperatures should 
be used in testing, or, when push-off tests are correlated with 

From the results of this correlation, the 
CRCP computer model does predict actual 
crack spacing very well. The differences be
tween actual and predicted crack spacings can 
probably be negated by more accurate input 
data. For example, the soil support factor was 
kept constant at 640 pcf. However, lime· 
treated clay may not offer as much support as 
an asphalt-stabilized subbase or a 
cement-stabilized subbase. In addition, the 
flexible subbases used under certain CRCP 

highways may not consist of the same limestone aggregate 
that W esevich etal tested in the ftrSt phase of the study. More 
accurate tensile strength curves for concrete should be used. 
The thermal coefficient for coarse aggregate types also 
varies, and it is possible that not all of the pavements had 0.6 
percent steel with a steel thermal coefficient of 
6.5 x 1~. Finally, a more accurate frictional restraint· 
movement curve for cement-stabilized subbases would 
have been more desirable. 



CHAPTER 8. IMPLICATIONS OF THE FINDINGS FROM THIS STUDY 

This chapter discusses the implications of the subbase 
frictional infonnation from this project by using conceptual 
results from the PCPl computer program developed by the 
Center for Transportation Research on a plain jointed con
crete pavement containing limestone aggregate. 

BACKGROUND 

AsshowninChapterS, thesubbasefrictionaleffectwas 
a somewhat significant factor in the crack spacing of CRCP 
pavements in Texas, though not as important as the coarse 
aggregate types and tensile strengths of the pavements. 
However,jointed pavements and prestressed pavements are 
much more susceptible to the effects of subbase friction. 

Using the frictional data generated from this study, the 
PCPl program developed for prestressed pavement design 
produced tensile stress data for plain concrete slabs contain
ing limestone aggregate. The output from this program is not 
intended to mirror what actually occurs in the field; it is, 
rather, used for comparative purposes to show the effect of 
frictional resistance on concrete pavement tensile stresses. 

The purpose of the output from the PCPI program is to 
show when the maximum tensile strength of the concrete is 
reached due to the frictional effect of the subbase. Therefore, 
slab lengths of 75 feet to 1000 feet were used so that the 
program could generate data for comparison. 

PCPl PROGRAM INPUT 

The program generated results for five subbases -
cement-stabilized subbase, lime-treated clay subbase, flex
ible subbase, asphalt-stabilized subbase, and unbound shell 
subbase. The properties were kept constant for the soil 
support and the concrete pavement, including 8-inch--thick 
pavements, 4.00 x 1(16 thennal coefficients, a 640 pci 
support value, and 9000 psi compressive strengths at 28 
days. This design did not use any steel, and, as a result, the 
pavement was not prestressed 

The frictional restraint-movement data generated from 
this project's push-off testing was used as data input for all 
five subbases, up to their maximum frictional restraints. 
However, the maximum restraints were used for pave
ment movements exceeding the movements at the 
maximum frictional restraints. The shape of the result· 
ing frictional resttaint-movement curves is conceptu
ally shown in Fig 8.1. Though this is not what actually 
occurred in the push-off tests, this was done for consis
tency, since the program could generate only reasonable 
values for the cement-stabilized subbase input in this 
format. The output, then, most likely overestimates the 
tensile stresses for this pavement design. 

A 250-foot slab length was used for the 
asphalt-stabilized and flexible subbases. A 500-foot 
length had to be used for lime-treated clay, since the400 
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psi tensile strength value was not reached for a slab length of 
250 feet. The same problem was encountered for 250-foot 
and 500-foot slab lengths on the unbound shell subbase, and, 
to achieve tensile stress values above 400 psi, the length on 
that subbase was extended to 1000 feet However, a 75-foot 
slab length had to be used for the cement-stabilized subbase, 
because the program could not handle any longer lengths 
since this subbase's frictional effect was so large. 

This output results from an inputted 40-degree drop in 
slab temperature, from 90 degrees (the concrete curing 
temperature) to 50 degrees. There was a zero temperature 
differential between the top and bottom surfaces of the slabs. 

Movement 
at Maximum 
Frictional 
Restraint 

Curve Generated 
by Project Push-oft 
Tesls 

Movement, in. 

Fig 8.1. Conceptual frictional re
straint movement curve for the sub
bases entered into the PCPJ program. 

RESULTS 

The results of the program output are graphically shown 
in Fig 8.2, which shows that the 400 psi maximum tensile 
stress value was reached at 15 feet for the cement-stabilized 
subbase, around 79 feet for the flexible subbase, about 85 
feet for the asphalt-stabilized subbase, approximately 154 
feet for the lime-treated clay, and 380 feet for the unbound 
shell subbase. This means that the cement-stabilized sub
base can cause approximately a twenty-five-fold increase in 

500 

50 100 150 200 250 300 350 400 

location from End of Slab, ft 

-. CSBS!r•s 
- • LTC Stress 
- • FLXS Stress 
- • ASB Stress 
- • SHELL Stress 

Fig 8.2. Tensile stress versus slab location. 
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tensile stresses over the stresses caused by the unbound shell 
subbase, a tenfold increase over the lime-treated clay, and 
around a fivefold increase over the asphalt and 
lime-stabilized subbases at the same slab location for this 
pavement design. 

Possible joint spacings can also be derived from this 
graph by multiplying the above values by a factor of two. 
This, in essence, is putting two ends of a long slab together 
to make a smaller slab with a maximum tensile stress of 
approximately 400 psi at the center. So, theoretically, joint 
spacings of 30, 160, 170, 300, and 760 feet can be achieved 
on cement-stabilized, flexible, asphalt-stabilized, 
lime-treatedclay,andunboundshellsubbases,respectively, 
using this design. However, ratios of the spacings can be 
helpful to fmd comparative joint spacings for conditions 
other than those input into the PCP1 program. For example, 
say that joint spacings of 30 feet have been found to be 
desirable for jointed pavements overlying 
asphalt-stabilized subbases. Using the joint spacings from 

Cement- 1-6~ 
Stabilized r-'1 
Subbase D 

28' 
Aexible ~"~~re~--------------~11"1 
Subbase 

Asphalt- 1.. 30' .J 
Stabilized ~r~::::::::::~PJ 
Subbase 

~. ~ ~ ~ 
Treated ~r~::::::::::::::::::::~ 
Clay !~...--_________ ......~_ 

135' 

the computer data, the resulting ratios are 1 to 0.19 for 
asphalt-stabilized subbase to cement-stabilized subbase; 1 
to 0.94 for asphalt-stabilized subbase to flexible subbase; 1 
to 1.8 for asphalt-stabilized subbase to lime-treated clay 
subbase; and 1 to 4.5 for asphalt-stabilized subbase to 
unbound shell subbase. Multiplying these resulting values 
by 30 feet generates the joint spacings shown in Fig 8.3. It 
is surprising that the cement-stabilized subbase causes such 
a relatively small joint spacing. 

From the graph, it seems imperative that some sort of 
effective friction reducer be used between jointed and 
prestressed pavements and cement-stabilized subbases, as 
is the current practice. It would also explain why several 
concrete pavements overlying untreated cement-stabilized 
subbases have excessive amounts of cracks and punchouts. 
The results also show the very significant effect that fric
tional resistance, along with traffic loads, can have on 
pavement tensile stresses. 

Unoou~ ~------------------------------------------------------~ Shell 

Fig 8.3. Comparadve joint spacings from the computed results. 



CHAPTER 9. CONCLUSIONS AND RECOMMENDATIONS 

CONCLUSIONS FROM THIS REPORT 

1. For the Texas Specification Type "D" Asphalt Pave
ment subbase used in this report: 
(a) Texture was not significant in the frictional 

restrainL 
(b) Depth of the subbase layer can affect frictional 

restrainL 
(c) Higher temperatures decreased the frictional 

resistance; lower temperatures increased the 
resistance. 

(d) Overburden pressure, i.e., slab thickness, did not 
significantly affect frictional resistance. 

(e) For a subbase layer of 2 inches, the failure plane 
was at the interface between the subbase and the 
underlying material. 

(f) For a subbase layer of 5 inches, the failure plane 
was within the subbase. 

2. The CRCP computer program, given proper concrete 
pavement and subbase data input, can predict actual 
cmck spacing in the concrete pavement. 

3. The indirect tensile test can be viable in estimating 
frictional resistance if a large number of cores are tested 
for each subbase that is considered for frictional prop
erties. An example equation is presented in Fig 6.3. 

4. According to the PCA Study for the FHW A, texture on 
a bituminous-coated cement-stabilized subbase mate
rial with a poor friction reducer, such as a 1/16-inch 
sand skin, can affect frictional resistance. However, 
when an effective friction reducer is used, such as poly
ethylene, texture is not a factor. 

5. Subbase friction does have an effect on the performance 
of continuously reinforced concrete pavements, but 
such pavements are more sensitive to concrete coarse 
aggregate type and tensile strength. 

6. For jointed concrete pavements, a cement-stabilized 
subbase can cause almost a twenty-five-fold increase in 
tensile stresses over the stresses caused by an unbound 
shell subbase, a tenfold increase over the lime-treated 
clay,andaroundafivefoldincreaseovertheasphaltand 
lime-stabilized subbases at the same slab location. 

RECOMMENDATIONS 

1. For future puslH>ff tests, shorter slabs should be used, 
such as the4-foot by 4-foot by6-inchslabs used in the 
PCA report for the FHW A discussed in this report. 

2. If push-off testing is conducted on thick layers of 
asphalt-stabilized subbases, it is likely that the subbase 
cannot take any bearing pressure. If anchors are used for 
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loading the slabs, the holes excavated for the anchors 
should significantly extend into the material under the 
subbase. 

3. More testing needs to be done on asphalt-stabilized 
subbases for a range of temperature values, since the 
temperature of the subbase affects its material proper
ties and, thus, its frictional resistance. 

4. More rescuch should be done in the indirect tensile test 
correlation to frictional resistance. It is also recom
mended for this test that asphalt-stabilized subbase 
cores be tested under a range of temperatures. 

5. If texture on stabilized subbase materials is to be consid
ered in the future, another method of texturing should be 
considered, since the wedge-hammer method used in 
this report was time consuming and cumbersome. 
Rotomilling and varying the aggregate gradation of the 
subbase are suggested methods for asphalt-stabilized 
and cement-stabilized subbases. 

6. If more research is to be done in correlating actual crack 
spacing to predicted crack spacing using the CRCP 
computer model, more accurate data concerning the 
concrete pavement and reinforcing steel properties 
should be used. 

MAJOR CONCLUSIONS FROM CENTER 
FOR TRANSPORTATION RESEARCH 
REPORT 459-1 (REF 6) 

1. The magnitude of frictional resistance and the point at 
which sliding occurs vary from subbase to subbase. 

2. The addition of stabilizing agents to a subbase will offer 
higher frictional resistance and the point at which slid
ing occurs will be a smaller movement as compared to 
that for an unbound subbase. 

3. The magnitude of subbase friction is dependent on three 
components, namely bearing, shear, and adhesion at the 
slab-subbase interface. 

4. If the adhesion component is high enough, the failure 
plane at sliding will not be at the slab-subbase interface 
but within the subbase. This holds true for all stabilized 
subbases tested in this project. 

5. The failure plane at sliding will be at the slab-subbase 
interface for loose unbound subbases. 

6. If failure occurs within the subbase as it does for 
stabilized subbases, frictional information can be 
looked at as a two-dimensional stress analysis, where 
the shearing is only slightly influenced by the overbur
den pressure supplied by slab weight. 

7.1f failure occurs at the slab-subbase interface, then the 
magnitude of frictional resistance is direct! y dependent 
on slab weight. 
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8. A coefficient of friction can be used in design of 
concrete pavements for determining frictional resis
tances for loose unbound subbases but not for stabilized 
subbases. 

9. Subbase friction for stabilized subbases must be deter
mined by a friction-movement profile obtained through 
a push-off tesL 

10. Push-off tests should be repeated over time because it is 
known that the initial test will yield higher frictional 
resistances than will result under steady-state condi
tions. 
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APPENDIX A. INDIRECT TENSILE STRENGTH RESULTS FROM CENTER 
FOR IDGHWAY RESEARCH PROJECT 98 

TABLE A.l. INDIRECT TENSILE STRENGTH DATA FOR ASPHALT 
TREATED SPECIMENS (REF 7) 

Indirect Indirect 
Tensile Horizontal Tensile Horizontal 

Specimen Strength FaUure Specimen Strength FaUure 
Number (psi) Deformation Number (psi) Deformation 

20 74.5 0.0100 55 23.9 0.0076 

21 108.4 0.0064 56 13.5 0.0154 
22 105.1 0.0056 57 30.9 0.0098 

23 65.5 0.0074 58 41.5 0.0102 
24 60.7 0.0098 59 828 0.0064 

25 629 0.0136 60 65.6 0.0078 
26 80.5 0.0072 61 54.6 0.0136 
27 35.9 0.0080 62 50.8 0.0078 
28 29.8 0.0144 63 25.5 0.0034 
29 37.0 0.0052 64 83.0 0.0062 
30 15.6 0.0073 90 30.2 0.0070 
31 14.3 0.0088 66 29.2 0.0068 
32 95.7 O.Qll2 67 53.5 0.0102 
89 111.3 0.0164 68 43.6 0.0064 
34 148.5 0.0040 69 43.2 0.0064 
35 82.9 0.0068 70 120.4 0.0068 
36 * 91.5 0.0184 88 191.3 0.0056 
37 * 82.3 0.0218 72 169.4 0.0068 
38 127.8 0.0176 73 117.1 0.0126 
39 156.3 0.0114 74 82.8 0.0190 
40 133.5 0.0178 75 * 124.2 0.0132 
41 69.4 0.0210 76 * 126.7 0.0140 
42 137.7 0.0093 77 73.4 0.0262 
43 134.3 0.0106 78 55.5 0.0228 
44 120.1 0.0077 79 149.0 0.0176 
45 131.2 0.0122 80 231.3 0.0090 
46 185.0 0.0051 81 179.8 0.0170 
47 158.7 0.0044 82 78.8 0.0282 
48 166.5 0.0068 83 129.2 0.0128 
49 85.8 0.0254 84 * 195.1 0.0052 
50 122.5 0.0190 85 * 204.9 0.0065 
51 148.1 0.0124 86 116.7 0.0180 
52 125.0 0.0180 87 107.2 0.0072 
53 * 7.6 0.0090 
54* 12.8 0.0092 

*Duplicate specimens. 
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TABLE A.2. INDIRECT TENSILE STRENGTH DATA FOR CEMENT TREATED SPECIMENS (REF 
8) 

Indirect Indirect Indirect Indirect 
Tensile Tensile Tenslle Tenslle 

Specimen Strength Specimen Strength Specimen Strength Specimen Strength 
Number (psi) Number (psi) Number (psi) Number (psi) 

1 34.7 46 74.3 91 375.2 136 102.8 
2 126.4 47 113.7 92 196.8 137 122.6 
3 20.3 48 39.4 93 117.1 138 113.4 
4 174.6 49 722 94 47.1 139 106.9 
5 14.3 50 225.4 95 41.4 140 147.2 
6 248.9 51 272.5 96 44.8 141 48.0 
7 123.3 52 243.3 97 175.8 142 77.0 
8 140.5 53 25.3 98 96.0 143 132.9 
9 212.0 54 238.0 99 385.3 144 159.1 

10 257.2 55 91.6 100 63.7 145 * 82.3 
11 174.6 56 242.6 101 26.0 146 147.5 
12 90.5 57 103.1 102 497.1 147 55.0 
13 * 139.0 58 111.3 103 54.3 148 207.4 
14 39.3 59 187.7 104 * 70.9 149 113.9 
15 54.1 60 101.9 105 259.2 150 * 74.5 
16 50.0 61 84.9 106 71.8 151 122.0 
17 268.9 62 * 206.5 107 41.1 152 170.3 
18 * 252.0 63 105.7 108 374.3 153 128.2 
19 57.8 64 183.5 109 254.1 154 365.1 
20 66.6 65 40.4 110 106.3 155 * 93.5 
21 103.8 66 * 190.5 111 245.6 156 197.8 
22 237.9 67 137.6 112 54.7 157 104.5 
23 290.7 68 60.4 113 * 105.6 158 26.4 
24 197.5 69 99.6 114 63.8 159 59.5 
25 366.5 70 32.3 115 * 98.1 160 74.7 
26 260.2 71* 202.6 116 108.5 161 192.3 
27 157.5 72 134.0 117 98.0 162 37.0 
28 115.6 73 283.2 118 283.3 163 123.0 
29 431.8 74 70.9 119 62.0 164 13.1 
30 * 129.3 75 * 127.7 120 40.6 165 303.8 
31 118.0 76 114.8 121 93.1 166 247.5 
32 80.8 77 70.5 122 * 136.8 167 291.2 
33 89.8 78 212.9 123 115.5 168 108.3 
34 44.0 79 37.0 124 63.7 169 73.1 
35 169.6 80 * 145.4 125 30.9 170 40.4 
36 74.2 81 102.1 126 127.1 171 42.0 
37 41.6 82 139.8 127 227.6 172 146.4 
38 68.0 83 221.7 128 142.4 173 233.5 
39 364.1 84 57.0 129 157.8 174 43.6 
40 57.7 85 162.4 130 495.5 175 162.9 
41 86.4 86 131.1 131 39.6 176 * 92.4 
42 27.0 87 45.2 132 88.0 177 280.2 
43 316.0 88 169.4 133 50.3 178 252.8 
44 41.1 89 251.8 134 125.9 179 68.0 
45 53.7 90 100.1 135 180.3 180 22.4 

*Duplicate specimen. (continued) *Duplicate specimen. 
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TABLE A.3. INDIRECT TENSILE STRENGTH DATA FOR LIME 
TREATED CLAY SPECIMENS (REF 9) 

Indirect Indirect Indirect 
Tensile TensUe Tensile 

Specimen Strength Specimen Strength Specimen Strength 
Number* (psi) Number* (psi) Number* (psi) 

1 ••• 318 21 73 40•• 66 
2 •• 115 22 259 41••• 150 
3 •• 75 23 120 42 124 
4 160 24 45 43 64 
6 ••• 68 25 68 44 56 
7 36 26 83 45 32 
9 36 28 46 46 25 

10 73 29 50 47 33 
11 59 30 42 49 65 
12 63 31 74 50 98 
13 58 32 56 51 97 
14 ••• 92 33 178 52 75 
15 29 35 •• 70 53 89 
17 101 36 •• 43 54 24 
18 43 37 92 55 33 
19 28 38 109 56 50 
20 •• 26 39 19 57 46 

• Trealment combinations for each specimen given in Ref 9. 
•• Duplicate specimens. 

••• These values are from replacement specimens (Ref 9). 



APPENDIX B. RESULTS OF THE PUSH-OFF TESTS ON ASPHALT 
CONCRETE PAVEMENT AT THE BALCONES 

RESEARCH CENTER 

TABLE B.l. PUSH·OFF TEST9 7 IN. SIMULATED SLAB ON 5 IN. ASPHALT 
PAVEMENT WITH ROUGH TEXTURE 

Push-offTestNo.: 1 BRC Slab Area: 4032 in. 2 
Date: 8-11-1987 Slab Thickness: 7" Simulated 
Subbase: 5" Asphalt Texture: Rough 

Ram Horizontal Vertical Slab Frictional 
Time Load Pressure Movement Movement Temp. Resistance 

(Hr:Min) (kips) (ksl) (in.) (ln.) (OF) (psi) ).1. 

16:33 0.850 0.100 0.0000 0.0000 115.124 0.211 0.361 
16:34 1.583 0.300 0.0002 0.0001 114.980 0.393 0.673 
16:34 2.924 0.600 0.0011 0.0000 114.998 0.725 1.243 
16:35 4.259 0.850 0.0030 0.0008 114.998 1.056 1.811 
16:35 6.023 1.200 0.0053 0.0021 115.052 1.494 2.561 
16:35 7.896 1.550 0.0080 0.0038 115.070 1.958 3.357 
16:35 8.782 1.850 0.0132 0.0069 115.214 2.178 3.734 
16:36 10.777 2.100 0.0183 0.0106 115.250 2.673 4.582 
16:36 11.583 2.350 0.0283 0.0176 115.232 2.873 4.925 
16:36 13.009 2.500 0.0355 0.0252 115.268 3.226 5.531 
16:36 12.536 2.500 0.0474 0.0363 115.286 3.109 5.330 
16:37 12.399 2.550 0.0563 0.0470 115.340 3.075 5.272 
16:37 12.315 2.500 0.0651 0.0587 115.304 3.054 5.236 
16:37 12.005 2.500 0.0756 0.0723 115.286 2.977 5.104 
16:38 12.078 2.500 0.0920 0.0918 115.160 2.996 5.135 
16:38 11.143 2300 0.1165 0.1223 115.070 2.764 4.738 
16:38 10.242 2.050 0.1447 0.1743 115.088 2.540 4.355 
16:39 8.279 1.600 0.2060 0.2858 115.016 2.053 3.520 
16:39 6.635 1.300 0.2840 0.3663 114.908 1.646 2.821 
16:39 5.624 1.100 0.3812 0.1721 114.872 1.395 2.391 
16:40 4.642 0.900 0.4877 0.1963 114.854 1.151 1.974 
16:40 3.976 0.800 0.5818 0.2053 114.854 0.986 1.690 

40 
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TABLE B.2. PUSH-OFF TEST, 3-1/2-IN. SLAB ON S-IN. ASPHALT PAVEMENT 
WITH ROUGH TEXTURE 

Push-off Test No.: 4 BRC Slab Area: 4032 in. 2 

Date: 8-11-1987 Slab Thickness: 3 l/2" 
Subbase: 5" Asphalt Texture: Rough 

Ram Horizontal Vertical Slab Frictional 
Time Load Pressure Movement Movement Temp. Resistance 

(Hr:Min) (kips) (ksi) (in.) (in.) (OF) (psi) ll 

16:09 0.817 0.000 0.0000 0.0000 114.944 0.203 0.695 
16:09 1.462 0.250 0.0000 0.0001 114.962 0.363 1.243 
16:10 2.789 0500 0.0000 0.0002 115.016 0.692 2.372 
16:10 4.116 0.800 0.0015 0.0007 115.070 1.021 3.500 
16:10 5.271 1.100 0.0057 0.0022 115.052 1.307 4.482 
16:10 7.341 1.500 0.0115 0.0060 115.088 1.821 6.242 
16:11 9.413 1.900 0.0199 0.0119 115.052 2.335 8.004 
16:11 10.901 2.200 0.0322 0.0202 115.034 2.704 9.270 
16:11 11.477 2.300 0.0488 0.0310 115.106 2.846 9.759 
16:12 11.506 2.300 0.0620 0.0428 115.124 2.854 9.784 
16:12 10.964 2.200 0.0729 0.0506 115.232 2.719 9.323 
16:12 10.768 2.100 0.0824 0.0580 115.304 2.671 9.156 
16:13 10.225 2.000 0.0933 0.0656 115.286 2.536 8.695 
16:13 10.082 1.900 0.1058 0.0742 115.304 2.500 8.573 
16:13 9.748 1.800 0.1166 0.0823 115.196 2.418 8.289 
16:13 9.305 1.700 0.1280 0.0925 115.214 2.308 7.912 
16:14 8.829 1.600 0.1438 0.1042 115.232 2.190 7.508 
16:14 8.058 1.500 0.1574 0.1179 115.142 1.999 6.852 
16:14 7.491 1.400 0.1804 0.1351 115.160 1.858 6.370 
16:14 6.649 1.300 0.2083 0.1619 115.008 1.649 5.654 
16:15 5.527 1.100 0.2583 0.2117 114.872 1.371 4.700 
16:15 4.160 0.950 0.3298 0.2477 114.728 1.032 3.537 
16:15 2.719 0.900 0.4329 0.2715 114.872 0.674 2.312 
16:16 1.846 2.000 0.4521 0.2482 114.944 0.458 1.570 
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TABLE B.3. PUSH-OFF TEST, 3-1/2-IN. SLAB ON S-IN. ASPHALT PAVEMENT 
WITH SMOOTH TEXTURE 

Push-off Test No.: 5 BRC Slab Area: 4032 in. 2 

Date: 8-11-1987 Slab Thickness: 3 Ill" 
Subbase: 5" Asphalt Texnm::: Smooth 

Ram Horizontal Vertical Slab Frictional 
Time Load Pressure Movement Movement Temp. Resistance 

(Hr.Min) (kips) (ksl) (ln.) (ln.) ("F) (psi) J.l 

15:05 0.188 0.000 0.0000 0.0000 115.034 0.047 0.160 
15:07 0.985 0.120 0.0000 0.0000 115.052 0.244 0.838 
15:07 1.485 0.250 0.0001 -0.0001 115.070 0368 1.263 
15:07 2.111 0.400 0.0001 0.0000 115.034 0.524 1.795 
15:08 3.000 0.600 0.0001 0.0002 115.016 0.744 2.551 
15:08 3.594 0.750 0.0004 0.0008 114.908 0.891 3.056 
15:08 4.544 1.000 0.0016 0.0015 114.908 1.127 3.864 
15:09 5.400 1.100 0.0036 0.0024 114.890 1339 4.592 
15:09 6304 1300 0.0060 0.0034 114.908 1.563 5.361 
15:09 7.783 1.600 0.0095 0.0053 114.890 1.930 6.618 
15:10 8.576 1.800 0.0150 0.0085 114.908 2.127 7.293 
15:10 9.293 1.900 0.2060 0.0128 114.890 2.305 7.902 
15:10 9.986 2.000 0.0266 0.0184 114.818 2.477 8.491 
15:11 9.854 2.100 0.0365 0.0251 114.890 2.444 8.379 
15:11 9.890 2.100 0.0494 0.0335 114.908 2.453 8.410 
15:12 10.212 2.100 0.0663 0.0396 114.980 2.533 8.684 
15:12 9.102 2.000 0.0777 0.0498 114.998 2.257 7.740 
15:12 9.296 2.000 0.0866 0.0576 114.998 2306 7.905 
15:13 8.966 1.900 0.0951 0.0655 115.052 2.224 7.624 
15:13 8.461 1.700 0.1028 0.0738 115.034 2.098 7.195 
15:14 8.144 1.500 0.1099 0.0833 115.070 2.020 6.925 
15:15 7.367 1.400 0.1282 0.1073 115.214 1.827 6.264 
15:15 7.568 1.400 0.1401 0.1228 115.268 1.877 6.435 
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TABLE B.4. PUSH-OFF TEST, 3-1/2-IN. SLAB ON 5-IN. ASPHALT PAVEMENT 
WITH MEDIUM TEXTURE 

Push-off Test No.: 6 BRC Slab Area: 4032 in. 2 

Date: 8-11-1987 Slab Thickness: 3 lfl" 
Subbase: 5" Asphalt Texture: Medium 

Ram Horizontal Vertical Slab Frictional 
Time Load Pressure Movement Movement Temp. Resistance 

(Hr. MID) (kips) (ksi) (ln.) (ln.) eF> (psi) J.l 

17:29 0.596 0.060 0.0000 0.0000 113.882 0.148 0.507 
17:30 1.107 0.200 0.0003 0.0000 113.738 0.275 0.941 
17:31 1.782 0350 0.0010 0.0001 113.630 0.442 1.515 
17:31 3.450 0.750 0.0024 0.0006 113.594 0.856 2.934 
17:31 5.479 1.400 0.(1047 0.0036 113.648 1.359 4.659 
17:31 7.268 1.600 0.0064 0.0065 113.684 1.803 6.180 
17:32 8.753 2.000 0.0088 0.0101 113.738 2.171 7.443 
17:32 10.117 2300 0.0122 0.0143 113.756 2.509 8.603 
17:32 11.468 2.700 0.0161 0.0193 113.594 2.844 9.752 
17:32 11.715 2.800 0.0215 0.0272 113.486 2.906 9.962 
17:33 11.464 2.500 0.0264 0.0367 113.522 2.843 9.748 
17:33 11.308 2.700 0.0323 0.0484 113.540 2.805 9.616 
17:33 11.640 2.800 0.0404 0.0625 113.594 2.887 9.898 
17:34 11.318 2.500 0.0484 0.0739 113.558 2.807 9.624 
17:34 10.201 2.500 0.0611 0.0992 113.486 2.530 8.674 
17:35 9.716 2.200 0.0683 0.1117 113.540 2.410 8.262 
17:35 10.267 2.400 0.1056 0.1517 113.504 2.546 8.730 
17:36 9.638 2.100 0.1484 0.2047 113.180 2.390 8.196 
17:36 9.129 1.900 0.2006 0.2658 113.072 2.264 7.763 
17:36 7360 1.500 0.2502 0.3683 113.126 1.825 6.259 
17:37 4.900 1.500 0.3184 0.4430 113.180 1.215 4.167 
17:37 2.842 3.000 0.3578 0.4433 113.306 0.705 2.417 
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TABLE B.S. PUSH-OFF TEST, 7-IN. SIMULATED SLAB ON 2-IN. ASPHALT 
PAVEMENT WITH ROUGH TEXTURE 

Push-off Test No.: 7 BRC Slab Area: 4032 in. 2 

Date: 8-12-1987 Slab Thickness: 7" Simulated 
Subbase: 2" Asphalt Texture: Rough 

Ram Horizontal Vertical Slab Frictional 
Time Load Pressure Movement Movement Temp. Resistance 

(Hr:Min) (ldps) (ksl) (in.) (in.) (OF) (psi) J1 

17:43 0.453 0.14 0.0000 0.0000 110.174 0.112 0.193 
17:43 0.991 0.28 0.0000 0.0000 110.318 0.246 0.421 
17:44 1.951 0.48 0.0000 0.0000 110.336 0.484 0.830 
17:44 2.971 0.68 0.0004 0.0002 110.336 0.737 1.263 
17:44 4.019 0.90 0.0012 0.0005 110.390 0.997 1.709 
17:44 5.221 1.12 0.0025 0.0012 110.336 1.295 2.220 
17:45 6.090 1.28 0.0040 0.0021 110.300 1.510 2.589 
17:45 7.207 1.50 0.0063 0.0036 110.264 1.787 3.064 
17:45 8.302 1.68 0.0103 0.0068 110.318 2.059 3.530 
17:45 8.932 1.80 0.0162 0.0116 110.390 2.215 3.798 
17:46 9.561 1.90 0.0229 0.0176 110.300 2.371 4.065 
17:46 9.757 1.90 0.0337 0.0273 110.246 2.420 4.148 
17:46 9.277 1.88 0.0535 0.0414 110.102 2.301 3.944 
17:47 9.040 1.75 0.0739 0.0498 110.192 2.242 3.844 
17:47 8.719 1.62 0.0959 0.0644 110.174 2.162 3.707 
17:47 7.372 1.50 0.1270 0.0824 110.264 1.828 3.134 
17:47 7.231 1.40 0.1537 0.0950 110.372 1.793 3.074 
17:48 6.866 1.28 0.1957 0.1100 110.372 1.703 2.919 
17:48 6.083 1.16 0.2420 0.1215 110.390 1.509 2.586 
17:48 5.596 1.06 0.2897 0.1319 llo.408 1.388 2.379 
17:48 5.281 1.00 0.3294 0.1372 110.300 1.310 2.245 
17:49 5.150 0.98 0.3840 0.1459 110.264 1.277 2.190 
17:49 7.481 0.90 0.4348 0.1551 110.228 1.855 3.181 
17:49 4.366 0.78 0.5998 0.1347 110.210 1.083 1.856 
17:50 3.98 0.70 0.6888 -0.0699 110.228 0.987 1.692 
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TABLE B.6. PUSH-OFF TEST, 7-IN. SIMULATED SLAB ON 2-IN. ASPHALT 
PAVEMENT WITH SMOOTH TEXTURE 

Push-()ffTestNo.: 8 BRC Slab Area: 4032 in. 
2 

Date: 8-12-1987 Slab 'lbickness: 7" Simulated 
Subbase: 2" Asphalt Texture: Smooth 

Ram Horizontal Vertical Slab Frictional 
Time Load Pressure Movement Movement Temp. Resistance 

(Hr. Min) (kips) (ksl) (in.) (in.) ("F) (psi) 1.1. 

16:48 0.723 0.06 0.0000 0.0000 112.550 0.179 0.307 
16:48 2.308 0.40 0.0003 0.0002 112.568 0.572 0.981 
16:48 4.069 0.80 0.0013 0.0008 112.550 1.009 1.730 
16:49 6.614 1.28 0.0066 0.0042 112.586 1.640 2.812 
16:49 8.194 1.60 0.0148 0.0098 112748 2.007 3.441 
16:49 9.692 1.90 0.0251 0.0205 112.694 2.404 4.121 
16:49 10.251 1.90 0.0390 0.0359 112766 2.542 4.358 
16:50 9.882 1.80 0.0698 0.0556 112802 2.451 4.202 
16:50 8.115 1.50 0.1242 0.0949 112.874 2.013 3.450 
16:50 6.782 1.20 1.1998 0.1196 112892 1.682 2.884 
16:51 5.777 1.10 0.2629 0.1363 112928 1.433 2.456 
16:51 5.253 0.90 0.3195 0.1472 113.054 1.303 2.233 
16:51 4.767 0.90 0.3917 -0.0777 113.036 1.182 2.027 
16:51 4.309 0.80 0.4500 -0.0713 113.144 1.069 1.832 

TABLE B.7. PUSH-OFF TEST, 7-IN. SIMULATED SLAB ON 2-IN. ASPHALT 
PAVEMENT WITH MEDIUM TEXTURE 

Push-()ffTestNo.: 9 BRC Slab Area: 4032 in. 2 

Date: 8-12-1987 Slab 'lbickness: 7" Simulated 
Subbase: 2" Asphalt Texture: Medium 

Ram Horizontal Vertical Slab Frictional 
Time Load Pressure Movement Movement Temp. Resistance 

(Hr:Min) (kips) (ksi) (in.) (in.) eF> (psi) 1.1. 

15:40 1.099 0.180 0.0000 0.0000 113.504 0.273 0.467 
15:42 2.130 0.480 0.0001 -0.0001 113.486 0.528 0.906 
15:43 3.324 0.740 0.0004 -0.0001 113.522 0.824 1.413 
15:43 4.878 1.100 0.0013 0.0000 113.612 0.210 2.074 
15:43 6.684 1.500 0.0027 0.0006 113.792 1.658 2.842 
15:44 7.370 1.700 0.0043 0.0016 113.810 1.828 3.134 
15:44 8.217 1.900 0.0058 0.0026 113.810 2.038 3.494 
15:45 8.907 2.000 0.0084 0.0046 113.774 2.209 3.787 
15:45 9.814 2.200 0.0139 0.0097 113.828 2.434 4.173 
15:45 10.336 2.300 0.0258 0.0206 113.828 2.563 4.395 
15:45 9.960 2.200 0.0428 0.0325 113.756 2.470 4.235 
15:46 9.887 2.100 0.0636 0.0427 113.450 2.452 4.204 
15:46 9.905 2.000 0.0930 0.0527 113.432 2.457 4.211 
15:47 9.305 1.750 0.1279 0.0604 113.486 2.308 3.956 
15:47 8.421 1.600 0.1682 0.0635 113.504 2.089 3.580 
15:47 7.365 1.500 0.1999 0.0605 113.396 1.827 3.131 
15:48 6.380 1.400 0.2315 0.0579 113.360 1.582 2.713 
15:48 5.344 1.100 0.2988 -0.0087 113.360 1.325 2.272 
15:48 4.180 0.700 0.3764 -0.0408 113.270 1.037 1.777 
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TABLE B.S. PUSH-OFF TEST, 3-1/2-IN. SLAB ON 2-IN. ASPHALT PAVEMENT 
WITH ROUGH TEXTURE 

Push-off Test No.: 10 BRC Slab Area: 4032 in. 2 

Date: 8-12-1987 Slab Thickness: 3 1/2" Simulated 
Subbase: 2" Asphalt Texture: Rough 

Ram Horizontal Vertical Slab Frictional 
Time Load Pressure Movement Movement Temp. Resistance 

(Hr:Min) (kips) (ksl) (ln.) (ln.) (OF) (psi) J.1 
18:03 0.415 0.180 0.0000 0.0000 109.796 0.103 0.353 
18:04 1.093 0.340 0.0000 0.0000 109.688 0.271 0.929 
18:04 2.191 0.540 0.0002 0.0002 109.706 0.543 1.863 
18:04 2.878 0.720 0.0010 0.0004 106.616 0.714 2.447 
18:05 3.614 0.880 0.0021 0.0007 109.634 0.896 3.073 
18:05 4.375 1.020 0.0040 0.0013 109.598 1.085 3.720 
18:05 5.973 1.380 0.0088 0.0035 109.598 1.481 5.079 
18:05 6.703 1.520 0.0133 0.0062 109.562 1.662 5.700 
18:06 7.218 1.620 0.0187 0.0032 109.526 1.790 6.138 
18:06 7.728 1.740 0.0247 0.0094 109.490 1.917 6.571 
18:06 8.045 1.800 0.0319 0.0182 109.418 1.995 6.841 
18:06 8.240 1.820 0.0402 0.0298 109.418 2.044 7.007 
18:07 9.263 1.920 0.0501 0.0461 109.472 2.297 7.877 
18:07 7.616 1.700 0.0660 0.0759 109.490 1.889 6.476 
18:07 6.919 1.600 0.0813 0.0901 109.400 1.716 5.884 
18:07 5.994 1.500 0.0969 0.1169 109.454 1.487 5.097 
18:08 5.239 1.400 0.1127 0.1372 109.364 1.299 4.455 
18:08 5.573 1.300 0.1242 0.1511 109.544 1.382 4.739 
18:08 5.180 1.200 0.1407 0.1652 109.508 1.285 4.405 
18:09 4.918 1.160 0.1562 0.1715 109.508 1.220 4.182 
18:09 4.595 1.060 0.1720 0.1830 109.472 1.140 3.907 
18:09 4.419 0.980 0.1866 0.1951 109.490 1.096 3.758 
18:10 4.336 0.940 0.2043 0.2073 109.490 1.075 3.687 
18:11 4.159 0.820 0.2578 0.2337 109.508 1.007 3.452 
18:11 3.869 0.800 0.2973 0.2519 109.562 0.960 3.290 
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TABLE B.9. PUSH-OFF TEST, 3·112" SLAB ON 2•• ASPHALT PAVEMENT WITH 
SMOOTH TEXTURE 

Push-off Test No.: 11 BRC Slab Area: 4032 in. 
2 

Date: 8-12-1987 Slab Thickness: 3 If]." 
Subbase: 2" Asphalt Texture: Smooth 

Ram Horizontal Vertical Slab Frictional 
Time Load Pressure Movement Movement Temp. Resistance 

(Hr:Min) (kips) (ksl) (ln.) (ln.) (OF) (psi) JJ. 
17:18 0.474 0.060 0.0000 0.0000 111.092 0.118 0.403 
17:18 0.865 0.120 0.0000 0.0000 110.948 0.215 0.736 
17:18 1560 0.280 0.0002 0.0000 110.840 0.387 1.327 
17:19 2.623 0500 0.0006 0.0002 110.768 0.651 2.230 
17:19 3.652 0.720 0.0032 0.0016 110.912 0.906 3.105 
17:19 4.270 0.850 0.0088 0.0043 110.894 1.059 3.631 
17:19 5.065 1.000 0.0156 0.0070 110.912 1.256 4.307 
17:20 5.715 1.100 0.0200 0.0093 111.020 1.417 4.860 
17:20 6.210 1.220 0.0240 0.0111 111.074 1.540 5.281 
17:20 6.525 1.400 0.0286 0.0146 111.056 1.618 5.548 
17:20 6.668 1300 0.0352 0.0191 111.020 1.654 5.670 
17:21 6.479 1.200 0.0424 0.0232 111.092 1.607 5.509 
17:21 6.266 1.220 0.0506 0.0267 111.110 1.554 5.328 
17:21 6.020 1.200 0.0575 0.0314 111.200 1.493 5.119 
17:21 5.732 1.000 0.0644 0.0343 111.128 1.422 4.874 
17:22 5.470 1.000 0.0756 0.0388 111.056 1.357 4.651 
17:22 5.765 0.900 0.0863 0.0423 111.002 1.430 4.902 
17:23 5.574 0.900 0.1037 0.0466 110.768 1.380 4.740 
17:23 5.246 0.800 0.1159 0.0493 110.558 1.301 4.461 
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TABLE B.lO. PUSH-OFF TEST, 3-112-IN. SLAB ON 2-IN. ASPHALT PAVEMENT 
WITH MEDIUM TEXTURE 

Push-off Test No.: 12 BRC Slab Area: 4032 in. 2 

Date: 8-12-1987 Slab Thickness: 3 In." 
Subbase: 2" Asphalt Texture: Medium 

Ram Horizontal Vertleal Slab Frictional 
Time Load Pressure Movement Movement Temp. Resistance 

(Hr:Mln) (kips) (ksl) (in.) (in.) (OF) (psi) J.l. 

16:17 0.530 0.060 0.0000 0.0000 112.946 0.131 0.451 
16:19 1.623 0.320 0.0011 -0.0002 113.036 0.403 1.380 
16:19 2.589 0.560 0.0016 -0.0002 113.000 0.642 2.202 
16:20 3.044 0.640 0.0020 -0.0002 113.000 0.755 2.588 
16:20 4.013 0.820 0.0031 0.0000 113.036 0.995 3.412 
16:20 4.581 1.000 0.0051 0.0007 113.036 1.136 3.895 
16:21 5.979 1.300 0.0075 0.0017 113.180 1.483 5.084 
16:21 6.777 1.460 0.0145 0.0064 113.180 1.681 5.763 
16:21 6.974 1.600 0.0262 0.0142 113.216 1.730 5.930 
16:21 8.061 1.700 0.0341 0.0208 113.126 1.999 6.855 
16:22 9.310 1.900 0.0472 0.0351 113.198 2.309 7.917 
16:22 9.318 1.800 0.0643 0.0529 113.216 2.311 7.923 
16:22 8.925 1.820 0.0781 0.0664 113.270 2.214 7.589 
16:23 8.853 1.800 0.0981 0.0877 113.288 2.196 7.528 
16:23 8.303 1.800 0.1231 0.1086 113.306 2.059 7.060 
16:23 8.838 1.700 0.1495 0.1288 113.018 2.192 7.515 
16:23 8.308 1.600 0.1761 0.1472 112.856 2.061 7.065 
16:24 7.048 1.400 0.2282 0.1634 112.766 1.748 5.993 
16:24 6.448 1.300 0.2715 0.1657 112.892 1.599 5.483 
16:25 5.162 1.000 0.3423 -0.0972 112.820 1.280 4.389 
16:25 3.989 0.700 0.4274 -0.1274 112.874 0.989 3.392 
16:26 3.435 1.400 0.4675 -0.1362 112.982 0.852 2.921 
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Fig 8.1. Horizontal movement to peak fric
tional resistance for push-off tests on simulated 
7-inch slab over a 5-inch-thick asphalt pave
ment with a rough texture. 

Fig 8.2. Vertical movement to peak frictional 
resistance for push-off test on 7-inch slab over 
a 5-inch-thick asphalt pavement with a rough 
texture. 

Fig 8.3. Horizontal and vertical movements to 
peak frictional resistance for push-off test on 
simulated 7-in.ch slab over a 5-inch-thick as
phalt pavement with a rough texture. 
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Fig B.4. Horiwntal movement for push-off test on 
simulated 7-inch slab over a 5-inch-thick aspha/J 
pavement with a rough texture. 

Fig B.S. Vertical movement for push-off test on 
simulated 7-inch slab over a 5-inch-thick asphalt 
pavement with a rough texture. 

Fig B.6. Horizontal movement to peak frictional 
resistance for push-off tests on 3-112-inch slab over 
a 5-inch-thick aspha/J pavement with a rough 
texture. 
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Fig B. 7. Vertical movement to peak frictional resis
tance for push-off test on 3-112-inch slab over a 5-
inch-thick asphalt pavement with a rough texture. 

Fig B.S. Horizontal and vertical movements to peak 
frlctioiUJl resistance for push-off test on 3-112-inch 
slab over a 5-inch-thick asphalt pavement with a 
rough texture. 

Fig 8.9. Horizontal movement for push-off test on 
3-112-inch sltlb over a 5-inch-thick asphalt pave
ment with a rough texture. 
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Fig B.lO. Vertical movement for push-off test on 
3-112-inch slab over a 5-inch-thick asphalt 

pavement with a rough texture. 

Fig B.ll. Horizontal movement to peak frictional 
resistance for push-of/tests on 3-112-inch slab over 
a 5-inch·thick asphalt pavement with a smooth 
texture. 

Fig B.l2. Vertical movement to peak frictional 
resistance/or push-off test on 3-112-inch slab over 
a 5-inch-thick asphalt pavement with a smooth 
texture. 
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Fig B.13. Horl:.ontal and vertical movements to 
peak frictional resistance for push-off test on 
3-112-inch slab over a 5-inch-thick asphalt pave
ment with a smooth texture. 

Fig B.14. Horl:.ontal movement for push-off test 
on 3-112-inch slab over a 5-inch-thick asphalt 
pavement with a smooth texture. 

Fig B.lS. Vertical movement for push-off test on 
3-112-inch slab over a 5-inch-thick asphalt pave
ment with a smooth texture. 
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Fig B.16. Horizontal movement to peak frictional 
resistance for push-off tests on 3-1 12-inch slab 
over a 5-inch-thkk asphalt pavement with a me
dium texture. 

Fig B.17. Vertical movement to peak frictional 
resistance for push-off test on 3-112-inch slab 
over a 5-inch-thkk asphalt pavement with a 
medium texture. 

Fig B.l8. Horizontal and vertical movements to 
peak frictional resistance for push-of/test on 3-
112-inch slab over a 5-inch-thick asphalt pave
ment with a medium texture. 
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Fig 8.19. Horizontal movement/or push-off test on 
3-112-inch slab over a 5-inch-thick asphalt pave
ment with a medium texture. 

Fig 8.20. Vertical movement for push-off test on 
3-112-inch slab over a 5-inch-thick asphalt pave
ment with a medium texture. 

Fig 8.21. Horizontal movement to peak frictional 
resistance for push-off tests on simulated 7-inch 
slab over a 2-inch-thick asphalt pavement with a 
rough texture. 
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Fig B.22. Vertical movement to peak frictional 
resistance for push-off test on simulated 7-inch slab 
over a l-inch-thick asphalt pavement with a rough 
texture. 

Fig B.23. Horizontal and vertical movements to 
peakjrictional resistance for push-off test on simu
lated 7-inch slab over a 2-inch-thick asphalt pave
ment with a rough texture. 

Fig B.24. Horizontal movement/or push-offteston 
simulated 7-inch slab over a 2-inch-thick asphalt 
pavement with a rough texture. 
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Fig B.2S. Vertical movement for push-off test on 
simulated 7-inch slab over a 2-inch-thick asphalt 
pavement with a rough texture. 

Fig B.26. Horizontal movement to peak frictional 
resistance for push-off tests on simulated 7-inch 
slab over a 2-inch-thick asphalt pavement with a 
smooth texture. 

Fig B.27. Vertical movement to peak frictional 
resistance for push-off test on simulated 7 -inch slllb 
over a 2-inch-thick asphalt pavement with a smooth 
texture. 
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Fig B.28. Horizontal and vertical movements to 
peak frictional resistance for push-off test on simu· 
lated 7-inch slab over a 2-inch-thick asphalt pave
ment with a smooth texture. 

Fig B.29. Horizontal movement for push-off test on 
simulated 7-inch slab over a 2-inch-thick asphalt 
pavement with a smooth texture. 

Fig B.30. Vertical movement for push-off test on 
simulated 7-inch slab over a 2-inch-thick asphalt 
pavement with a smooth texture. 
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Fig 8.31. Horizontal movement to peak frictional 
resistance for push-off tests on simulllted 7-inch 
slab over a 2-inch-thick asphalt pavement with a 
medium texture. 

Fig 8.32. Vertical movement to peak frictional 
resistance for push-offtest on simulated 7-inch slllb 
over a 2-inch-thick asphalt pavement with a me
dium texture. 

Fig 8.33. Horizontal and vertical movements to 
peak frictional resistance for push-offtest on simu
lated 7-inch slab over a 2-inch-thick asphalt pave
ment with a medium texture. 
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Fig 8.34. Horizontal movement for push-off test on 
simula.led 7-inch slab over a 2-inch-thick asphalt 
pavement with a medium texture. 

Fig 8.35. Vertical movement for push-off test on 
simulated 7-inch slab over a 2-inch-thick asphalt 
pavement with a medium texture. 

Fig 8.36. Horizontal movement to peak frictional 
resistance for push-off tests on 3-112-inch slllb over 
a 2-inch-thick asphalt pavement with a rough 
texture. 
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Fig B.37. Vertical movement to peak fricdonal 
resistance for push-off test on 3-1 12-inch slab over 
a 2-inch-thick asphaU pavement with a rough tex
ture. 

Fig B.38. Horizontal and verdcal movements to 
peakfricdonal resistance for push-off test on 3-112-
inch slab over a2-inch-thick asphalt pavement with 
a rough texture. 

Fig B.39. Horizontal movement for push-off test on 
3-112-inch slab over a 2-inch-thick asphalt pave
ment with a rough texture. 
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Fig B.40. Vertical movement for push-off test on 
3-112-inch slab over a 2-inch-thick asphalt pave
ment with a rough texture. 

Fig B.41. Horizonml movement to peak frictional 
resismnce for push-off tests on 3-112-inch slab over 
a 2-inch-thick asphalt pavement with a smooth 
texture. 

Fig B.42. Vertical movement to peak frictional 
resistance for push-offteston3-112-inch slab over a 
2-inch-thick asphalt pavement with a smooth 
texture. 
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Fig B.43. Horizontal and vertical movements to 
peak frictional resistance for push-off test on 3-112-
inch slab over a 2-inch-thick asphalt pavement with 
a smooth 18xture. 

Fig B.44. Horizontal movement for push-off test on 
3-112-inch slab over a 2-inch-thick asphalt pave
ment with a smooth texture. 

Fig B.4S. Vertical movement/or push-off test on 
3-112-inch slab over a 2-inch-thick asphalt pave
ment with a smooth texture. 
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Fig B.<Ui. Horizontal moyement to peak frictional 
resistance for push-off tests on 3-112-inch slab oyer 
a 2-inch-thick asphalt payement with a medium 
texture. 

Fig B.47. Vertical moYement to peak frictional 
resisto.nce for push-off test on 3 -112-inch slab over a 
2-inch-thiek asphalt pavement with a medium 
texture. 

Fig B.48. Horizontal and Yertical movements to peak 
frictional resistance for push-off test on 3-112-inch 
slab over a 2-inch-thick asphalt pavement with a 
medium texture. 
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Fig B.49. Horizontal movement for push-off test on 
3-112-inch slab over a 2-inch-thick asphalt 
pavement with a medium texture. 

Fig B.SO. Vertical movement for push-offtest on 
3-112-inch slab orer a 2-inch-thick asphalt 
parement with a medium texture. 
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APPPENDIX C. DATA INPUT FOR THE CRCP PROGRAM TO PREDICT 
CRACK SPACING 

TABLE C.l. PROPERTIES OF CONCRETE PAVEMENT WITH SILICEOUS RIVER GRAVEL 

************************************************ 
• 
• 
• 

STEEL PROPERTIES 
• 
• 
• 

************************************************ 

TYPE OF LONGITUDINAL REINFORCERENT IS 
DEFOR"ED BARS 

PERCENT REINFORCE~ENT 
BAR DIAMETER 
YIELD STRESS 
ELASTIC ftODULUS 
THERKAL COEFFICIENT 

= 
= 
= 
= 
= 

6.000£-01 
7e500E..;.Ol 
6.000£+0 .. 
3e02fJE+07 
6.500£-06 

................................................ 
* 
* • 

CONCRETE PROPERTIES * • 
* •••••••••••••••••••••••••••••••••••••••••••••••• 

SLAB THICKNESS = 8.000£+00 
THER"AL COEFFICIENT = 6e00DE-06 
TOTAL SHRINKAGE = 2.525E-D' 
UNIT WEIGHT CONCRETE= le44DE+02 
COftPR£SSIVE STRENGTH= 3.500£+03 

TENSILE STRENGTH DATA AS INPUT BY USER 

AGE., 
COAYSJ 

-o 
1.0 
3.0 
s.o 
7.0 

1 ... 0 
21.0 
21.1 

TENSILE 
STRENGTH 

-o 
165.0 
223.0 
248.0 
266.0 

. 302.0 
311.1 
312.0 
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TABLE C.2. PROPERTIES OF CONCRETE PAVEMENT WITH LIMESTONE AGGREGATE 

************************************************ 
* * 
* 
* 

STEEL PROPERTIES * 
* 

************************************************ 

TTPE OF LONGITUDINAL REINFORCEIIENT IS 
DEFORMED BARS 

PERCENT REINFORCEMENT 
BAR DIAMETER 
YIELD STRESS 
El ASUC "ODULUS 
THER"AL COEFFICIENT 

= 
= 
= 
= 
= 

6.DOOE-01 
7e500E-01 
6.000£+04 
3.020E+07 
6.500£-06 

************************************************ 
* * 
* 
* 

CONCRETE PROPERTIES * 
* 

************************************************ 

SLAB THICKNESS = B.OOOE+OO 
THERMAL COEFFICIENT = 4.008£-06 
TOTAL SHRINKAGE : 2e525E-04 
UNIT VEIGHT CONCRETE= 1e440E+02 
COMPRESSIVE STRENGTH= 3e50DE+D3 
STRENGTH ftULTIPLIER = 1.0 

TENSILE STRENGTH DATA 
********************* 

NO TENSILE STRENGTH OATA IS INPUT BY USER 
THE FOLLnUJNG AGE-TENSILE STRENGTH RELATIONSHIP 
IS USED UHICH IS BASED ON THE RECOMMENDATION 
GIVEN BY U.s. BUREAU OF RECLAMATION 

ASE, TENSILE 
(DAYS) STRENGTH 

0 0 
1.1 171.8 
3.1 .273.5 
s.e 323.0 
7.0 352.2 

14.1 411.8 
21.0 _i30.2 
28.0 443.7 
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TABLE C.3. TEMPERATURE AND STRENGTH DATA 

****************************** 
* * 
* 
* 

• 
* 

****************************** 

CURING TE,.PERATURE= 80.0 

ftiNlftU" DROP IN 
DAY TE,.PERATUR~ TEftPERATURE 

1 69.0 11.0 
2 70.0 10.0 
3 72.0 s.o • 73.0 7.0 
5 7 •• 0 6.0 
(, 7&.0 4.0 
7 73.0 7.0 
8 74.0 6.0 
9 74.0 6.0 

lD 75.0 5.0 
11 75.0 5.0 
12 68.0 12.0 
13 66.0 14.0 
14 59.0 21.0 
15 59.0 21.0 
16 59.0 21.0 
17 64.0 16.0 
18 &2.0 18.0 
19 67.0 13.0 
20 70.0 10.0 
21 71.0 9.0 
22 78.0 2.0 
23 76.0 4.0 
24 74.0 6.0 
25 72.0 a.o 
26 72.0 s.o 
27 74.0 6.0 
28 70.0 to.o 

DAYS BEFORE Ci.i;.jCRET£ G.AlNS 
FULL STRENGTH 
ftiNiftU" TEftPERATURE EXPECTED AFTER 
CONCRETE GAINS FULL STRENGTH 
DAYS BEFORE lEACHING RII. TENP. 

= 28 DAYS 

= 24.8 DEGREES FAHRENHEIT = 21.1 DAYS 



TABLE C.4. EXTERNAL LOAD AND PROGRAM CONTROLS 

·····~****************************************** 

* 
* 
* 

EXTERNAL LOAD * 
* 
* 

*******~********************~******************* 

WHEEL LOAD tLBS) = CJ.OOOE+03 
WHEEL BASE RADIUS fiN) = 1.800E+Ol 
SUBGRADE "ODULUS (PCI) = 6.4DOE+02 
CONCRETE ~ODULUS (PSI) = 3.374E+06 
LOAD APPLIED AT = 14. TH DAY 
CALC.LOAD STRESS (PSU = 6.265E+01 

************************************************ 
* 
* 
* 

ITERATION AND TOLERANCE CONTROL 
* 
* 
* 

************************************************ 

"AXIMU" ALLOWABLE NU"BER OF ITERATIONS= 60 

RELATIVE CLOSURE TOLERANCE= 1.0 PERCENT 
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TABLE C.S. FRICTION-MOVEMENT DATA FOR LIME-TREATED CLAY 

TYPE OF FRICTION CURV!: IS A MULTILINEAR CURV~ 

FC Il YCI> 

c -G 

• 780 0 -.1)('12 

lel900 -.0034 

1.5200 -.o 06~ 

1.7200 -.Cl18 

1.5'100 -.0335 

1. 010 0 -.1277 

.7800 -.3994 

.720;) -.&753 

.6700 -.9725 
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TABLE C.6. FRICTION-MOVEMENT DATA FOR FLEXIBLE SUBBASE 

TYPE OF FRICTION CURVE IS A ~ULTILI~E-R CURVE 

FUl Y(I) 

D c 

1. 73C 0 -.oocg 

2.!:'5JO -.001: 

2.69GO -.aoze 

3.C~C'J -.!l1J7C• 

3.31(!!) -.01~9 

3. 360 0 -.0362 

3. C"?C 0 -.0697 

2. 0 00 Q -.1527 

l.OuOG -.5938 
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TABLE C.7. FRICTION MOVEMENT DATA FOR ASPHALT-STABILIZED SUBBASE 

TYPE OF FRICTION CURVE IS A MULTILINEAR CURVE 

f(l} YCI> 

G -G 

.3<;CO -.0002 

1.4900 -. GC~53 

2.1800 -.(J132 

2. 6 7v o -.011?3 

2 • 87D C -. (12 €7 

3 • 22G 0 -.c~ss 

3.10fi0 -.Olf74 

2.7600 -.llfd 

1.39G D -.3812 
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TABLE C.S. FRICTION MOVEMENT DATA FOR CEMENT-TREATED SUBBASE 

TYP!:: OF FRICTION CURVE IS A MULTILINEI.R CURVE 
F C Il YC Il 

c -) 

z.p,uao -.DCCl 

7.B50C -.~0!::4 

l:::J.29'J:l -.ooc7 

12.860) -.C009 

15.3'500 -.0012 

17.2700 -.nola 

2.0')0(} -.!'l(ll) 

1. 750 0 -.1003 

1.2700 -.SOC!l 



APPENDIX D. CRCP CRACK SPACING DATA FOR 
SELECTED TEXAS IDGHWAYS IN DISTRICTS 1, 3, 4, 10, 13, 

15, 17, 19, 20, AND 24 

TABLE D.l. DATA FOR CRCP 
SECTIONS LIMESTONE 
AGGREGATE CONCRETE 
OVER LIME· TREATED CLAY 
SUBBASE 

Mean 
Crack 

Section Spacing 
ID No. (ft) 

1015E 738 
1015W 7.25 
10002E 9.09 
10002W 7.27 
17008N 3.10 
17008S 6.15 
24010E 7.14 
24010W 7.31 
24011E 5.60 
24011W 4.62 
24012E 4.07 
24012W 5.64 
24014E 6.64 
24014W 5.65 
24015W 4.60 

Std. 
Dev. Mode 
(ft) (ft) 

4.45 6 
3.43 8 
4.09 8 
4.06 6 
1.58 1.5, 3 
3.57 8 
2.86 8, 10 
3.58 8 
2.96 5 
1.49 4 
1.77 5 
2.17 7 
2.07 6 
2.34 5 
2.55 2 

Avg. Mean Crack Spacing = 6.10 ft 
Avg. Mode Crack Spacing= 5.95 ft 
(For sections containing two or more 
mode values, the values were averaged 
for that section, and that average was 
used as the section value in the calcu
lation for the average mode for the 
whole table.) 
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TABLE D.2. DATA FOR CRCP 
SECTIONS • SILICIOUS RIVER 
GRAVEL AGGREGATE 
CONCRETE OVER LIME
TREATED CLAY SUBBASE 

Section 
IDNo. 

1012N 
1013N 
1013S 
4005E 
4005W 
13029S 
13030N 
13030S 
19006E 
19006W 
19008W 
24020E 
24020W 
24023E 

Mean 
Crack 

Spacing 
(ft) 

2.43 
3.54 
4.20 
2.88 
2.59 
3.00 
2.92 
3.07 
3.33 
6.60 
3.71 
4.56 
4.23 
4.98 

Std. 
Dev. 
(ft) 

1.17 
1.78 
2.26 
1.05 
1.06 
1.53 
138 
1.66 
1.83 
5.93 
2.18 
2.62 
2.47 
2.71 

Avg. Mean Crack Spacing = 3.72 
Avg. Mode Crack Spacing = 3.00 

Mode 
(ft) 

2 
2 
5 
2.5 
2.5 
3 
3 
2.5 
2 
2 
2 
2, 6 
5 
3,6 

(For sections containing two or more 
mode values, the values were averaged 
for that section, and that average was 
used as the section value in the calcu
lation for the average mode for the 
whole table.) 



75 

TABLE D.J. DATA FOR CRCP TABLE D.4. DATA FOR CRCP 
SECTIONS LIMESTONE SECTIONS - SILICIOUS RIVER 
AGGREGATE CONCRETE GRAVEL AGGREGATE 
OVER ASPHALT-STABILIZED CONCRETE OVER ASPHALT-
SUBBASE STABILIZED SUBBASE 

Mean Mean 
Crack Std. Crack Std. 

Section Spacing Dev. Mode Section Spacing Dev. Mode 
IDNo. (rt) (ft) (ft) IDNo. (ft) (ft) (rt) 

3004S 6.49 3.87 2, 8 4006E 3.16 1.53 2.5 
30055 6.01 3.33 2,4, 8 4006W 3.10 1.33 3 
3015W 7.19 4.80 4 4010E 2.78 1.44 2, 3 
3016N 4.85 2.68 3,6 4010W 3.10 1.44 3 
3018N 10.22 4.18 10, 12 13023N 4.85 3.11 2 
30185 6.79 3.28 8 130245 5.32 3.06 7 
13016E 5.72 2.03 6 17003N 2.86 1.27 2 
13016W 5.51 2.13 6 17003S 3.46 1.49 2 
13020E 9.12 4.33 14 17004N 2.95 1.29 2 
13020W 10.86 5.82 12 17004S 3.03 1.33 2 
13021E 10.74 3.87 12 17007N 3.02 1.48 2.5 
13021W 1229 4.26 16 17007S 2.89 1.21 2.5 
17002N 4.40 2.54 2 17010N 4.64 1.72 4 
170025 4.07 2.17 2.4 17010S 5.00 1.84 5 
24009E 6.75 3.03 6 17011N 5.00 3.49 2 
24009W 5.98 2.39 5 170118 4.97 4.06 1 

A vg. Mean Crack Spacing = 7.31 ft 
19001E 2.23 1.08 1.5 
19001W 1.86 1.02 1 Avg. Mode Crack Spacing= 6.70 ft 
19004E 3.20 1.67 3 (For sections containing two or more 
19004W 3.82 1.98 3 mode values, the values were averaged 

for that section, and that average was Avg. Mean Crack Spacing= 3.56 ft 
used as the section value in the calcu- Avg. Mode Crack Spacing = 2.68 ft 

lation for the average mode for the (For sections containing two or more 
whole table.) mode values, the values were averaged 

for that section, and that average was 
used as the section value in the calcu-
lation for the average mode for the 
whole table.) 
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TABLE D.S. DATA FOR CRCP TABLE D.7. DATA FOR CRCP 
SECTION LIMESTONE SECTIONS LIMESTONE 
AGGREGATE CONCRETE OVER AGGREGATE CONCRETE OVER 
FLEXIBLE SUBBASE CEMENT-STABILIZED SUBBASE 

Mean Mean 
Crack Std. Crack Std. 

Section Spacing Dev. Mode Section Spacing Dev. Mode 
IDNo. (ft) (ft) (ft) IDNo. (ft) (ft) (ft) 

1008N 8.93 4.36 12 1001E 8.08 5.64 2 
1008S 7.26 3.89 6 1001W 7.05 3.24 8 
lOllS 7.18 3.79 6,6,8 1002E 8.98 4.82 10 

Avg. Mean Crack Spacing== 7.79 ft 1002W 10.12 7.03 6, 8 

Avg. Mode Crack Spacing= 8.22 ft 1003E 6.24 3.22 6 

(For sections containing two or more 1003W 6.22 3.26 6 

mode values, the values were averaged 1005E 5.56 2.99 6 

for that section, and that average was 1005W 6.64 3.32 6 

used as the section value in the calcu- 3001S 5.14 2.72 5 

lation for the average mode for the 3003S 5.98 3.05 4 

whole table.) 3006E 4.43 2.13 5 
3006W 5.54 2.76 4 
3007E 5.13 231 5 
3007W 5.51 2.45 3,5 
3008E 2.58 1.25 2.5 
3008W 5.41 2.12 6 

TABLE D.o. DATA FOR CRCP 3010N 5.02 2.99 2 
SECTIONS • SILICIOUS RIVER 3010S 5.47 2.92 4 
GRAVEL AGGREGATE 3011N 9.90 4.82 12,14 
CONCRETE OVER FLEXIBLE 3011S 8.51 3.39 6 
SUBBASE 3019S 7.07 2.08 7 

3020N 8.21 4.39 8 

Mean 3022N 7.04 . 4.05 10 

Crack Std. 13015E 6.54 3.27 6 

Section Spacing Dev. Mode 13015W 6.13 2.44 6 

IDNo. (ft) (ft) (ft) 13017E 7.65 2.99 6 

4002E 3.42 2.23 2 
13017W 8.58 3.80 8. 12 
20009E 5.43 3.08 6 

4002W 337 2.19 2 20009W 5.82 3.72 2 
Avg. Mean Crack Spacing= 3.39 ft 20011S 4.85 3.45 2 
Avg. Mode Crack Spacing= 2.00 ft 20019W 7.22 3.52 6 
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TABLE D.8. DATA FOR CRCP TABLE D.8. DATA FOR CRCP 
SECTIONS • SILICIOUS RIVER SECTIONS - SILICIOUS RIVER 
GRAVEL AGGREGATE GRAVEL AGGREGATE 
CONCRETE OVER CEMENT· CONCRETE OVER CEMENT-
STABILIZED SUBBASE STABILIZED SUBBASE (cont.) 

Mean Mean 
Crack Std. Crack Std. 

Section Spacing Dev. Mode Section Spacing Dev. Mode 
IDNo. (ft) (ft) (f't) IDNo. (f't) (ft) (f't) 

4011E 538 2.67 6 19003W 2.12 1.08 2 
4011W 3.46 158 3 19011E 258 1.20 25 
13001E 336 1.88 2 19011W 3.12 133 2.5 
13001W 351 231 1, 2 19014E 2.50 1.11 2 
13002E 4.00 2.20 2,4 19014W 337 1.46 3 
13002W 4.11 2.69 2 19019E 2.75 1.03 35 
13003E 4.62 2.78 4 19019W 2.69 1.23 1.5 
13003W 4.80 258 2 20003W 5.87 4.01 2 
13005N 3.22 1.66 2 20014S 3.19 1.63 3 
13005S 2.83 1.49 15 20015S 5.07 2.76 3 
13006E 2.27 1.03 15 20016S 4.16 2.11 5 
13006W 3.43 155 2 20017E 3.02 2.12 2 
13007E 2.83 1.47 2.5 20018E 3.91 2.22 2 
13007W 2.49 1.23 2 20021E 4.21 3.40 2 
13008N 8.27 3.43 8,10 20022N 4.02 2.18 3 
13008S 5.83 4.00 2 20022S 4.46 2.70 3 
13009N 4.28 3.29 2 20023N 2.59 0.94 25 
13009S 3.23 2.06 2 20023S 2.62 0.90 2.5 

13010N 5.91 452 2 20026W 2.62 150 3 

13010S 4.42 3.28 2 Avg. Mean Crack Spacing = 3.93 ft 
13011E 3.44 158 2.5 Avg. Mode Crack Spacing= 2.84 ft 
13011W 3.64 2.09 2 (For sections containing two or more 
13012N 4.31 2.90 3 mode values, the values were averaged 
13012S 5.15 2.90 6 for that section, and that average was 
13013E 355 2.06 3 used as the section value in the calcu-
13013W 5.01 2.68 8 lation for the average mode for the 
13018N 3.48 2.32 2 whole table.) 
13018S 4.35 2.19 3 
13019N 3.55 2.10 2 
13019S 4.48 2.56 3 
13022N 5.25 2.87 1,5 
13022S 5.16 3.23 3 
13032N 5.27 2.82 2,6 
13032S 4.68 2.69 3 
13033N 4.28 2.85 2 
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